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GENERAL INTRODUCTION 

David A. Shirley, Division head 
Rolf H. Muller, Hsaietant to the Division Head 

This is the first annual report of the Materials 
and Molecular Research division of the Lawrence 
Berkeley Laboratory. MJRD was formed late in the 
year--October, 1975--as part of a Laboratory 
reorganization. Elements of the Nuclear Chemistry 
Division and the Physic:* Division were added to 
the Inorganic Materials Research Division (IMRD), 
increasing i t s size by SS%. Division p rpulation 
as of the end of 1975 was: 47 principal investiga­
tors, 92 postdoctorals and other scientific 
personnel, 237 graduate students, and 67 technical, 
administrative end clerical support personnel for 
a total of 443. The total fiscal year 1976 
operating budget for MWD was $7,255,000. During 
calendar year 1975, IS Hi.D, 3 Doctor of 
Engineering, and 22 M.S. degrees were awarded to 
M*3U) students. One hundred and eighty-one journal 
articles were published by NMRD members during 
1975. 

The distinction of IMRD over the years and the 
effectix-eness of i t s staff argued persuasively for 
retention of the IMRD administration structure and 
of Building 62 as Division Headquarters. Many 
important elements of W1RD are a direct outgrowth 
of IMRD: the strong materials science orientation, 
the interdisciplinary character, the annudl review 
procedures, and this report, to name a few. IVe 
decided i t best to issue this 1975 Report as an 
MMRD Annual Report, even though most of the work 
reported herein was in fact carried out in the 
separate components that were combined to form 
>MRD. 

The Inorganic Materials Research Division was 
born in the post-Sputnik era, and i t s traditions 
and operating procedure reflected a strong academic 
basic-research orientation. The national attitude 
toward science was supportive and optimistic: 
basic research was fostered, and i t s growth was 
encouraged. The interdisciplinary character of 
IMRD, as well as i t s ability to combine the 
strengths of the Berkeley Campus and Lawrence 
Berkeley Laboratory, yielded many significant 
contributions to basic scientific knowledge and 
understanding. Nevertheless IMRD research had 
important--and at times dramatic~-impact on the 
"real world" areas in which science affects the 
life of every citizen. It was unnecessary to 
stress these aspects of basic research, because 
they seemed to be widely appreciated. 

Now the boundary conditions have changed. The 
Lawrence Berkeley Laboratory i s funded by the 
Energy Re;>. irch and Development Administration 
instead of the Atomic Energy Commission. The 
charter of ERDA is broader and i t s timetable is 

more demanding. I t would be hard to imagine a 
greater scientific, teclinological, and social 
challenge than meeting America's energy needs 
during the last quarter of the twentieth century. 
Although the outcome is uncertain, this period is 
destined to mark a turning point in history. It 
is an exciting time to be alive and contributing 
to science and technolo^'. 

What are the implications for MMRD? Three 
conclusions can be drawn immediately: 

1. The opportunities for basic research are 
greatly expanded by the broadened scope of 
ERDA's mission. 

2. Applied science and engineering research 
opportunities abound in many areas that are 
both of importance to ERDA and covered by 
the expertise of MMRD investigators. 

3. The diversity of ERDA, the breadth <-' *KD, 
and the mood of the times necessitate 
investigators 1 taking more active roles 
than before in Cell ing 1 their research 
ideas. 

It is a pleasure to report that within the last 
few months MMRD investigators and staff have 
responded to these new challenges. Our investiga­
tors have made many trips to Washington, and 
almost every week someone in MMRD come* forth 
with a significant new research proposal for 
attacking a problem of interest to ERDA. I t is 
particularly gratifying that a number of MMRD 
investigators are making serious studies of ERDA's 
most pressing problems, and are even helping to 
formulate ERDA programs. A continuing response 
of this nature will enable WBD to play an 
increasingly important role in LBL and in ERDA. 

The structure of MMRD includes some new 
features. A Divisional Council advises the 
Division Head on broad policy matters. The 
Council is represented by subject areas and i t s 
membership * i l l rotate. Present members are 
Yuan Lee, Jiard Marrus, Rolf Midler, Earl Parker* 
Alan Searcy, Y. Ron Shen, Gabor Somorjai, and 
Gareth Thomas. Most of the Division's basic 
research is conducted in the traditional format 
of a Principal Investigator, together with his 
assistants, attacking problems of a fundamental 
nature. To an increasing extent, however, another 
approach is emerging: that of a larger, more 
structured research group focusing i t s attention 
on specific applied research problems of parti­
cular relevance to ERDA. At this writing the 



exact number and structure of these groups are not 
yet established, but several such groups are in 
their formative stages. 

Among our Principal Investigators who have 
received awards and honors during 1975 were: 

John Clarke and Y. Ron Shen were Miller Research 
Professors. 

Marvin Cohen was Vice Chairman of the Solid 
State Division of the American Physical 
Society and will be Chairman in 1976. 

John Conway was Chairman of the National 
Research Council/National Academy of Sciences 
Committee on Line Spectra. 

Harold Johnston gave the U.C. Berkeley Gilbert 
N. I...v/is Memorial Lecture on "Stratospheric 
Ozone and its Perturbation by Human 
Activities." 

Yuan Lee was elected to the American Academy 
of Arts and Sciences. 

William Miller received a John Simon Guggenheim 
Fellowship. 

Joseph Pask was elected to the National Academy 
of Engineering. 

Norman Phillips became dean of the College of 
Chemistry, July 1, 1975. 

Alexander Pines was an Alfred P. Sloan Reseaich 
Fellow. 

Kenneth P i t ze r was awarded the National Medal of 
Scienco--rhe U.S. Govcrninent's highest award 
for outstanding achievement in Science, 
Mathematics and Engineering. 

David Sh i r l ey , in addi t ion to being named an 
Associate Director of LRL and Pivis ion Head 
of MMRD, was chairman of the Division of 
Nuclear Chemistry and Technology of the 
American Chemical Society. 

Gabor Sonorjai was the Francis Clifford P h i l l i p s 
l e c t u r e r , University of P i t t sbu rg . 

David Templeton was dean of the College of 
Chemistry u n t i l June 3D, 1975. 

Gareth Thomas i s serving as Secretary-General 
of the In te rna t iona l Federation of Electron 
Microscopy Society - 1974 through 1979. 

Charles Tobias was se lec ted as the f i r s t "BASF 
Renowned S c i e n t i s t " Lecturer a t Wayne Sta te 
Univers i ty , De t ro i t . 

I t i s f i t t i n g and appropriate t o f in i sh t h i s 
Introduction with a t r i b u t e t o Professor 
Leo Brewer. MMRD embarks as a s t rong Division in 
la rge measure because of Leo Brewer's insp i red 
leadership of IMRD over a fourteen-year per iod. 
His s c i e n t i f i c leadership and adminis t ra t ive 
pe r sp i cac i t y , and most of a l l h i s system of va lues , 
provide a model for Division leadership that 
present and future adminis t ra t ions w i l l do well to 
emulate. 

David A. Shirley 
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A. METALLURGY AND CERAMICS 

1. STRUCTURE OF MATERIALS 

a. Microstruclur*, Properties and Alloy Design 

Gareth Thomas, Principal Investigator 

S t r u c t u r a l S t e e l s , Alloy Design 

This program has been continuing with the 
objec t ives of producing high s t r e n g t h , tough, 
economical experimental s t e e l s by u t i l i z i n g the 
mar t ens i t i c t ransformation t o obta in d e s i r a b l e 
mic ros t ruc tu re s . The p r i n c i p l e s and ideas behind 
the program have been described in previous 
r e p o r t s . Applicat ions involving energy considera­
t ions include ( i ) economy of ma te r i a l s s e l e c t i o n , 
( i i ) economy of process ing , and ( i i i ) development 
o f super io r p rope r t i e s for app l i ca t ions in the 
mining indust ry and for t r a n s p o r t a t i o n . Hie 
program involves ba s i c app l ica t ions of phase 
transformations and micros t ruc tura l a n a l y s i s . 
The design ideas a re d i rec ted towards achievement 
of p rope r t i e s through thermal process ing alone 
( i . e . , non-thermal-mechanical) . 

The following sunmarizes research work sub­
sequent to t ha t described in the 1974 annual 
report (LBL-3530). I wish to acknowledge continued 
support from indust ry for supplying ( g r a t i s ) a l l o y s 
designed to our spec i f i ca t ions (espec ia l ly 
Climax-Molybdenum Co. , and Daido Steel Corp . ) . 

1 . SIGNIFICANCE AND IDENTIFICATION OF RETAINS 
AUSTENITE IN STEELS 

Since the discovery of narrow films of un t rans-
fonned aus t en i t e around mar tens i te l a t h s and 
packets by e l ec t ron microscopy* i t has become 
evident t ha t t h i s a u s t e n i t e , i f thermally and 
mechanically s t a b l e , appears to convey improved K j c 

toughness (sharp notch) p r o p e r t i e s . This becomes 
evident by conpariug the p rope r t i e s of exper i ­
mental Fe/^Cr/O.SgC, 1 Fe/2Ma/0.4C 2 s t e e l s and 
commercial steels-* a t the same s t reng th l e v e l s , 
as shown in Fig. 1. I t i s evident t h a t i d e n t i f i c a ­
t ion of r e t a ined a u s t e n i t e i s a necessary and 
inpor tan t aspect of research on s t e e l s . In the 
s t r u c t u r a l s t e e l s the r e t a ined a u s t e n i t e i s 
severe ly deformed and in most cases t he amount i s 
so small t h a t de tec t ion by x-ray ana lys i s becomes 
impossible. However, soph i s t i ca t ed e l ec t ron 
microscopic techniques involving careful s e l ec t ed 
area d i f f r a c t i o n , b r igh t f i e ld and dark f i e l d 
imaging can unequivocally e s t a b l i s h the presence 
of such small q u a n t i t i e s of a u s t e n i t e . Extremely 
useful morphological and micros t ruc tura l informa­
t ion on the a u s t e n i t e can a l s o be obtained from 
the e l ec t ron metallography. Careful choice of 
o r i e n t a t i o n and dark f i e l d ana lys i s i s e s s e n t i a l 
(Fig. 2) i f au s t en i t e i s t o Se uniquely i d e n t i f i e d 
and not confused wi th , e . g . , c a rb ides . 
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Fig. 1. Relationsnip between plane strain fracture 
toughness and ultimate tensile strength for two 
experimental ternary alloy steels developed recent­
ly. Note that the Fe/Cr/C steel has superior 
properties to the Fe/r4>/C steel and to other 
conmercially available high strength steels, and 
18Ni maraging alloys. Continuous films of 
stabilized interlath austenite could be identified 
in Fe/Cr/C steels whereas in Fe/Nb/C steels the 
amount, if any, was too small to be identified 
(Data from Refs, 1,2). (XBL 758-6866) 

Figure 3 illustrates the systematic identifica 
tion of retained austenite occurring at the lath 
boundaries of martensite. Coirmonly, the 
martensitic (a) laths in a packet occur in 
alternate < 111>a and <100> a orientations. By 
tilting carefully, the thin films of austenite are 
brought into good diffracting condition whereby 
they appear light in the DF picture of Fig. 3(b). 
The diffraction pattern for the matrix and for the 
austenite correspond to a nonsynmetrical orienta­
tion and only (002)y and {110}a reflections are 
strongly excited. The DF picture (Fig. 3(b)] is 
obtained from (002)^. reflection whereby only the 
austenite reverses contrast. Also faint streaking 
in the diffraction pattern is discernible at { H 0 ) a , 
reflecting along a direction normal to the v film, 
indicating that these films are indeed very thin. 
Often, however, the unequivocal identification of 
the austenite phase is conplicated by the presence 
of reflections from auto-tempered carbides, from 
martensite substructure (twinning) and double 
diffraction. At 100 kV spherical aberration limits 
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Fig. 2. Calculated_electron diffraction pattern 
for martensite in [111] with retained austenite 
and Widmanstatten cementite. (XBL 758-6830) 

Fig. 3. Bright-field image [a) and dark field 
image (b) of an Fe/lCr/lMo/0.3C steel quenched 
from 870°C into ice water. Note that the interlath 
retained austenite films do not show good contrast 
in the bright field image, but are very clear in 
the (200)y dark-field image. This is not always 
the case, but i t serves to i l lustrate the 
importance of the proper dark field imaging. 
Courtesy V.-L. Chen. (XBB 758-5825) 
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Fig. 4. The common orientation relationship 
observed between lath martensite and retained 
austenite in al l the steels. The SAD pattern (a.) 
and the analysis (b.) show the Kurdjumov-Sachs 
orientation relationship viz. , [110]Y II [111]M, 
(111)Y II (110)M observed between bcc martensite 
and fee y. (XBB 755-3495) 



SAD resolution to 2 \tm, independent of the 
aperture size, fhe indexed SAD pattern of Fig. 4, 
which is obtained from a different area, clearly 
illustrates the most common orientation relation­
ship (K-S) observed between a and ^ (of Fig. 2). 

Similar to earlier observations," retained v has 
also been identified conclusively in steels sub­
jected to low temperature '~- 900°C) austenitizing 
treatments. In addition, extremely narrow intcr-
lath films of stabilized y have been identified in 
Fe/0.5Mn/0.1C steel, which is quite surprising, 
since the occurrence of this phase in such low 
carbon steels has been overlooked by earlier 
investigators. Due to preferred orientation within 
a given martensite packet, x-ray analysis may not 
detect these small quantities, depending on prior 
Y grain size. While the amount of retained -y in 
a steel can van' with the heat treatment it 
received, its occurrence seems to he a rule rather 
than an exception, and its detection requires 
sophisticated electron metallography. 

9d9 

1. J . McMahon and C. Thomas, Proc. I n t . Conf. 
"Micrestructure and Design of Al loys" , Canhridge, 
I n s t i t u t e of Metals (Lon'onl ]_, ISh (19"3). 
2. R. A. Clark and G. Thomas, Met. Iran.*. 6A 
(197S). 
3. G. Y. Lai , h*. E. Wood, R. A. Clark, V. F. 
Zackav and E- R. Parker, Met. Trans. 5, 1663 
(197.11. 
4. B. V. K. Kao, J . Y. Koo and G. Thomas, Proc 
EM5A 1975, p . 30 (Clai tons Publ i shers , 1975), 
IBL-3771. 

Fig. 1. Carbon in so lu t ion and martensi te packet 
s ize are the two most important parameters 
influencing in te rg ranu la r quench cracking in 
Fe/4Cr/0.4C s t e e l , v i z . , an increase in e i t h e r 
causes an increase in the transformation s t r a i n s 
and the r e s u l t a n t impingement s t r e s s e s of two 
growing mar tens i t i c packets . Conventional high 
temperature a u s t e n i t i z a t i o n followed by quenching 
(Fig. A) invar iably leads to i n t e r c r y s t a l l i n e 
cracking due to the la rge martensi te packet s i z e 
and the carbon being e n t i r e l y in so lu t ion . After 
t h i s treatment the s t e e l f a i l ed prematurely a t 
200 ks i and a t zero e longat ion . Conventional 
gra in refinement, involving repeated a u s t e n i t i z a -
t ion and quenching (Fig. B) does not r e su l t in any 
s ign i f i can t improvement in mechanical p roper t i e s 
s ince in te rg ranu la r cracks produced during f i r s t 
quenching do not heal on subsequent hea t ing . 
Although the transformation s t r a i n s a re reduced in 
the interrupted-quenched specimen (Fig. C), the 
i n t e r c r y s t a l l i n e cohesion remains poor because of 
the large raartensite packet s i z e . The specimen 
a f t e r t h i s treatment does, however, y i e l d 
p l a s t i c a l l y followed by f a i lu re at 270 k s i . Khen 
t h i s specimen was r e -aus t en i t i zed a t 900CC to 
ref ine the grain s i ze (Fig. D), a subs tan t ia l 
improwvaent in mechanical p roper t ies i s achieved. 
A t e n s i l e s t rength of 335 ks i and a 6& elongation 
have been obtained. In t h i s case , although the 
specimen re ta ined most of the carbon in so lu t ion , 
the much reduced martensi te packet s i ze resu l ted 
in e l iminat ion of in te rgranula r cracks . Courtesy 
of B. V. N. Rao. (XBB 757-560(0 

2. HEAT TREATMENT, MICR05TRUCTUKE AND MECHANICAL 
PROPERTIES OF EXPERIMENTAL HIGH STRENGTH 
Fe-4Cr-0.4C STEELS* 

+ + 
B. V. Narasimha Rao, R. W. Mi l l e r ' and G. Thomas 

In a continuing program en a l loy design of 
experimental s t r u c t u r a l s t e e l s , 1 " - the present 
inves t iga t ion of the s t r uc tu r e and p rope r t i e s of 
lower b a i n i t e and martensi te of the simple te rnary 
Fe-4Cr-0.4C s t ee l i s taken up s ince a s imi l a r 
mar tens i t i c a l loy (but with a lower carbon 
content , v i z . , 0_35%J yielded super io r mechanical 
p rope r t i e s even in the untempered cond i t ion . The 
increase of carbon from 0.55 to 0.4$ has the 
po ten t i a l of economically r a i s i n g the y i e l d 
s t rength of the s t e e l to 500 k s i , but the s t e e l i s 
then prone to embrit t lement; hence the challenge 
i s t o e l iminate such embri t t lement . 
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Fig. 2. Isothermal transformation diagram for the 
Fe-4Cr-0.4C s t e e l . (XBL 7511-757?) 
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Though a considerable amount of research in the 
past has been d i rec ted t o t he design and develop­
ment of s t rong , tough new s t e e l s through often 
expensive adjustments in composition, comparative­
ly l i t t l e work has been done on the e f f ec t ive use 
of modifications in conventional heat treatment 
p r ac t i c e s so as t o produce des i r ab le morphological 
and subs t ruc tu ra l f ea tu re s . 

New double hea t - t rea tments have been designed 
in order to avoid i n t e r g r a n u l a r cracking in the 
as-quenched s t r u c t u r e s and t o take advantage of 
both a h igher a u s t e n i t i z i n g temperature and fine 
aus t en i t e gra in s i z e , 4 These t reatments involve 
high tenpera ture (1100°C) a u s t e n i t i z i n g during 
the f i r s t so lu t ion treatment followed by e i t h e r 
in te r rup ted quenching (Ms-Mf range) o r isothermal 
transformation to produce lower b a i n i t e . F ina l ly , 
the s t e e l s a re given a 900°C grain refinement 
t rea tment . These t reatments are i l l u s t r a t e d in 
Fig. 1. Lower b a i n i t e was obtained by isothermally 
transforming a u s t e n i t e j u s t above the Ms temperature 
[Fig. 2 ) . Tempering a f t e r the mar t ens i t i c and 
b a i n i t i c t reatments was a l s o done in an attempt t o 
improve the toughness of the m a t e r i a l . 

The s t r eng th and toughness p rope r t i e s of a s -
quenched mar tens i t i c s t r u c t u r e s a re somewhat 
super ior while these p r o p e r t i e s of lower b a i n i t i c 
s t r u c t u r e s a re comparable to those of a p l a i n 
0.4IC s t e e l . After t he mul t ip le t r ea tmen t s , 
however, the quenched and tempered Fe/4Cr/0.4C 
s t e e l i s far super ior to the b a i n i t i c one. These 
p rope r t i e s a re summarized i n F igs . 3 and 4 . 

Invi ted paper for In te rna t iona l Conference on Heat 
Treatment, S t r a t f o r d , U.K. (May 1976), LBL-3982. 

+ M.S. Thesis (1975), LBL-3794. 
R. W. Miller is now at Rockwell International, 
Materials Testing Division, Downey, California. 
1. G. Thomas, iron and Steel Int. 46, 451 (1973). 
2. G. Thomas, LEL-4175. 
3. J . McMahon and G. Thomas, Microst ructuie and 
Design of Alloys ( h i s t , of Metals , London) 1, 180 
(1973). 
4. B. V. N. Rao and G. Thomas, Mat. S c i . $ Eng. 
20, 195 (1975). 

3 . STRUCTURE AND MECHANICAL PROPERTIES OF EXPERI­
MENTAL Fe-lCr-lMo-0.25C ALLOYS WITH AND WITHOUT 
BORON* 

a. Conventional Treatments 

The mechanical p rope r t i e s of these s t e e l s are 
shown in F i g s . 1 and 2. The boron- t rea ted s t e e l 
shows higher s t reng ths a t a l l tempering temperatures 
but with lower Charpy V-notch impact e n e r g i e s . 
Both s t e e l s show tempered mar tens i te embrit t lement 
when tempered a t 350°C for 1 hour , bu t t he proper­
t i e s above 500°C tempering temperature a re 
s i g n i f i c a n t l y d i f f e r en t in the two s t e e l s . Above 
500°C tempering tenpera ture the b o n n - t r e a t e d 
s t e e l shows b e t t e r s t r eng th but lower impact 
toughness. Transmission e l ec t ron microscopy 
shows t h a t in t he 600°C tempered bo ron- t r ea t ed 
s t e e l , gross cementite p a r t i c l e s p r e c i p i t a t e a t 
the l a t h boundar ies , which are probably responsible 
for embri t t lement . Thus although t h e r e i s l i t t l e 
dif ference in mechanical p r o p e r t i e s between s t e e l s 
with and without boron addi t ion a t high s t r eng th 
l e v e l s , the boron t r e a t e d s t e e l has s u b s t a n t i a l l y 
i n f e r i o r impact toughness a t lower s t r e n g t h s . 
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A study of the micros t ruc ture and mechanicai 
p rope r t i e s of mar t ens i t i c s t e e l s with and without 
boron addi t ion has been ca r r i ed out because although 
boron has been known to be a very potent element 
in increasing the ha rdenab i l i t y of s t e e l , i t s 
e f f ec t on the s t r u c t u r e and mechanical p roper t i e s 
of mar t ens i t i c s t e e l s i s not c l e a r . The r e s u l t s 
show t h a t the as-quenched s t r u c t u r e s of both 
s t e e l s cons i s t mainly of d i s loca ted mar tens i t e . 
In t he boron-free s t e e l there a re more l a t h boundary 
re ta ined aus t en i t e f i lms . 

Fig. 1 . Strength v a r i a t i o n with tempering 
temperature. (XBL 749-7335) 

b . Double Treatments 

Figure 3 shows the s t rength- toughness charac­
t e r i s t i c s of these experimental s t e e l s , both with 
and without boron compared to previous work on 
Fe/Mo/C s t e e l s . 1 As one of t he a l loy development 
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Fig . 4 . Comparison of Charpy impact energy values 
of the experimental s t e e l with severa l commercial 
high s t r eng th s t e e l s (data from AFML-TR-71-27). 
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the s trength-toughness c h a r a c t e r i s t i c s of the 
experimental s t e e l s are considerably b e t t e r than 
the commercial high s t rength s t e e l s . These r e s u l t s 
a re very encouraging for app l i ca t ions of HSLA 
s t e e l s . 

Ultimate Tensile Strength, ksi 
200 250 300 

coo eoo 1400 goo leoo 2000 2200 
Ult imate Tensile Strength, MN/rr.2 

Fig . 3 . Toughness-strength c h a r a c t e r i s t i c s of the 
experimental s t e e l s . Also shows data from 
Fe-Mo-C a l l o v s . 1 (XBL 758-6866) 

programs in t h i s research group, severa l exper i ­
mental grain refinement treatments have been 
developed. In Fig. 4 f a comparison of Charpy 
impact energy values o f t he experimental s t e e l s 
(grain ref ined) with severa l commercial high 
s t r eng th s t e e l s i s show.i. I t i s qu i t e obvious that 

We acknowledge the Climax Molybdenum Corp. for 
supplying these a l l oys t o our design spec i f i ca ­
t ions . 

+ Fh.D. Thes is , LBL Report * 5179. 
1. R. A. Clark and G. Thomas, Met. Trans. 6A, 
969 (1975). ~ 

4 . THERMAL CYCLING TREATMENTS AND MICROSTRUCUIRKS 
FOR IMPROVED PROPERTIES OF Fe-0.12tC-0.5t th 
STEELS*+ 

J . Y. Koot and G. Thomas 

a. Summary 

A non-standard h e a t - t r e a t i n g process has been 
inves t iga ted with the aim of improving the 
mechanical p rope r t i e s of low carbon Fe-0.12$C-0.5Uh 
s t e e l s . The process cons i s t s of a l t e r n a t e thermal 
cycl ing in the y range and two phase (u + Y) range 
with intermediate quenching so as t o produce a 
microduplex f ine-grained mixture of mar tens i te and 
proeutec to id f e r r i t e . Some re ta ined aus t en i t e i s 
a lso presen t . This heat - t rea tment cycle i s 
i l l u s t r a t e d in F ig . 1, and t h e m i c r o s u u c t u r e i s 
in F ig . 2 . These s t ruc tu re s were charac te r ized 
using op t i ca l and transmission e l ec t ron microscopy. 

http://Fe-0.12tC-0.5tth


CONVENTIONAL CYCLING 
FOR GRAIN NEFlNINfi.ttc 

EXPERIMENT*. 
TREATMENT l-jg. 1. Diagram showing p r i n c i ­

p le of heat- t reatment to produce 
mar tens i te d ispers ions in f c r r i t e 
the conventional grain ref in ing 
cycl ing is a lso shown in i-ojrpar-
ison to that following two phase 
annealing. 

(XBL 758-6925AJ 

! i g . 2. Electron micrograph showing d is ­
located martensi te and f e r r i t e in Jouhly 
t rea ted "(NKV s t e e l . Some heterogeneous 
procipi t i t ion occurs on d i s l o c a t i o n s in 
the f e r r i t e e spec ia l ly a f t e r tempering. 

(XBB 751-755/ 

[ncicown^ Quench Rote 
from (Shr ) field 

The microduplex structuj-os and the r e l a t e d 
t e n s i l e p roper t i e s r e s u l t i n g from the heat t r e a t ­
ment were compared with those from conventional 
and rapid heat treatment methods. The t e n s i l e 
p rope r t i e s of the microduplex s t r u c t u r e s a re 
r e l a t e d t o the volume f rac t ions of f e r r i t e and 
harder mar tens i te phases as a composite, and the 
ref ined grain s i z e . Considerable increases in 
s t reng th a re obtained as shown in Fig. 3. These 
r e s u l t s ind ica te the po ten t i a l for u t i l i z i n g these 
heat t reatments for s t rengthening , in the f in i sh ing 
p rocess , of s t e e l s useful in the t r anspor t a t ion 
industry where weight savings and fuel savings a re 
of prime s ign i f i cance . 

5 5 
^Quenched frotn LN H 20 
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We jcknowledge Dr. I). J. Bailey of General Motors 
who provided the steels used in this research. 

+Mat. Sci. and Eng. 24 ,187 (19?6). 
*M.S. Thesis (197S), LBL-3587. 

Fig. 3. Summary of mechanical properties of "1NNA" 
steel showing influence of volume fraction of 
martensite and grain si2e. 

(XBL 757-6818) 
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5. PRECIPITATION OF TiC IN THERMALLY EMBRITTLED 
MARAGING STEELS* 

E. Nes and G. Thomas 

I t i s shown t h a t raaraging s t e e l s can be 
embr i t t l ed by the p r e c i p i t a t i o n of TiC during slow 
cooling and/or in termediate annealing in t he 
a u s t e n i t e temperature range . I t can a l s o be 
e spec i a l l y problematic in c a s t i n g s . An important 
aspect i n t h i s embii t t lement i s the occurrence of 
discontinuous p r e c i p i t a t i o n of TiC a t t he a u s t e n i t e 
grain boundar ies , genera t ing a c e l l u l a r s t r u c t u r e 
of la rge fern-leaf-like ca rb ides . Within the 
a u s t e n i t e g ra ins a non-uniform d i s t r i b u t i o n of 
i r r e g u l a r l y p la te-shaped TiC p a r t i c l e s a re formed 
with {100} a u s t e n i t e hab i t o r i e n t a t i o n . Quenching 
to mar tens i te p r i o r t o any in termedia te anneals 
changes the carbide d i s t r i b u t i o n upon subsequent 
annealing t reatments i n t o a fine d ispers ion of 
TiC p a r t i c l e s . The embrit t lement r e s u l t i n g from 
the var ious isothermal annealing t reatments in the 
aus t en i t e temperature region could a l l be d i r e c t l y 
r e l a t e d to t he carbide d i s t r i b u t i o n in the p r i o r 
a u s t e n i t e gra in boundary region . 

cementite observed in lower b a i n i t e was in the 
shape of small p l a t e l e t s and obeyed the Isaichev 
o r i e n t a t i o n r e l a t i o n s h i p with the b a i n i t i c f e r r i t e , 
v i z . , (010)c l l ( i i l ) a , C103Jc-l (Ol l ja . Direct 
evidence showing the sequence of carbide formaticn 
from aus ten i t e in b a i n i t e has a lso been obtained 
and i s i l l u s t r a t e d in Fig. 1. Based on these 
observat ions and a l l the c rys t a l log raph ica l 
f ea tu re s , i t i s s t rongly suggested tha t in s i l i c o n -
conta in ing s t e e l s , the b a i n i t i c carbide 
p r e c i p i t a t e d d i r e c t l y from aus ten i t e ins tead of 
from f e r r i t e a t the a u s t e n i t e / f e r r i t e in t e r face as 
has been proposed by Hehemann, Kinsman and 
Aaronson.l The uniformity of the carbide d i s t r i b u ­
t ion i s thus envisaged t o be the outcome of 
p r e c i p i t a t i o n a t the a u s t e n i t e - f e r r i t e interphase 
boundary. 

Submitted to Met. Trans. 
f Ph .D . Thes is , LBL-3713. 
1. R. F. Hehemann, K. R. Kinsman and H. I . 
Aaronson, Met. Trai.r. 3 , 1077 (1972). 

E. Ness and G. Thomas, Met. Trans. 7A, 967 '1976). 
J-
'Permanent addres s :Cen t ra l I n s t i t u t e for Indus t r i a l 
Research, Bl indern, Oslo 3 , Norway. 

7. THE MICROSTRUCTURE OF NITRIDH) f'?-0.3 Wr: Ti 
ALLOY ANNEALED AT 800°C* 

D. H. Kirkwood and G. Thomas 

6 . METALLOGRAPHY OF BAINITIC TRANSFORMATION IN 
SILICON-CONTAINING STEELS* 

Der-hung Huang and G. Thomas 

The formation of carbide in lower b a i n i t e was 
s tud ied in two s i l i con -con t a in ing carbon s t e e l s by 
t ransmission e l ec t ron microscopy and d i f f r a c t i o n 
techniques . Epsilon carbide was i d e n t i f i e d in the 
lev temperature, i sothermal ly transformed b a i n i t e 
s t r u c t u r e . The c rys t a l log raph ic r e l a t i o n s h i p 
between eps i lon carbide and b a i n i t i c f e r r i t e was 
found t o follow the Jack o r i e n t a t i o n r e l a t i o n s h i p , 
v i z . , (0001)ell(011)ct, (1011)el ia01)a. The 

I ron- t i tan ium specimens (containing 0.27 Wt% Ti) 
were n i t r i d e d a t 600°C to form a fine p r e c i p i t a t e 
within the g r a i n s , and subsequently were annealed 
a t 800°C to promote p r e c i p i t a t e coarsening. The 
micros t ructure was examined by e l ec t ron microscopy, 
and p r e c i p i t a t e si2<? and coherency s t r a i n were 
measured as a function of aging time. In the very 
ea r ly s tages of aging, « l a rge coherency s t r a i n 
(- 501) i s observed in the matrix around the small 
p l a t e l e t s lying on {100}„ planes which ind ica tes 
t ha t the p r e c i p i t a t e i s fee TIN. The clecti-on 
d i f f r ac t i on evidence supports t h i s conclusion, and 
i t i s argued tha t TiN i s a lso the i n i t i a l product 
of n i t r i d i n g . The d i spos i t ion of p l a t e l e t s between 
the three poss ib le o r i e n t a t i o n s appears to be 
q u i t e random in t h i s a l l oy . Some preferred 
p r e c i p i t a t i o n on d i s loca t ions i s apparent but not 
on gra in boundaries. 

.r-3U#L_ 
grain bowidory 

D. H. Kirkwood and G. 
764 (1976) 

Thomas, Met. Trans. 7A, 

Permanent address: Department of Metallurgy, 
Sheffield University, Sheffield, United Kingdoii-

Fig. 1. Schematic drawing of bainite forming in 
silicon containing steel showing the nucleation of 
ferrite lath and a thin layer of carbon enriched 
austenite is retained in contact with the ferrite 
lath. The austenite subsequently decomposes into 
cementite and ferrite. In the absence of silicon 
the decomposition of retained austenite is very 
fast and the formation of retained austenite may 
be by-passed without being noticed. (XBL 752-5777) 

8. THE MINIMIZATION OF ELASTIC STRAIN ENERGY AS A 
METHOD OF HABIT PLANE CALCULATION FOR SHEAR 
TRANSFORMATIONS* 
D. R. Clarke 

A new approach to the problem of calculating the 
habit planes of a transformed product phase has 
been developed. In essence it is to determine the 



elastic strain energy generated during the 
transformation and then to find the orientation 
and shape of the produci: that minimizes the total 
energy. An important advantage of this approach 
is that i t not only predicts the habit plane, but 
in doing so also determines the shape of the 
transformed phase and gives a numerical value to 
the strain energy accompanying the transformation. 

The elastic strain energy is calculated by use 
of Fshelby's method for the solution of the 
transformation problem with the assumption that 
the transformed phase is ellipsoidal in shape. 
This elastic energy minimization is directly 
related to the ph^noTienological crvstall^irraphic 
theories. In the particular case ui a trans­
formation having an invariant shear plane, the 
elastic strair energy of an oblate spheroid is at 
a minimum when i t s long axes l ie in the plane of 
invariant shear. 

To demonstrate the application of the approach 
the habit planes of martensitic plates in 
In-20£T1 and Fe-31%Ni, which can be calculated by 
other methods, are alternatively determined by 
this method. In addition, for the first time, 
the habit plane for the martensitic transformation 
that occurs in oriented, bulk, high-density poly­
ethylene has been calculated. 

To i l lustrate the type of results created, 
Fig. 1 is included here. This is for the 
martensitic transformation in Fe-31°Ni of an 
oblate spheroidal plate of aspect ratio 0.05. 
The black dots mark the experimental .rid-rib plane 
determinations made by Breedis and Wayman and the 
inverted triangles denotes the calculated 
position of minimum strain energy. The value of 
the elastic strain energy per unit volume at this 
point, which is close to 5 : 13 and 18, is 
8.9 x i o - 2 p, where u is the shear modulus of the 
austenite. In addition, contours corresponding to 
i o n (solid line) and 105% (dashed line) of the 
mintmirm energy are also marked. These contours 
represent the angular Hinge over which the habit 
plane would be found it" energy perturbations of 
II and 5% above the mimimum energy value occurred 
during the formation of the phase. As can be seen 
from the figure, the scatter in the observed 
habit planes can be adequately described by 
energy fluctuations of less than 1% present during 
the formation of the martensitic plates. This 

Fig. 1. Stereogram depicting the predicted habit 
plane (V-close to 5,13,18) and the 1014 and 105* 
(dashed line) of minimum energy contours calculated 
for Fe-312Ni using an aspect ratio of 0.05. Also 
shown (in dots) are the martensite mid-rib plane 
determinations made bv Breedis and Kavman* on 
Fe-30.9tNi and Fe-31.1INi specimens. '(XBL 751-5,36] 

illustrates one of the advantages of the 
methodology; for the first time i t is possible to 
make a quantitative estimate of the difference in 
strain energy corresponding to the various individ­
ual habit planes within a scatter of determina­
tions. 

It is a consequence of these calculations that 
for the transformations considered, the elastic 
strain energy is greater than the typic?l surface 
energies involved which suggests that the 
minimization of the strain energy term must 
dominate even at the earliest stages of the 
formation of the transformed phase. 

D. R. Clarke, Mat. Trans. 7A, 723 (1976) 
1. J . F. Breedis and C. M. Wayman, Trans. AIME, 
224, 1128 (1962). 
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b. Ceramic Alloy Program 

Gareth Wiornae, Principal Investigator 

A) FERRITES: HI(H VOLTAGE ELECTRON MICROSCOPE 
STUDIES OF CERAMIC FERRITES 

It is now appreciated that the principal 
advantages of HVEM are 1) increased penetration, 
2) increased resolution, 3) decrease in inelastic 
scattering (and thus bond-breaking damage), and 
4) special effects due to multiple beam interac­
tions, e.g., critical voltage, increased resolution 
of lattice defects using high order bright field 
imaging, etc. Some examples of applications have 
been reviewed recently.1 The knock-on damage 
effect can be advantageous or not; its effect 
clearly limits the maximum voltage that can be 
used if knock-on damage is undesirable. As a 
result of these advantages we are now able to 
study difficult to thin and bear.i sensitive 
materials, e.g., ceramics and polymers. In our 
research emphasis is placed on studies of defects 
and phase transformations in ceramic ferrites. 

We are interested in the ferrites because of 
their great commercial importance due to their 
unique magnetic and electronic properties. Both 
hard and soft ferrites are extensively used in 
manufacturing microwave device components, computer 
cores and permanent magnets. Ferrimaguetic oxides 
with spinel structure form an important class of 
the ferrites. Conventionally, grain size and 
porosity have been used for controlling properties 
in these materials, but it is very likely that 
heat treatments producing appropriate microstruc-
tures could lead to highly desirable properties. 
Thus the HVEM is essential to obtain basic 
structural information if progress is to be made 
in ceramics comparable to that in physical 
metallurgy. In a continuing program on micro-
structural characterization in these materials, 
studies of phase transformations such, as ordering 
and precipitation reactions as well as analysis 
of defects have been carried out with particular 
emphasis to lithium ferrite (LiFegOg) spinel. The 
results are given in the following. 

1. PHASE TRANSITION STUDIES 
a. Dynamic Studies of Order-Disorder in LiFe^Oo 
(1 Miff 
0. Van dsr Biest 

Lithium ferrite (LiFesOs) is a ferrimagnetic 
compound with some interesting technological 
properties. 2 Many of the properties of interest 
are influenced by the degree of order in the 
compound. The most important of these is the DC 
electrical resist ivity which changes by several 
orders of magnitude upon ordering. Other properties 
such as the fenimagnetic resonance line-width, 
the magneto-crystalline anisotropy constants and, 
for polycrystalline samples, the squareness of 
the hysteresis loop are al l influenced to a lesser 
degree by the state of order. 

In the disordered state the compound has the 
inverse spinel structure with a random mixture 
of lLi* and 3Fe^+ on the octahedral sites (space-
group Fd3m). Below 7S0°C the lithium ions and 
iron ions on the octahedral si tes order and the 
spau- group symmetry is lowered to P4i32 (P4332). 
The resulting domain structure has been described 
in detail by Van der Biest and Thomas.•* 

The kinetics of the ordering reactions have 
been studied in single crystals "in situ" in the 
hot stage of a HVEM. Annealing in the normal 
atmosphere of the microscope leads to a reduction 
of the compound in a way similar to that found 
for CoFe20,}.^ In order to control the stoichiometry 
of the compound during the ordering reaction, i t 
is necessary to maintain an oxygen atmosphere 
around the specimen, hence the use of a 
"environmental" cell is necessary. In this study 
the environmental cell designed by Swann5 for the 
Imperial College HVEM was used. An oxygen pressure 
of 40 Torr was found to be high enough to prevent 
rapid reduction of the compound and low enough to 
have sufficient penetration and contrast in the 
images, Radiation damage definitely played a role 
during the experiments. Prolonged focusing of the 
beam (> 10 min) on one spot caused voids to 
nucleate and grow until holes were formed. It was 
also observed that the amount of damage was 
proportional to the time the specimen had spunt 
above the ordering temperature. This suggests 
that the rate of damage is an order of magnitude 
larger in the disordered state for approximately 
the same temperature. The specimen was heated 
above Tc to about 770°C and then cooled as fast 
as the stage permits, to temperatures slightly 
below the ordering temperature (.735*^- 745°C1. 
The changes in microstrueture were followed in 
dark field with a superlattice spot. Images were 
recorded with a low light level TV system on video 
with a speed of 25 frames/sec. Figure 1 shows a 
disordering sequence. I t can be seen that 
disordering s tar ts at the anti-phase boundaries, 
which are replaced by a layer of disordered 
material. The domains subsequently shrink and 
disappear if heating is slow or the contrast may 
fade uniformly before the domains can disappear 
by shrinking. Figure 2 shows an ordering sequence. 
Individual domains can be seen nucleating and 
growing, until they impinge and form anti-phase 
domain boundaries. 

The ordering reaction provides an example of the 
phase transformation with homogeneous nucleation 
and perfectly spherical growth. Studies of the 
nucleation rate as a function of undercooling 
indicate that the rate of nucleation follows the 
pattern predicted by the classical theory of 
homogeneous nucleation. Within a small range of 
undercooling, the nucleation rate increases by 
orders of magnitude. The growth rate of the domain 
is perfectly constant, until the domains touch one 
another. The growth rate as a function of 
undercooling was found to exhibit a m-mnjum. This 



Fig. 1. Disordering sequence in situ at 1 MeV under 
40 Torr oxygen pressure. Disordering nucleates at 
ABP's. Dark field image of 112 superlattice spot. 

(XBB 755-2230) 

Fig. 2. Ordering sequence followed dynamically 
in situ at 1 MeV, as in Fig. 1. Dark field images 
of the 112 superlattice spot. (XBB 753-2231) 
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agrees with the theory of thermally-activated 
growth, where atomic processes at the interface 
wre rate controlling. The mobility of the 
boundaries which form when two domains touch was 
immeasurable on the time scale of the experiments. 

(We are indebted to Dr. P. R. Swann for the use 
of the 1 MeV microscope at Imperial College and 
Dr. E. P. Butler for help with these experiments. 
The National Science Foundation provided a travel 
grant to allow 0. Van der Biest to use the 
Imperial College instrument.) 

b. High Temperature Phase Transformation in LiFecOc 
{b50~W} K 

R. Mishra 
In addi t ion to the o rder -d i sorder phase t r a n s i ­

t i on a t about 750°C in LiFe50g, a t higher 
tempsrature there occurs a p r e c i p i t a t i o n r eac t ion . 
This t ransformation was s tudied a t 1200 T. in a i r 
and in vacuum (10~ 5 Tor r ) . Specimens for UVEM 
observat ion were prepared from the center of 15 mil 
thick h e a t - t r e a t e d s i n g l e c ry s t a l d i scs using the 
ion bombardment technique. 

The micros t ruc ture for shor t annealing times 
cons i s t s of small octahedral p r e c i p i t a t e s d i s ­
persed in the sp ine l matrix as shown in Fig. 3a. 
The p r e c i p i t a t e phase has been iden t i f i ed t o be 
l i th ium f e r r a t e (LiFe02) having a NaCl s t r uc tu r e 
and l a t t i c e parameter 4.14 A (aspinei = 8.33 A). 
Computations of i n t e r f a c i a l energy and s t r a i n energy 
fcr these p a r t i c l e s show tha t the most favorable 
shape would be an octahedron with {111} c r y s t a l l o -
graphic planes as faces . In terms of the 
s t r u c t u r e of t he two phases , t h i s amounts t o the 
oxygen layers in t he s p i n e l and the p r e c i p i t a t e 
being ind i s t ingu i shab le and the only difference 
i s in the ca t ion d i s t r i b u t i o n in the i n t e r s t i c e s . 
For longer annealing t imes , these p a r t i c l e s grow 
and become semicoherent (Fig. 3b) , when t h e i r 
average s i ze exceeds 2500 A. The d i s loca t ions a t 
t he i n t e r f a c e s have Burgers vec tors p a r a l l e l t o 
< 110 > . Measurement of t he separa t ion between the 
i n t e r f a c i a l d i s l oca t i ons give t h e i r magnitude to 
be 1/2(110> for a l a t t i c e mis f i t of 0 . 61 . The 
LiFeC>2 phase has been observed t o transform to a 
s p i n e l phase for very long aging t imes . The 
ava i l ab l e phase diagram on U^O - Fe2C>3 system 
cannot expla in t h i s formation of LiFeC>2 from 
nea r ly s to ich iomet r i c LiFesOg. 

The formation of a g lassy phase has been 
observed both in a i r and i n vacuum. The glassy 
p a r t i c l e s form very rap id ly i n vacuum-annealed 
specimens while they do not form in the a i r -
annealed specimens u n t i l the LiFe02 phase has 
t rans f o n W back to s p i n e l . Figure 4a i s the 
micros t ruc ture obtained a f t e r prolonged annealing 
in a i r , and F ig . 4b shows p r e f e r e n t i a l growth 
of t he glassy phase a t the LiFesOg - LiFe02 
in t e r f ace in vacuum. We bel ieve t h a t th is phase 
i s due to t he presence of res idua l f lux in the flux 
grown sp ine l s i n g l e c r y s t a l s . 

Fig. 3. a) Octahedral p r e c i p i t a t e s of LiFeCb in 
LiFesOg, imaged near the fHO) p o i e . b) Growing 
LiFeO? p r e c i p i t a t e s with semicoherent i n t e r f a c e s . 

(XBB 753-2454J 

Fig . 4 . a) Glassy p a r t i c l e s d ispersed in l i th ium 
spinel phase, b) P r e f e r en t i a l growth of g lassy 
phase a t LiFeC^-LiFesOg i n t e r f a c e . Note the 
elongated LiFeO? p a r t i c l e morphology p a r a l l e l to 
[220]. [XBB 757-5807) 
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b . Cation Faul ts in Lithium F e r r i t e : New Contrast 2. STUDY OK THE DEFECTS (650 kV) 

a. The Study of Stacking Faul ts in Nickel F e r r i t e 

M. Kao 

The fcrrimagnetic NiFe?04, with an inverse 
spinel s t r u c t u r e possess a high Curie temperature 
(580°C) along with low d i e l e c t r i c loss^ and i s 
one of the commercial f e r r i t e s used in high speed 
computer memory u n i t s . Electron microscopy 
observation of some s in t e r ed fine grain poly-
c r y s t a l l i n e tiiFc2QQ samples has shown ca t ion 
fa id t s in most g ra ins , Ltue to t he very small 
grain s izes of many commercial f e r r i t e s , con t r a s t 
ana lys i s becomes d i f f i c u l t and t ed ious . However, 
analys is of a threefold junct ion shown in Fig. 1 
i s poss ib le using <131>, (220) and < 151 > s e t s of 
r e f l ec t ions in our 650 kV -dcroscope due to our 
large angle double t i l t s t age . The r e s u l t s 
confirm that the f au l t s are~on {110} with 1/4<I10) 
faul t vectors normal t o the faul t p lanes . This 
faul t configurat ion i s s imi la r to tha t reported 
for LiFesOg." I t may be noted tha t fau l t s in 
{003J p lanes , repor ted for the normal sp ina l 
MgAl̂ O ĵ 9 have not been observed in any of these 
inverse s p i n e l s . 

Fig. 1. Cation fau l t s i n p o l y c r y s t a l l i n e n icke l 
f e r r i t e (NiFe 2 0^). The threefold faul t_junct ion 
i s ins ide a gra in , a) g = 131, b) g = 131. 

(XBB 7511-8375) 

Result" ~ ~~ ~~ 

R. K. Mishra 

In Hux grown LiFesOg s ing le c r y s t a l s as well 
as s in te red nickel f e r r i t e po lycrys ta l ca t ion 
fau l t s with a = ±ir have been observed, and have , 
been charac ter ized as f 110}l/4< 110 > growth f a u l t s . 
Also, in our labora tory , fau l t s with a = ±i have 
been observed in s i n i e r ed s i l i c o n carbide poly-
c r y s t a l s . Special con t r a s t e f fec t s occur for 
a = ±2TT/3 f au l t ing in dark f i e ld images in ±g 
and ±2g, s a t i s f i e d for systematic r e f l e c t i o n s and 
have already been d e s c r i b e d . 7 Similar imaging 
condit ions can be used for rapid determination of 
the fau l t plane by ident i fy ing the top and bottom 
of the faul t plane even when a = ±ir. Figure 2a 
and 2b are D. F. p i c tu res taken with g and - g , 
r e spec t ive ly , when 2g i s exc i t ed . The computed 
fringe p ro f i l e s for the two cases are shown in 
F igs . 2c and 2d. While the con t ras t di f ference in 
g and 2g i s not very pronounced, the fr inges in the 
-g and 2g condition show pronounced con t ras t 
corresponding to the bottom of the f o i l . The 
r e s u l t has been confirmed by determining the ac tual 
faul t plane from de ta i l ed cont ras t experiments. 

c . Dissociated Dislocat ions and Stacking Fault 
Energy in_ LiFe^Og 

R. K. Mishra 

The multibeam dynamical i n t e r a c t i o n e f fec t giving 
r i s e to increased reso lu t ion in B.F. images when 
a high order r e f l ec t ion in a systematic row i s 
e x c i t e d ' has been used to resolve the p a r t i a l 
d i s loca t ions in disordered l i th ium f e r r i t e s p i n e l . 
Figure 3 shows the B.F. micrograph along with a 
microdensitometer t race and the computed image 
p ro f i l e for the two p a r t i a l s with o = 1/4 Oil . 
The d i s soc i a t i on can be represented as 
1/2(011] = 1/4 [011] + 1/4 [011] on the [Oil) plane 
connected hy a s tacking faul t 220 A widV in the 
ca t ion ^ u b l a t t i c e . The s p l i t t i n g here corresponds 
to a s tacking faul t energy of about 75 e r g s / a i r . 
Computation, for inverse spinel gives a value of 
80 ergs/cm 2 for l i th ium s p i n e l . " This i s the 
f i r s t time a s tacking fau l t energy has been measured 
for an inverse s p i n e l . 

1. G. Thomas, Phyr : ca l Aspects of Electron 
Microscopy and Mcrobearo Analysis , eds . B. M. 
Siege1 and D. R. Beaman (1975), o . 8 1 . 
2. K.-H. Hellwege and A. M. Heliwege ( e d s . ) , 
Magnetic and Other Proper t ies of Oxides and 
Related Coiroounds, landol t-feomstein t a b l e s , 111/4 
(Springer-Verlag, 1970). ~ 
3. 0 . Van der Biest and G. Ihomas, Acta. Cryst . 
A31, 70 (1975). 
4T~ L. C. DeJonghe and G. Thomas, Mat. Sc i . $ 
Eng. 8, 259 (1971). 
5. P. R. Swann, Electron Microscopy and Structure 
of Materials, eds. G. Thomas, R. Fulrath an3 
R. Fisher (University of California Press, 1972), 
p. B78. 
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6. 0. Van der Biest and G. Thomas, Phys. Stat. 
Solidi 24, 65 (1974). 
7. L.J.Then and G. ]\omas, Phys. Stat. Solidi 

25, 193 (1974). 
8. R.K. Mishra, Ph.D. Thes is , in progress . 
9. M.II. Lewis, Ph i l . Mas- l±, 10(13 (1900). 
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Fig. 2 . D. F. image of ca t ion f au l t s in LiFesOg, 
s?„ = 0; a) image of g , b) image of -g ; c) and 
d) corresponding computed p r o f i l e s (eight beam 
systematic (220 ) ) . (XBB 758-5878) 
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Fig. 3 . aj Dissociated d i s loca t ions in LiFecOg imaged near (110) po le , b) Micro-
densitometer t r ace at A. c) Computed p r o f i l e for 1/21011] 1/4|011]+ 1/4J011]. 

(XBB 758-5877) 

B) FERRITES: WORK IN PROGRESS AND FUTURE PLANS 

0. Van der Biest and R. K. Mishra 

a. Contrast in Non-Centro'symmetric Crys ta l s 

Computer programs for centrosymmetric c r y s t a l s 
ha»re been adapted to include non-centrosymmetry. 
The program has been appl ied to the problem of 
con t ras t between enantiomorphic domains under 
multibeam condi t ions (deviat ions from F r i e d e l ' s 
law) . The con t r a s t i s found t o be very much 
thickness dependent. Influence of changes in 
o r i e n t a t i o n and choice of absorpt ion parameter have 
a l so been inves t iga t ed . Calcula t ions on t h i s 
p ro jec t have been completed. The r e s u l t s now 
await a de ta i l ed i n t e r p r e t a t i o n . I t w i l l be 
poss ib le t o determine the s t r uc tu r e abso lu te ly , 
i . e . , whether a p a r t i c u l a r domain is r igh t o r 
lef t handed. 

b . Contrast of 1/6(111) Faul ts in Spinel 

The nature of 1/6(111) f au l t s in spinel i s being 
inves t iga ted using con t ras t c a l c u l a t i o n s . These 
ca lcu la t ions are now in p rogress . 

c . Analysis of Kinetic Data Obtained by Hot Stage 
E.M. Studies" ~~ 

Detailed ana lys i s of the hot s tage data i s in 
p rogress . Data on the growth r a t e of p a r t i c l e s 
wi l l be completed soon. Data on the nucleatxon 
ra t e s are harder to obtain because of i ) t he 
uncer ta in ty of the temperature, i i ) the foi i 
thickness i s not accura te ly known for many 
sequences. 

d. Surface Energy and Material Loss in Spinel 

Material loss of spinel i s a s i g n i f i c a n t 
problem, e . g . , in s i n t e r i n g : the anisotropy of 

t h i s "loss i s being inves t iga ted in terms of the 
anisotropy of surface energy. This i s the f i r s t 
time t h i s problem has been s tudied in s p i n e l s . 

C) REFRACTORY G\RBIDES: TURBINE MATERIALS (WORK 
IN PROGRESS AND FUTURE PLANS) 

!•". Dizon and D. R. Clarke 

a. Basis of Program, Objectives 

Some des i rab le performance objec t ives for gas 
turbines used for power production include improved 
e f f i c iency , lower i n i t i a l c o s t , and extended 
engine l i f e . These objec t ives a re a t present 
l imi ted by the p roper t i e s of super-a l loys used in 
these t u rb ine s . These UP aer ia l s can be operated 
only a t surface temperatures l ess than about 900 °C 
unless cooling i s used. The engine l i f e of gas 
tu rb ines i s l imi ted mainly by the poor corrosion-
erosion res i s t ance of these a l loys when used a t 
high temperatures . The s u s c e p t i b i l i t y of super-
a l loys to impuri t ies found i n d i r t y r e s idua l 
fuels l i m i t s thei;. fuel economy. The necess i ty 
for cooling increases the i n i t i a l blade cos t s 
and decreases t h e i r power output . 

'jerai.dcs such as s i l i c o n n i t r i d e and s i l i c o n 
carbide overcome many of the l im i t a t i ons t ha t the 
use of super-a l loys imposes on the improved 
performance of gas tu rb ines . Since ceramics have 
re f rac tory p r o p e r t i e s , they can be used a t surface 
temperatures e**;eeding 900°C without cool ing. 
This i s an important asse t since i t i s known that 
engine eff ic iency increases with higher operat ing 
t enpe ra tu re s . Ceramics have super ior corrosion-
erosion res i s t ance and are able to t o l e r a t e the 
contaminants found in res idual fuels . 
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Unfortunately, ceramic parts cannot be sub­

stituted directly for parts which now use super-
alloys. The inherent brittleness of ceramics 
places doubt on their mechanical performance in 
these turbines. Additionally, more efficient and 
reproducible fabrication techniques need to be 
perfected for ceramics. 

For silicon carbide one step towards i t s intended 
use in turbines has been made. The General 
t lec t r ic Coirpany has invented a process which 
employs boron in the sintering of the cubic (6) 
form of silicon carbide. The addition of boron 
makes possible pressureless sintering with con­
current high densities. The reproducibility of 
this fabrication technique is thought to be 
satisfactory. 

b. Summary of Research on 6SiC 

Research work so far has been concentrated on 
the analysis of line and planar defects in the 
GE G-silicon carbide in both i ts as-sintered uid 
deformed states. The carbide has the sphalerite 
crystal structure and consists of two inter­
penetrating fee sublattices, one of carbon atoms 
and the other of silicon atoms. 

The sintered material is characterized by an 
extremely low density of dislocations of the typo 
b = a/2< 110 > , and in many grains, by a high 
density of stacking faults and micro-twins lying 
on the closely packed (111) planes. Although 
these faults appear visually to be arranged at 
random in any grain, the nonuniform intensity of 
the streaking throush the f i l l ; spot in the 
diffraction pattern indicates that some ordering 
of the faults does in fact occur. In addition, 
i t is occasionally observed that some grains 
contain a high density of narrow twins, as in the 
dark field micrograph, Fig. 1. 

Fig. 1. Dark field electron micrograph. The 
light areas are regions that are crystallographical-
ly twinned with respect to the matrix (dark). 

(XBB 754-3138) 

Fig. 2. Dark field electron micrograph of a broken 
fragment of silicon carbide showing a number of 
partiallv healed, secondary cracks stemming from 
the serrated fracture edge. (XBB 754-3148) 

Fig. 3. High resolution electron micrograph of a 
complex faulted and twinned grain of cubic silicon 
carbide. Magnification calibration indicates that 
the coherent regions marked A are hexagonal (a) 
silicon carbide lying within the cubic material. 

{XBB 764-3196) 

The defect structure of material deformed by 
breaking in bending is no different to the virgin 
sintered silicon carbide except close to the 
fracture edges. On occasions, limited plasticity 
takes place at these edges giving rise to high 



d e n s i t i e s of glide d i s loca t ions (>* = :i/2< 110 > ) 
lying pa ra l l e l to the edge, In other instances 
(Fig. 2 J , the fracture edge is s e r r a t ed and has 
associa ted with i t a number of p a r t i a l l y healed 
subsidiary cracks stenming from the s e r r a t i o n s , 
but with few d i s loca t i ons . 

l a t t i c e imaging wil l be u t i l i z e d to i n t e r p r e t the 
complexities of the faul ted regions and to confirm 
that regions such as A in Fig. 3 are indeed 
coherent hexagonal fu-SiC) la ths within sn o ther­
wise cubic (fi-SiC) gra in . 

Although these cha rac t e r i za t ions h a w been 
ca r r i ed out using conventional e lec t ron microscopy, 

(he are grateful to General E l e c t r i c Co. , 
Schenectady, New York, for supplying the SiC. j 
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c Electron Microscopy 

Gaveth ThomaBj Principal Investigator 

1. HIGH RESOLUTION ELECTRON MICROSCOPY 

G. Thomas 
As reported in the 1974 Annual Report (LBL-3530) 

the a v a i l a b i l i t y of our two h igh- reso lu t ion 
microscopes (Siemens Elmiskop-102 and Ph i l ips 
EM-501) has enabled us to exp lo i t the l a t t i c e 
imaging technique toward s tud ies of coherent phase 
t r ans i t i ons» espec ia l ly order ing (with e rohas is 
on shor t range order) and sp inodals . The method 
i s p a r t i c u l a r l y advantageous for s tud ies of the 
i n i t i a l s tages of these t ransformtions . 

The r e s u l t s of work on many ordering systems, 
e . g . , Cu-Au, Au-Cr, Mg-Cd, confirm the micrcdomain 
model of shor t range order ( s . r . o . ) v i z . , tha t 
s . r . o . i s phys ica l ly described in terms of very 
small ( - 20 A diameter) ordered domains in an 
e s s e n t i a l l y d isordered m a t r i x . 1 _ 3 Also, as shown 
in LBL-3S30, the l a t t i c e imaging technique enables 
the composition amplitudes of spinodal ly decomposed 
mater ia ls t o be es t imated from the l a t t i c e image 
spac ings . 

1. R. S i n c l a i r and G. Thomas, J . Appl. Cryst . S, 
206 (1975). 
2. R. S i n c l a i r , K. Schneider and G. Thomas, Acta. 
Met. 25, 873 (1975). 
3. J. Dutkiewicz and G. Thomas, Met. Trans. 6A, 
1919 (1975); see following. 

2. HIGH RESOLUTION STUDY OP ORDERING REACTION'S IN 
GOLD-CHROMIUM ALLOYS* 

J . Dutkiewicz' and G. Thomas 

The ordering react ions in A u ^ r and Au^Cr al loys 
have been inves t iga ted using high reso lu t ion dark 
f i e ld and l a t t i c e imaging techniques. I t i s shown, 
e . g . in Fig. 1, t ha t there i s good co r r e l a t i on 
between dark f i e ld imaging diffuse s . r . o . re f lec­
t ions and l a t t i c e imaging. The r e s u l t s s trengthen 
our view of t he microdomain concept of s . r . o . In 
a l l cases the ordered s t ruc tu re s can be described 
in terms of compositional modulations as occur 
during spinodal decomposition. In a l loys quenched 
from above the c r i t i c a l temperature s . r . o . 
microdomains of s i z e 10-15 A have been resolved 
with s t r u c t u r e s represented by modulations in 
composition along (420) . After aging, the AU4LY 
al loys below T c the D l a I ro phase appears as 
ordered domains of s i ze 50-100 A showing composi­
t ion modulations with wavelengths of 5d< 531) . 
These domains grow in s ize up to 500 A, becoming 
f ina l ly the D l a fu l ly ordered s t r u c t u r e . 

A new observat ion has been made in the AujCr 
a l l oy , v i z . t ha t the l r o s t r uc tu r e i s nonstoichio-
metric LIQ with ^£0011 = 4 A. The transformation 
from s . r . o . in t h i s a l loy occurs with the fornntion 
of a t r a n s i t i o n a l ordered phase ( s imi la r to I X ^ ) * 
which can be described in terms of composition 

Eig. 1. A comparison of the l a t t i c e image taken 
with t i l t e d i l luminat ion and (100) s u p e r l a t t i c e 
dark f i e ld of p a r t i a l l y ordered AujCr. Bright 
regions in the dark f i e ld micrograph c o r r e l a t e 
ve i l with ordered domains v i s i b l e in the l a t t i c e 
image. Only one domain marked "X" does not appear 
in the dark' f i e ld micrograph. (XBB 751-788) 

modulations along [001], with wavelengths equal to 
the c parameter (8 A) of the 1)022 s t r u c t u r e . 

La t t ice imaging of the two va r i an t s of super-
l a t t i c e planes in ordered Au^Cr enableu the atomic 
arrangement in the area of t r a n s l a t i o n a l and 
ro ta t iona l antiphase boundaries to be determined. 

ir 
Abstracted from Met. Trans. 6A, 1919 (1975), and 
LBL-3559. 
On one year leave from the I n s t i t u t e of Metallurgy, 
Polish Academy of Sciences, 30-059 Krakow, u l . 
Reymonta 25, Poland. 

3 . OPTICAL DIFFRACTION FROM LATTICE IMAGES OF 
ALLOYS* 

R. S i n c l a i r , R. Gronsky and G. Thomas 

Optical d i f f r ac t ion pa t te rns have been obtained 
from optimum l a t t i c e images of p a r t i a l l y ordered 



C113A11 and spinodally decomposed Au-Ni alloys. 
These diffraction results show excellent agreement 
with the corresponding portions of electron 
diffraction pattern*, indicating that a direct 
correlation exists between the lat t ice images and 
the atomic lattices of the alloys studied. Since 
in electron microscopy the resolution limit for 
selected area diffraction is determined by spheri­
cal aberration of the objective lens and at 100 kV 
this is approximately 2 urn, the gain in localized 
information by optical analysis down to 10 A is 
considerable. 

A quantitative analysis of the spinodal and 
ordering transformations by combined latt ice 
imaging and optical diffraction provides experi • 
mental detail on an extremely localized scale. 
Examples are shown in Figs. 1-3 for spinodal 

Fig. 1. Lattice image (positive print of the 
original plate) of spinodallv decon^wsed Au-Ni. 

(XBB 757-5130J 

transformations. All the results are in agreement 
with conventional experimental results and modem 
theories of phase transformations and i l lustrate 
an exciting new approach to gaining information 
about localized atomic mechanisms of phase 
transformations in alloys. 

This research is supported by NSF. 

Fig. 2. Comparison of the electron diffraction 
pattern (a) from the decomposed Au-Ni specimen with 
the optical diffraction pattern (b) from the 
lattice image shown in Fig. 1. Satellites (s) 
about the fundamental (200) reflection (f) are 
arrowed. (XBB 757-5132A) 
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Fig. 3. Smoothed plot of fringe spacing with 
distance for Au-Ni as determined from a micro-
densitometer trace from the lattice image. 

(XBL 757-6648) 



4 . HICK VOLTAGE ELECTRON MICROSCOPY; APPLICATION 
OF THE CRITICAL VOLTAGE EFFECT TO THE STUDY OF 
ORDERING IN ALLOYS* 

R. S i n c l a i r , M. J . Goringe and G. Thomas 

Calculated values have been obtained for the c r i t i ­
ca l vol tage (V c) of severa l ordered a l loys as a 
function of degret of long-range order (S) . Most 
systems have a r e f l e c t i o n showing a c r i t i c a l 
vo l tage wi th in t h e range of our microscope (220-
650 kV) but the v a r i a t i o n with S i s genera l ly 
p red ic ted to be very smal l . Experiments on CuyVu 
and Ni^Mo fur ther i nd i ca t e t h a t t h e c r i t i c a l 
vol tage e f fec t i s not useful for ob ta in ing new 
information nbout the e a r l y s tages of order ing 
t ransformat ions . 

Financia l a s s i s t ance from NSF i s acknowledge 
by R.S. and G.T. 

Phi losophical Magazine 32, 501 (1975). 
On leave from Department of Metallurgy and Science 
of Ma te r i a l s , Universi ty of Oxford, England. 

5 . THE ACCURATE MEASUREMENT OF THE ENERGY 
DEPENDENCE OF RADIATION DAMAGE RATES IN ORGANIC 
MATERIALS* 

D. G. H o v i t t T 

In e l e c t r o n microscopy and rad ia t ion damage 
s tud i e s in organic mate r i a l s i t i s important to be 
ab le to make an accurate asessment of the r a t e at 
which the damage processes proceed. 

Approximate values for these rad ia t ion damage 
r a t e s have been ca lcu la ted using so l id s t a t e 
de tec to r s in order t o measure the appropr ia te 
beam current d e n s i t i e s , * however, the s t rong 
i n t e n s i t y dependence of these devices and t h e i r 
s u s c e p t i b i l i t y to r ad i a t ion damage imposes la rge 
e r r o r s when any consis tency in t h e i r e f f ic iency is 
assumed. 

A Faraday cup has been const ructed (Fig. 1J 
which i s capable of measuring cur ren ts down to 
10"1-* amperes cm" ̂  from the f inal image plane of 
an e l e c t r o n microscope, with an e r r o r of l e ss than 

\%. The cup, being posi t ioned beneath the final 
viewing screen i s therefore capable of d i s t ingu ish­
ing local incident i n t e n s i t i e s in the object 
p lane . 

In assess ing the beam current dens i ty a t the 
specimen an overest imation can a r i s e from e lec t rons 
which a r e incident a t the image plane but not 
derived from the assoc ia ted ob jec t . This effect 
i s most prevalent in high vol tage microscopes and 
a r i s e s from the malalignment of lens aper tures and 
the a b i l i t y of secondary e l e c t r o n s , for exanple, 
those created on the walls of the microscope 
column, to reach the f inal image p lane . The large 
operat ing range of the Faraday cup, however, 
f a c i l i t a t e s the measurement of beam cur ren ts at 
very iow magnificat ions where t h i s effect i s 
minimized. 

In the measurement of r a d i a t i o n damage r a t e s 
(see following abs t r ac t ) the fading d i f f r ac t ion 
pa t t e rn technique i s employed' and the determination 
ot the end point can have a large degree of 
uncer ta in ty assoc ia ted with i t , p a r t i c u l a r l y at 
high vo l t ages , when determined v i sua l ly from the 
f luorescent screen . The Faraday cup can, however, 
when measuring high beam c u r r e n t s , su s t a in a rapid 
response to changes in i n t e n s i t y . Thus i t may be 
u t i l i z e d to monitor the decay of any Fourier 
component in the d i f f r ac t i on pa t t e rn to the 
i n t e n s i t y of the f inal background. 

EM5A Student Fellowship Award Paper 1975. 
+ M.S. Dies i s , LBL-318Q (1975). 
1. R. M. Glaescr, LBL-2164 (September 1973). 
2. D. T. Grubb and G. W. Groves, P h i l . Mag. 24, 
815 (1971). ~~ 

Fig. 1. ' Faraday cup. (XBL 763-652) 

6 . THE ENERGY DEPENDENCE OF RADIATION DAMAGE IN 
1-VALINE* 

I). G. Hewit t , R. M. Glaeser , and G. Thomas 

Experimental e l ec t ron d i f f r ac t ion and microscopy 
r e s u l t s are described regarding the energy 
dependence of e l ec t ron rad ia t ion damage in the 
a l i p h a t i c amino acid 1-valine. Ihe c r i t i c a l 
exposure, defined as the e l ec t ron flax necessary 
to destroy the c r y s t a l l i n i t y of n ma te r i a l , has 
been determined over a range of e lec t ron energy 
from 50 keV to 3 MeV. The r e s u l t s are shown in 
F ig . 1. In verms of t he e l ec t ron v e l o c i t y , L.»e 
r e s u l t s ind ica te a 3 3 dependence ra the r than Q* 
as predic ted from stoppi.13 power theory. The 
r e s u l t s are used to es t imate the a p p l i c a b i l i t y , 
e spec i a l ly with respect to po ten t i a l r e so lu t ion , 
of veiy high vol tage e l ec t ron microscopy in the 
study of beam s e n s i t i v e organic m a t e r i a l s , and 
indica te that a factor of two times improvement 
in reso lu t ion can bv expected a t 1 MeV compared 
to 100 keV. 
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l : ig . 1. Hie va r i a t ion of the c r i t i c a l exposure N c r 

w i t h i n c r e a s i n g e l ec t ron energy. The r e l a t ionsh ip 
of :P in N c r vs e l ec t ron energy is obta ined. 

IXBI. 752-5710) 

Some f inancial support from the National 
I n s t i t u t e oi Health is g ra te fu l ly acknowledged. 
We are p a r t i c u l a r l y indebted to Professor C. I>upouy 
and Dr. K. Jouffrey for use of the Toulouse 3-MeV 
e lec t ron microscope. 

LBI.-3SI58, submitted to J . U l t r a s t r . Res. 

7 . KLS1-AKCH PIANS R1K CAUIXDAR YEAR 1 9 7 B , ALLOY 
DESIGN 

C. Ihomas 

a. Significajice of Retained Austeni te : Heat 
treatment 

M. Carlson, M.S. Thesis 

In the h ig l i - s t rength , tough Fe/Cr/C mar tens i t i c 
s t e e l s , optimum heat treatments for heat p rope r t i e s 
involve annealing at 1000°C p r io r to the mar tens i t i c 
t ransfoimat ion. A systematic study of the e f fec t 
of aus t en t i z ing temperature, grain s i z e , re ta ined 
aus t en i t e mar tens i te subs t ruc ture and carbides on 
the s t rength and toughness (both Kj c and Charpy) 
i s underway. 

b . Optimizatio)i of Tough, High Strength Fc/Cr/C 
Base S tee l s 

B. V. N. Rao, Ph.D. Thesis 

Experimental s t e e l s based on Fe/4Cr/fl.3C with 
quaternary a l loy ing addi t ions ( e . g . , Mn, Ni, Ti) 
a re being s tudied to optimize the y i e ld s t rength 
and toughness by cont ro l of grain s i z e , mar tens i t i c 
; t ruc tu ie and to maintain s t a b i l i t y of untrans-

fcrmed a u s t e n i t e . (We acknowledge Daido Steel 
Corp. for supplying the i t e e l s to our spec i f i ca ­
t i ons . ) 

c . S tee l s for Transportat ion Applications 

1. New Stee l s (J-Y. Koo, Ph.D. Thes i s ) . 
Experimental low a l loy s t e e l s based on the 1010 
commercial type have been designed to explo i t the 
two-phase IA + Y) hea t treatment and increase 
ha rdenab i l i t y . The resea^J i program e n t a i l s 
maximizing the ro le of martensi te (morphology and 
d i s t r i b u t i o n ) to a t t a i n s t rength l e w i s - 80,000 
psi a t acceptable d u c t i l i t i e s . (We acknowledge 
Daido Steel Corp. for supplying the s t e e l s . ) 

Z. Exploi ta t ion of Commercial 1010 and 1020 
S tee l s TMpYoung, M.S. Thesis)"! This i s a 
cont inuat ion of J . V. koo's M.S. Thesis to 
explore the r e l a t i o n between strength and 
martensi te volume f rac t ion following two phase 
annealing and quenching. 

d. Manipulation of* Spinodal Transformations 

1. CuNiFe (K. Kubarych, M.S. Thes i s j . 
Continuous cooling and s t ep aging are underway to 
improve the s t rength apd toughness of spinodal 
a l loys u t i l i z i n g the main s t rengthening mechanism 
v i z . y i e l d s t reng th v s . , Aa/ here Aa i s the 
d i f ference in l a t t i c e parametei Between the 
coherent phases. I n i t i a l r e s u l t s ind ica te tha t 
301. or more increase in s t reng th with no s a c r i f i c e 
in d u c t i l i t y can be achieved compared t o con­
vent ional ly heat t r ea ted a l l o y s . 

2. Cu/29Xi/3Cr (C-K. Wu, M.S. Thes i s ) . The 
r e l a t i on between microst ructure and mechanical 
p roper t i e s i s being e s t ab l i shed in t h i s spinodal 
a l loy system using conventional e l ec t ron microscopy 
and high reso lu t ion l a t t i c e imaging to e s t a b l i s h 
composition changes with heat t reatment . 

3. FeCrCO (M. Okada, Ph.D. Thes i s ) . No 
systematic i nves t iga t ions appear t o have been done 
on the r e l a t i o n between spinodal micros t ructure 
parameters (amplitude, wavelength, volume f rac t ion) 
and magnetic p r o p e r t i e s . The goal i s t o achieve 
high coerc iv i ty (with good d u c t i l i t y for processing) 
bv u t i l i z i n g the spinodal transformation in FeCrCo 
a l lovs f e . g . , (31Cr/25Co/46Fe)). 

8. RESEARCH PLANS FOR CALENDAR YEAR 1976, 
RADIATION DAMAGE AND RELATED EFFECTS 

a. S t ruc tu ra l Defects in Fast Breeder Reactor and 
Control led Thermonuclear Reactor Materials 

K. H. Kestmacott* 

Tests of new a l loy designs for app l ica t ion in 
advanced nuclear r eac to r systems a r e both cos t ly 
and time-consuming, and sometimes impossible, in 
the ac tual r eac to r environment; consequently 
damage simulation methods are commonly employed. 
A new technique which of fers several advantages 
over e x i s t i n g simulation methods i s being 
inves t iga ted in a j o i n t program with the Lawrence 
Berkeley Laboratory. The pr inc ipa l advantage of 
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the technique i s t ha t concurrent in t roduc t ion of 
damage and i n e r t gas atoms a t a high (var iable) 
r a t e i s p o s s i b l e . I n i t i a l r e s u l t s w i l l bo 
compared with o the r s imulat ion techniques and 
t h e o r e t i c a l c a l cu l a t i ons t o a s sess t he p o t e n t i a l 
of t he method. The cooperation of the Lawrence 
Livermore Laboratory in the rad ia t ion experiments 
i s g r a t e fu l ly acknowledged. 

On l e i v e a t LBL from Naval Weapons Center , 
China Lake Labora tor ies , 1975/76. 

b . Short Range Order: Radiation Damage 

U. Dahmen, Ph.D. Thesis (Fulbright Fellow) 

Previous work on the s . r . o . s t a t e ("K" s t a t e ) 
in Fe-Al a l loys (G. Thomas and H. Warlimont, Met. 
Sc i . J . 4 , 47 (1970)) i nd ica t e s tha t s . r . o . i s 
very s t a b l e and ordered domains do not coarsen. 
This p ro jec t explores t h i s e f f ec t more deeply with 
a view towards e s t a b l i s h i n g i f s . r . o . i s r e s i s t a n t 
t o swell ing under r a d i a t i o n condi t ions . The 
program iirvolves an ex'aluation of s . r . o . in a l loys 
up to 2D&A1, and c o r r e l a t i o n with mechanical 
p rope r t i e s and i r r a d i a t i o n damage by e lec t rons 
(HVEM) and neutrons ( r eac to r exper iments) . 

9 . 1975 PUBLICATIONS AND REPORTS 

Gareth Thomas and Associates 

Journals 

1. 0 . Van der Biest and G. Thomas, I den t i f i c a t i on 
of hnantiomorphism in Crys ta l s by Electron 
Microscopy, Acta. Crys t . A3J_, 70 (1975) (I.BL-2773). 

2. R. S i n c l a i r and G. Thomas, Autiphase Domains 
and Supe r l a t t i c e Spot S p l i t t i n g in CujAul, (Proc. 
J u l i c h Conf . ) , J . Appl. Crvs t . 3 , 206-210 (1975) 
(LBL-2731). 

3 . G. Thomas, Some Applicat ions a t Berkeley and 
Possible Future Trends of HVEM, Electron Microscopy, 
Physical Aspects , B. Siegel and D. R. Beaman, e d s . , 
"(J. Wiley 5 Sons, 1975), Chapter 7, 81-102. 
(LBL-2274). 

4 . K. Seshan, G. Thomas and L. J . Chen, Contrast 
and Resolution of Small Dis locat ion Loops in HVEM, 
Phys. S t a t . Sol . (a) 28_, 309-319 (1975) (LBL-1164). 

5 . R. S i n c l a i r , K. Schneider and G. Thomas, 
Analysis of Ordering in CujAu ' J t i l i z i n g Imaging 
Techniques, Acta. Met. 23 (197_>J (LBL-;i94). 

6 . G. Thomas, High Voltage E. M. Studies of 
Ceramic F e v r i t e s , inv i t ed paper, Toulouse 
In te rna t iona l Conf. on HVEM, Sept . 1-4, 1975 
(LBL-4114). 

7. G. Thomas, U t i l i z a t i o n and Limitations of 
Phase Transformations and Micr^structures in Alloy 
Design for Strength and Toughn s s , invi ted paper, 
Ba te l l e Colloquium on Fundamenral Aspects of 
S t ruc tu ra l Alloy rtesign, 1975 LBL-4175). 

8. A. Rocher, K. S i n c l a i r , and '.',. Thomas, Study 
of Atomic Sca t t e r ing Factors from the C r i t i c a l 
Voltage of Ordered Alloys — Applicat ion to Cuy\u, 
I n t ' l . Conf. on HVEM, Toulouse, Sept . 1-4, 1975 
(LBL-4563). 

9 . B. V. N. Rao and G. Thomas, Design of 
Fe/4Cr/0.4C Martens i t ic S tee l s Eliminating Quench 
Cracking, Mat. Sc i . and ling. 195-202 (1975) 
(LBL-3S22). 

10. J. Dutkiewicz and G. Thomas, High Resolution 
Study of Ordering Reactions in Gold-Chromium 
Allovs , Met. Trans. 6A, 1J19-1928 (1975) 
(LBL-3559). 

11 . R. S i n c l a i r , M. J . Goringe, and G. Thomas, 
Applicat ion of the C r i t i c a l Voltage Effect to the 
Study of Ordering Al loys , Ph i l . Mag. 32_, 3, 501-
512 (1975) (L^L-3579). 

12. 0 . Van der B ies t , E. P. Butlei and G. Thomas, 
Hot Stage HVEM Dynamic Studies of Order-Disorder 
Trans i t ions in Lithium F c r r i t e , 33rd Annual BSA 
Proceedings, Las Vegas, 1975, G. IV. Bai lcv, ert. , 
p . 36-37 (LBL-3762). 

13. R. K. Mishra, Electron Microscopy of Early 
Stages of P r ec ip i t a t i on in Lithium For r i t e 
(LeFesOg) Spinel„ 33rd Annual E'-LSA Proceedings, 
Las Vegas, 1975,"n. W. Bailev, c d . , p . 62-65' 
(LBL-3770). 

14. B. V. N. Rao, J . -Y. Koo and G. Thomas, 
Electron Metallography I d e n t i f i c a t i o n of Retained 
Austeni te in S t e e l s , 33rd Annual EMSA Proceedings, 
Las Vegas, 1975, G. W. Bailev, e d . , p . 30-31 
(LBL-3771). 

15. R. S i n c l a i r and J . Dutkiewicn, La t t i ce Image 
Studies of Ordered Alloys 33rd Annual l-JKA 
Proceedings, Las Vegas, 1975, G. W. Bailey, e d . , 
p . 10-11 (LBL-5781). 

16. D. G. Howitt, R. M. Glaeser and G. Thomas, 
The Energy Dependence of Radiation Damage in 
1-Valine, 33rd Annual EMSA Proceedings, Las Vegas, 
1975, G. W. Bailey, e d . , p . 246-247 (LBL-3784J. 

17. R. Gronsky, M. Okada, R. S i n c l a i r and 
C. Thomas, La t t i ce Imaging of Spinodal Al loys , 
33rd Annual EMSA Proceedings, t^s Vegas, 19"5, 
G. W. Bai ley, e d . , p . 22-23 (LBL-3778). 

18. D. G. Howitt, The Accurate Measurement of the 
Energy Dependence t,r Radiation Damage Rates in 
Organic Mate r i a l s , 33rd Annual EMSA Proceedings, 
Las Vegas, 1975, G. W. Bai ley, e d . , p . 210-211 
(LBL-3739). 

19. R. Gronsky and G. Thomas, Discontinuous 
Coarsening of Spinodally Decomposed Cu-Ni-Fe Al loys , 
Acta. Met. 23, 1163-1171 (1975) (LBL-3523). 

20. P. Rao and G. Thomas, I n t e r s t i t i a l Order and 
Embrittlement in Ta-C Alloys, Acta. Met. 23, 309 
(1975) (LBL-2570). ~~ 

21. R. Clark and G. Thomas, Design of Strong,. 
Tough Fe/Mo/C Martens i t ic S tee l s and the Effects 
of Cobalt , Mat. Trans. 6A, (5) 969-979 (1975) 
(LBL-2504). 



22. D. J . kowcliffe and G. Thomas, S t ructure of 
Non-Stoichiometric TaC, Mat. Sc i . and ling. ^ 8 , 
231 238 0975) (LBL-2588). 

25. R. H. Geiss, D. C Howitt, and H. Arnel, 
l : resnel Diffract ion and La t t i ce Plane Imaging in a 
Conventional S.T.E.M., 33rd Annual BKA Proceedings, 
U s Vegas, 1975, C. W. Bailev, e d . , p . 220-221, 
(LBL-4569). 

LBL Repor-: • 

1. D. -H. Huang, Ba in i t i c Transformations in S tee l s 
(Ph.D. Thes i s ) , LBL-3713, Ju ly 1975. 

2 . J . -Y . :,oo, Inves t iga t ions of Heat Treatjuents 
for Improved Proper t ies of Low Carbon 
Fe-0.12tC-0.5Uh S tee l s (M.S. Thes i s ) , LBL-3587, 
April 1975. 

5. B. V. N. Rao, Improvement on Toughness 
Proper t ies in Ultra-Hi rh Strength Fe/4Cr/0.4C 
Martens i t ic S tee l s (M.S. Thes is ) , LB!.-3794, 
September 1975. 

4. M. \'on Heimendahl, G. Huh red , C. Thomas and 
1). b. Fuerstenau, A Transmission Electron Micro­
scope Studv of Iteep Sen Manganese Nodules, (Deep 
Sea Research, in press J, LBL-149ti, March 1975. 

5. 0 . Van dcr Biest and G. Thomas, Fundamentals of 
Electron Microscopy, Chapter in , Applications of 
Electron Microscopy in Mineralogy, H.'-R. Wenlt and 
G. Thomas, eds . (Springer-Verlag, - Ber l in , 1975), 
in p r e s s , LBL-5524, February 1975. 

(-.. D. R. Clarke, Calculat ion of Habit Planes for 
Tra-isfc J t i o n by Minimization of E las t i c S t ra in 
linergv (.submitted t o Met. T r a n s . ) , LBL-3575, 
August 1975. 

7. L:. Nes and G. Thomas, The Prec ip i t a t ion of TiC 
in Thermal I v Eirori t t led Maraging Stee ls (submitted 
to Met. T rans . ) , LBL-3927, August 1975. 

8. D. II. Kirkwood and G. Thomas, The Microstructure 
of Nitr ided Fe-0.3 vt% Ti Alloy, Annealed at 800°C 

(submitted to Met. Trans. A), LBL-3939, .-December 
1975. 

9. R. .Sinclair , R. Groa.'fr'y and G. Thomas, Optical 
Diffract ion from Lat t ice lmage3 of Alloys 
(submitted to Acta. Met . ) , LE^-3970, August 1975. 

10. J . -Y . Koo and G. Thoncs, Thermal Cycling 
Treatments and Microstructures for Improved 
Proper t ies of Fe-0.12tMn Stee ls (submitted to Mat. 
Sc i . and l ing.) , LBL-3980, October 1975. 

11. B. V. N. Rao, R. Mi l le r and G. Thomas, Heui-
Treatment. Micrest ructure and Mechanical Proper t i es 
of Fe/4Cr/0.4C Stee ls (submitted to 16th Annual 
I n t ' l . Conf., England), LBL-3982, December 1975. 

12. D. G. Hewitt, G. Thomas and W. Toutolmin, 
A Comparison of the Measurment of Beam Current 
Densities- in an E.M. Using a Faraday Cup and Solid 
S ta te Detector (submitted to J . A . P . ) , LBL-3706, 
August 1975. 

13. G. Thomas and D.-H. Huang, Metallography of 
Ba in i t i c 'I rans format ions in S i l icon Containing 
S tee l s (submitted to Met. T rans . ) , LEL-4519, 
December 1975. 

14. K. H. Wentmacott, The Origin arid Nature of 
Multiple Loop Configurations in Quenched Aluminum 
and Aluminum Allovs (submitted to Piivs. S t a t . 
S o l i d i ) , LBI.-4556', December 1975. 

15. M. FJouchard and G. Thomas, Modulated S t ruc tu res 
in Ordered (Cu-Mn)-.Al Al lovs , (Acta. Met., in p n - s s l , 
LBL-3719, May 1975. 

Id . 0 . Van der Biest and G. Thomas, The Order-
Disorder Reaction in Lithium F e r r i t e , Chapter in 
Applications of Electron Microscopy in Mineralogy, 
il.-R. Wenk and G. Thomas, eds . (Springer-Verlag. 
B t r l i n , 1975), in p res s , LBL-3510, November 1974. 

17. D. G. Howitt, The Measurement of Radiation 
Damage in Organic-Materials in the Range of Elec­
t ron Energy Between 200 \M and 650 feeV (M.S. 
Thes i s ) , LBL-5180, February 1975. 

http://Fe-0.12tC-0.5Uh
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d. Powder Metallurgy 

.'•'iltc-n R. Pickus, Principal Investigator 

1. THE TERBIUM-IRON PRASE DIAGRAM 

M. P . Dar i e l , J . T. Holthuis and M. R. Pickus 

The equi l ib r ium phase diagrams of most r a r e -
e a r t h meta l - i ron b inary systems have been repor ted . 
Notable exceptions are those of the b iva len t r a r e -
e a r t h metals europium and yt terbium, and t r i v a l e n t 
terbium. Some terbium-iron i n t e r m e t a l l i c com­
pounds, p a r t i c u l a r l y the Laves phase TbFe?, have 
excep t iona l ly i n t e r e s t i n g p rope r t i e s such as high 
magne tos t r i c t ion , l a rge magnetocrys ta l l ine 
anisotropy and a s t rong dependence of Young' s 
modulus on an appl ied magnetic f i e l d (AE e f f e c t ) . 
In order t o f a c i l i t a t e t he development of 
t echnolog ica l ly useful ma te r i a l s based on these 
compounds, i t was deemed necessary t o determine the 
terbium-iron diagram. The diagram shown in F ig . 1 
was cons t ruc ted from data acquired by means of 
meta l lographic , d i f f e r e n t i a l thermal ana lys i s 

(DTA), x-ray d i f f r ac t i on and e l ec t ron microprobe 
techniques. 

Die invar ian t temperature cf t he e u t e c t i c and 
of the four p e r i t e c t i c reac t ions were determined 
from the thermal a r r e s t s appearing on the hea t ing 
curves . The s o l i d s o l u b i l i t y of i ron in terbium 
i s below the de tec t ion l i m i t of t he experimental 
techniques employed. The addi t ion of terbium t o 
i ron s l i g h t l y increases the a + y and decreases 
the y ^ S transformation temperature. The r a t e -
ea r th metals a c t as BCC s t a b i l i z e r s in i r on . 
Electron microprobe and l a t t i c e parameter measure­
ments ind ica te t h a t t he so l id s o l u b i l i t y of 
terbium in i ron i s below 0.1 at%. 

S imi la r t o the o ther heavy r a r e - e a r t h (Gd t o 
Lu)-iron systems, four i n t e r m e t a l l i c compounds 
occur in the Tb-Fe binary system. S t ruc tu ra l data 
concerning these compounds are given in Table 1. 

Table 1. S t r u c t u r a l data for the Tb-Fe i r t e r m e t a l l i c compounds. 

Compound Crystal 
symmetry 

Space 
group 

St ruc ture type L a t t i c e parameters 

(room temperature) 
d i s t o r t e d MgCu, a = 5.1896° 

c = 12.8214 
(hex. axes) 

TO6Fs23 
Cubic Fm3m Th 6 Mn 2 3 

Tb 2Fe 1 7 

(lb-rich side) 
Rhontoohedral R3m T h 2

Z n 1 7 

TD2Fe1 7 Hexagonal P6,/mmc T h 2 N i 1 ? 

(Fe-rich side) 
Hexagonal 

a = 5.139 ±0.001 
c = 24.610 ±0.002 

(hex. axes) 

12.085*0.002 

a = 8 .504^0.004 
c = 12 .413±C002 

(hex. axes) 

a = 8.472*0.004 
c = 8.321±0.002 

^ s u l t s taken from A. E. Dwight and C. W. Kimball, Acta Crys ta l logk. B3Q^ (1974) 2791. 

Metallographic examination of i r on - r i ch lbFe2 
samples, slowly cooled from 1100°C, indica ted 
the presence o f i r o n - r i c h p r e c i p i t a t e s in the 
TbFe2 gra ins (Fig. 2 ) . No such p r e c i p i t a t e s were 
observed i n quenched samples, suggesting t he 

presence of a homogeneity range a t e leva ted 
temperatures , extending towards i r o n - r i c h 
compositions. 

Contrary to some previous r e p o r t s , the presence 
of t he 1t>6Fe;>3 compound was d e f i n i t e l y e s t ab l i shed . 
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Fig. 1. The terbium-iron phase diagram. 
fXBL 755-6353) 

The hexagonal type is found on the iron-rich side 
of the stoichiometric TbiFejj composition, in 
agreement with the observation that this structure 
is able to accommodate an excess of the smaller 
size component. 

2. POKIER ME1ALLURGICAL PROCESSING OF MAGNETO-
STRICTIVE RARE-EARTH IRON LAVES COMPOUNDS 

50^ 

Fig. 2. Two phase, 68 at"; Fe alley. Iron-rich 
precipitates in the TbFe2 phase (on the lef t ) . 
Note their absence in the region abjacent to the 
TbFe2-TbFe3 phase boundary. (XBB 755-3522) 

The nucleation of this compound is extremely 
sluggish, and lengthy anneals are necessary to 
reveal i t s presence. 

Both structure types of the Tb2Fei7 compound, 
namely the rhombohedral Thilnn and the hexagonal 
Th2Nii7 are present in the Tb-Fe system (Fig. 3). 

M. Malekzadeh, M. P. Dariel and M. R. Pickus 

The pseudo-binary Tb0-3DyQ>7Fe2 Laves compound 
exhibits magnetostriction to a degree that is 
higher by more than an order of magnitude than 
that of common magnetostrictive materials. The 
exceedingly high magnetostriction and the 
relatively low magnetocrystalline anisotropy 
make this compound a potentially valuable material 
for magnetomechanical transducer applications, 
like most intermetallic compounds the Laves 
phases are extremely b r i t t l e . The use of powder 
metallurgy techniques, therefore, seemed appropri­
ate for processing magnetostrictive components in 
suitable shapes and sizes. 

The alloys were prepared by arc melting 
weighed lumps of the components in a purified 
argon atmosphere. After homogenization at 900°C, 
the samples were crushed and then ground under 
toluene, using a steel container in a planetary 
ntill. The milled powder was vacuum dried, packed 
into 8 mm diameter, 50 mm long, rubber tubing 
and isostatica]iy compacted at 75,000 psi . The 
sintering parameters were investigated by varying 
time and temperature, and trying dynamic and 
stat ic vacuum environments. A single phase Laves 
compound, containing about 20& residual porosity, 
was obtained by starting with an iron content 
of 65.3 at$ and sintering at 1160°C for 10 hours. 
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Tig. 1. Magnetic field dependence of the 
longitudinal (AJ|) and transverse (Aj.) magneto-
strictive strains in Tb Q jDyn yFe?. 

' " (XBL 7511-9434) 

Higher i n i t i a l i ron contents yielded samples 
conta ining varying amounts o f ' add i t i ona l phases. 

The magnetostr ic t ion of the s in te red samples 
was determined in a superconducting magnet a t 
f i e lds up to 45 kG, using the s t r a i n gauge 
technique, The longi tudinal and rrr-nsverse 
magnetos t r ic t ions were measured simultaneously 
by mounting two perpendicular gauges on the 
specimen sur face . A spec ia l technique involving 
the use of a reference sample, was employed to 
compensate for temperature and magnetostr ic t ive 
e f f ec t s in the s t r a i n gauges. 

The magnetic f i s ld dependence of the long i tud i ­
nal and t ransverse magnetostr ic t ions of a s in t e red 
TbQ^DyQ^Fe? sample i s shown in Fig. 1. The 
temperature dependence of the magnetostr ict ive 
coef f i c ien t |A| j - \ i . | , shown in Fig. 2, was de ter ­
mined by carrying out two s e t s of measurements, 
one in the presence of an applied magnetic f i e ld 
of 25 kG, and the o ther without f i e l d . This 
procedure had to be followed in order to co r rec t 
for the d i f ference in the thermal expansion 
coef f i c ien t of the t e s t sample and the adjacent 
reference sample. 

Noteworthy i s the aspect cf curve A|j in Fig. 1, 
suggesting tha t even a t the highest applied f i e ld 
the magnetos t r ic t ion i s fa r from sa tu r a t i on . The 
densi ty of the s i n t e r ed mater ia l was only 801 of 
t h e o r e t i c a l ; fur ther e f f o r t s a r e , the re fo re , 
necessary in order to e l imina te the res idual 
poros i ty and thereby increase the magnetoelastic 
force and energy dens i ty of t he s in te red compounds. 

1. A. E. Clark, AIP Conf. Proc. 18, 1015 (1973). 

ji Error 
[ Rono* 

200 
T("k> 

Fig . 2. Temperature dependence of t he magneto­
s t r i c t i o n coe f f i c i en t of Ton Ŝ XO 7*^2 a t 2 S k G * 

(XBL 7511-9433) 

3. OXYGEN-STABILIZED RARE-EARTH IRON INTERMETALLIC 
COMPOUNDS 

M. P. Dar i e l , M. Malekzadeh and M. R. Pickus 

In the course of the study of s in t e red p re -
al loyed r a r e - ea r th i ron powders, the presence of 
a previously unreported phase was observed. In 
an e f f o r t t o iden t i fy t he new compound, a 
systematic study in the Dy-Fe system was c a r r i e d 
ou t . We were ab le t o prepare a near ly s ing le 
phase sample of t h i s compound (ca l led 6-phase) 
and used powder d i f f rac t ion spect ra to determine 
i t s c r y s t a l s t r u c t u r e . 

On the bas i s of t he composition r a t i o of t he 
two components, corresponding t o formula B^Feg 
and the x-ray da ta , we assigned the s t r u c t u r e of 
the 6-compound to space group lm3m ( In t . Tab. No. 
229) with four formula u n i t s per uni t c e l l . No 
such compounds, however, have ever been reported 
in binary R-Fe systems and i t seemed unl ike ly t h a t 
they should have been overlooked. I t was assumed, 
t he re fo re , t ha t the 6-compounds had been s t a b i l i z e d 
by the presence of a te rnary component. 

Chemical ana lys i s of the s ing le phase Dy-Fe 
B-compound revealed the presence of approximately 
1 a t$ oxygen. Crystal s t r u c t u r e considerat ions 
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as well as the results of the chemical analysis 
suggest that the actual formula of the ̂ -compound 
should be P>'i2Fe32^2' s P a c e group lm3m with the 
atoms distributed on the following sites (Fig. 1): 

2 0 in a 

12 Dy in e 
Fe in c 

(A = 0.18) 

(X = 0.667) 

An e f fo r t was made t o determine the occurrence 
of the 8-compounds in o ther R-Fe systems. The 
l a t t i c e parameters of the B-compounds t ha t have 
been observed are shown in Table 1. 

The best known terncry compounds arc the r a re -
ear th iron garnets ( I ^ F e s t ^ ) and o r t h o f e r r i t e s 
(Kl'eOj). Both s e r i e s have a r e l a t i v e l y high 
oxygen concentrat ion and are non-meta l l i c . In 
c o n t r a s t , the P-compounds have a low oxygen 
concentra t ion and >. me ta l l i c l u s t e r . 

Al l th ree groups of compounds — the r a r e - e a r t h 
iron i i i t e rme ta l l i c s , the g a r n e t s , and o r thofe r -
r i t c s — have i n t e r e s t i n g magnetic p rope r t i e s on 
which are based a va r i e ty of p r a c t i c a l app l i ca ­
t i o n s . Since the B-compounds have a c r y s t a l 
s t ruc tu re tha t i s d i f fe ren t from tha t of any of 

a (A) 

Gd 8.919 + 0.002 
Tb 8.885 + 0.002 
Dy 8.8692 + 0.0005 
Ho 8.8435 + 0.001 
Er 8.815 + 0.002 
V 8.8832 + 0.0005 

these th ree groups, new magnetic s t r u c t u r e s can 
be expected. 

4. LIQUID PHASE SINTERING IN FERROUS SYSTEMS 

John Klein and Milton R. Pickus 

Most i ron base components produced commercially 
by the powder metal lurgy process contain an 
undes i rable r e s idua l po ros i ty of the order of 102. 
Research on t h i s problem was divided i n t o two 
s t ages . The f i r s t , was an i n v e s t i g a t i o n of l i q u i d 
phase s i n t e r i n g in the technologica l ly important 
i ron-carbon system. As reported l a s t year , 
v i r t u a l l y f u l l y dense a l loys were obtained by a 
simple two-step procedure cons i s t i ng of compaction 
and l i qu id phase s i n t e r i n g . However, in order 
to accomplish t h i s a t moderate temperatures 
(1175°C), t he use of high carbon contents was 
necessary , r e s u l t i n g in a mic res t ruc tu re 
charac te r ized by a continuous carbide network. 

The second s tage of t h i s program, now in 
p rogress , i s concerned with mic res t ruc tu re 
control and the app l i ca t ion of l i q u i d phase 
s i n t e r i n g t o o ther ferrous systems. In an e f fo r t 
to e l imina te the cementite network, t e rna ry 
add i t ions were made to the i ron-g raph i t e powder 
blend cons i s t i ng of an element with a s t rong 
carbide-forming tendency. Prel iminary exper i ­
ments with t i tan ium add i t ions were d i sappoin t ing . 
In c o n t r a s t , the addi t ion of tungsten was q u i t e 
success fu l . For a powder composition of 
Fe: 2(n W: 2.20$, C, a dens i ty of 99.4$ of 
t h e o r e t i c a l was achieved by l iqu id phase s i n t e r i n g 
for 30 minutes a t 1250°C. The micros t ruc ture 
(Fig. 1) shows fine angular g ra ins of 1VC dispersed 
in a p e a r l i t i c mat r ix , along with an as ye t 
un iden t i f i ed "hase . Another s t r u c t u r e obtained 
with t h i s system by changing the composite 
(Fe: IS% W: 2,34% C) and lowering the l i q u i d 
phase s i n t e r i n g temperature t o 117S°C — an 
a t t r a c t i v e economic and energy saving fea ture — 
i s shown in F ig . 2 . The micros t ructure c o n s i s t s 
of WC grains and g u p h i t e nodules dispersed in a 
f ine-grained f Q r r i t i c matr ix . The dens i ty of 
t h i s sample i s 99.OS of t h e o r e t i c a l . 

Some prel iminary experiments were performed 
in the iron-boron system. The volume f rac t ion of 
l i qu id phase a t s i n t e r i ng temperature was var ied 
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(XBB 7512-9222) 

Fig. 1. Fe: 20% W: 2.20% C alloy liquid phase 
sintered for 30 minutes at 1250°C. Fine angular 
WC grains (1), in a pearlitic matrix (2), plus an 

:ified phase (3). (XBB 7512-9221) 

Fig. 3. Fe: 0.97% B alloy liquid phase sintered 
for 10 minutes at 11750C. Rounded ferrite grains 
surrounded by a boron-rich network. 

(XBB 7512-9220) 

from 5 to 25%. With a boron content of 0.97%, 
resulting in a 25% volume fraction of liquid 
phase, a density of 99.2% of theoretical was 
obtained by sintering at 1175°C for only ten 
minutes. By increasing the sintering time to 
30 minutes the density was increased to 99.4%. 
Figure 3 shows the microstructure of the sample 
sintered for 10 minutes. The structure consists 
of quite rounded ferrite grains surrounded by a 
boron-rich network. 

5. Cu-Mn-Si ALLOYS FOR INFILTRATING IRON POWDER 
COMPACTS 

Meng-Hsiu Chen, J . Ling-Fai Wang and Milton R. 
Pickus 

Sintered i ron compacts i n f i l t r a t e d with copper 
have near ly f u l l dens i ty and improved t e n s i l e 
strength. The objective of this research is to 
develop better materials for use as infi l trants. 

The copper-manganese-silicon system was 
selected as a promising one to investigate. A 
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composition was found tha t offered several 
a t t r a c t i v e f ea tu r e s . I t has a melting point of 
- 780°C — about 200°C lower than tha t of copper, 
and exh ib i t s exce l len t wet t ing c h a r a c t e r i s t i c s 
with respect t o i ron . The preal loyed composition 
i s very b r i t t l e and can be e a s i l y reduced to a 
fine powder. This of fers the advantage tha t i t 
can be used e i t h e r as an i n f i l t r a n t or as an 
add i t ive t o be blended with iron powder and thus 
provide a l i qu id phase during s i n t e r i n g . 

Preliminary r e s u l t s ind ica te t ha t t h i s new 
mater ia l i n f i l t r a t e s i ron contacts qu i t e rapidly 
and tha t during the subsequent stage of l iqu id 
phase s i n t e r i n g , both s i l i c o n and inangane^e 
p r e f e r e n t i a l l y diffuse i n t o the i ron , leaving 
a d u c t i l e copper a l l oy t o seive as a b inder . The 
extensi \ r e so l id s o l u b i l i t i e s of manganese and 
s i l i c o n in i ron favor t h i s type of p r e f e r e n t i a l 
d i f fus ion , which wis confirmed by e lec t ron 
microanalys is . 

Kith these favorable prognoses, i t i s planned 
t o optimize t he composition and volume f rac t ion 
of t he i n f i l t r a n t and the s i n t e r i ng condi t ions , 
and then t o evaluate the mechanical p r o p e r t i e s . 

6 . RESEARCH PLANS FOR CALENDAR YEAR 1976 

Milton R. Pickus 

Research on multiphase composites wi l l 
concentrate on the n i cke l - t i t an ium-s i l i con 
system. The program w i l l be d i rec ted toward 
determining the thermal s t a b i l i t y , t he mechanical 
p rope r t i e s and the compat ib i l i ty of severa l types 
of i n t e rme ta l l i c phases (G,V,E,F, e t c . ) with a 
va r i e ty of mat r ices , both ferrous and non-ferrous . 
Special emphasis w i l l be placed on the abrasion, 
erosion and f r i c t i o n r e l a t e d p roper t i e s of the 
multiphase composites, s ince these p roper t i e s 
have high relevance in new energy systems. 

Further s tud ies a re planned on developing 
methods for con t ro l l i ng the micros t ructure of 
near ly fu l l dens i ty i ron base a l loys produced by 
l iqu id phase s i n t e r i n g . The work on the i ron-
tungsten -carbon system has suggested o the r ways 
t o modify the micros t ructure of high carbon a l loys 
t o obta in a t t r a c t i v e p r o p e r t i e s . An immediate 
object ive i s t o inves t iga te procedures for 
e l iminat ing continuous carbide networks by the 
p re fe ren t i a l formation of spheroidized graphi te 
induced by the use of innoculants and cont ro l led 
furnace atmospheres. Such s t r u c t u r e s are 
expected t o have markedly improved p roper t i e s 
compared with conventional P/M s t e e l s . 

The research on achieving fu l l dens i ty i ron 
a l loys by the use of our newly developed Cu-Mn-Si 
i n f i l t r a t i n g a l loy w i l l be centered on optimizing 
the composition of the i n f i l t r a n t and the 
s i n t e r i ng parameters . The r e l a t i onsh ip between 
the added weight f rac t ion of i n f i l t r a n t , the 
s i n t e r ed densi ty and mechanical p rope r t i e s w i l l 
be determined. 

Our s tud i e s r e l a t ed t o t he r a r e - e a r t h i ron 
Laves compounds have shown tha t powder meta l lu rg i ­

cal techniques can be appl ied successful ly t o 
produce s i n t e r ed samples with s a t i s f a c t o r y s t a t i c 
magnetost r ic t ive p r o p e r t i e s . The f i r s t ob jec t ive 
of our forthcoming program w i l l be t o - ;nprove t h e 
micros t ructure of t he sintert- J compounds by 
e l iminat ing the res idua l p o u s i t y . Effor ts w i l l 
be lude t o achieve t h i s goal by ho t -press ing the 
r a r e - ea r th iron pre-a l loyed powder o r , alternati% r e-
l y , by using l i qu id phase s i n t e r i n g . An increase 
in the concentrat ion of the r a r e - ea r th component 
w i l l indeed r e s u l t in the presence of a l iqu id 
phase f rac t ion a t the s i n t e r i n g temperature. 
The r e s u l t i n g changes in micros t ructure w i l l be 
co r r e l a t ed with magnetost r ic t ive behavior. T r i a l s 
wi l l be made to produce more complex shaped 
s in t e r ed specimens, e . g . , t o r o i d s . 

The powder making f a c i l i t y we have under 
const ruct ion i s now v i r t u a l l y complete. Studies 
w i l l be undertaken t o determine and cont ro l the 
process parameters t h a t determine the c h a r a c t e r i s ­
t i c s of the powder produced. 

7. 1975 PUBLICATIONS AND REPORTS 

Milton R. Pickus and Associates 
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* 1 . M. P. Dar ie l , Solute Diffusion of Iron in the 
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*2. G. Dublon, M. P. Dariel and 'J. Atzmony, 
Ferrimagnetism in SmFe-2f Phys. Le t t . A51(5), 298 
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Studies in Cubic Laves Rare-Earth Iron Compounds, 
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2. MECHANICAL PROPERTIES 

a. Theoretical Problems in Alloy Design 

cJ. W. Morris, <7r., Principal Investigator 

Introduction. "Hie .csearch to be reported here 
can"fcc conveniently divided into two parts. The 
f irst part includes our theoretical research 
activities in fundamental metallurgy. During 
the past year this research has concentrated 
especially on the nature of microstructure and 
on the manner in which microstructural variables 
can be quantified and incorporated directly into 
the constititive equations which determine 
material properties. The problem is being 
attacked from three different perspectives. The 
f i r s t , described under headings 1 and 2 below, 
includes an attempt to directly characterize the 
microstruetures that might arise from simple 
nucleation and growth transformations in a proto-
typic simple solid. Both theoretical and computer 
simulation techniques are used. The object of 
the investigation is to define measurable param­
eters that characterize the relation between 
different poly-granular microstructures. 

The second approach, reported under headings 3 
tc 5 below, has as i t s objective the direct 
determination of the structure-property relation 
for an idealized single crystal. The crystal is 
taken to be an ideal body containing a distribu­
tion of dislocations that may glide under an 
applied s tress , and also containing a distribution 
of microstructural features that may act as bar­
riers to dislocation glide, and which have 
prespecified properties. Using computer 
simulation and theoretical techniques, we then 
attempt to predict the mechanical equation of 
state of this crystal, hence predicting the rate 
of plastic deformation as a function of the tem­
perature, the applied stress, and the nature and 
properties of the microstructural barriers. The 
result of the investigation is a precise specifi­
cation of the mechanical equation of state of a 
simple prototype crystal. 

The third approach, described under heading 6 
below, involves a quasi-thermodynamic investiga­
tion of the mechanical equation of state of a 
simple solid. In this investigation we assume 
that insofar as i ts effect on the mechanical 
behavior of a material is concerned, the micro-
structure may be represented by a single structure! 
variable. Incorporating this variable into a 
simple equation of s tate , we may investigate the 
formal properties of the equation of state and 
construct model constitutive equations that may 
be compared to empirical data on the behavior of 
real materials. These three theoretical 
approaches are, we believe, complimentary, and 
will together lead to new insight into the theory 
of the structure property relation in real 
materials. 

The second major part ot our research is con­
cerned with the actual design of new engineering 
alloys to meet advanced requirements in the energy 
area. IXiring the past year our research has 
included four specific alloy design projects to­
gether with supporting basic studies. The first 
of these, reported under headings ? to 11, is a 
continuation of our research toward tough ferritlc 
alloys for use at liquid helium temperature, 
the temperature encountered in a cool super­
conducting magnet and in other advanced cryogenic 
systems. During the past year our principal 
research effort has focused on reprocessing avail­
able cryogenic alloys, specifically the so-called 
"9Ni" cryogenic steel, to impart outs:anding 
toughness in liquid helium. Basic research 
projects in support of this development include 
studies of ordering in iron nickel alloys, of 
passivation of iron nickel alloys, and studies of 
the role of retained austenite in controlling the 
ductile-brittle transition temperature of ferritic 
materials. 

While this research has lead to a series of 
alloys that exhibit outstanding toughness in 
liquid helium, the alloys all contain high con­
centrations of nickel, and, would, as a consequence, 
be expensive in commercial practice. I:or this 
reason we have inaugurated a second alloy design 
project that has as its objective the development 
of nickel-free cryogenic alloys for use at tempera­
tures such as the temperature of liquified natural 
gas at which large tonnages of cryogenic material 
are expected to be needed in the next few years. 
Our specific research is concentrated on the devel­
opment of ferri t ic Fe-12tti alloys for cryogenic 
use; this is reported under headings 12 and 13 
below. Heading 12 describes the development of a 
new Fe-Mi cryogenic alloy that combines out­
standing strength with excellent toughness at 
liquid nitrogen temperature. Heading 13 reports 
supporting basic research on microstructural 
control and on precipitation reactions that might 
prove useful in strengthening Fe-Mi alloys. 

Our third alloy design project is directed 
toward the development of alloys of outstanding 
strength and toughness to meet advanced aerospace 
needs. This research, which is reported under 
headings 14 and 15 below, concentrated specifically 
on reprocessing commercial 250 grade maraging 
£teel to impart exceptional toughness at strengths 
near 200 ksi yield. Under heading 14 we report 
a thuTmocycl ing procedure that appears successful 
in accomplishing this . Under heading 15 we 
discuss the role of retained austenite in the 
250 grade maraging steel microstructure. Retained 
austenite is a mechanism that has often been 
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suggested as a device for improving the toughness 
of high strength steel, but in this instance turns 
out to be unsuccessful. 

The fourth project below is a joint alloy design 
effort Kith Professor Ciareth Thomas, and addresses 
the problem of designing very high strength, very 
high toughness austenitic alloys for use in 
retaining rings in large electrical generators. 
Initial research progress in this project is 
described under headings 16 and 17 below. Under 
heading 16 we report initial success in developing 
processing techniques for imparting exceptionally 
high strength to available J:e-\i stainless steels. 
Under heading 17 we report the results of basic 
investigation that is oriented toward designing 
an alloy that can be thermally processed to 
exhibit outstanding toughness at strengths near the 
200 ksi level, while remaining wholly austenitic 
at room temperature. 

I. CHARACTERISTIC POLYGRAXULAR MICROSTRUCTIJRIS 
1-TtCM SIMPLE NUCLEATIOX AM) CROivTH TRANSFORMATIONS 
John E. Sanchez and J. IV. Morris, .Ir. 

The polygranular microstructuie of a metal or 
ceramic is the product of the growth, impingement, 
and subsequent coarsening of individual grains. 
The grains may be nucleated, as in the case of a 
microstructure established through a phase trans­
formation or recrystallization reaction, or 
preestablished, as in the case of a solid sintered 
from powder. The geometric characteristics of 
the microstructure, including those which haxre an 
important influence on subsequent physical 
properties, are hence a product of the process 
which brought the microstructure into being. 

In this project we are investigating the 
various types of microstrutlures that may result 
from a simple, prototype nucleation and growth 
process with the objective of classifying the 
possible types of microstrueture and identifying 
their geometric similarities and differences. We 
assume an initially homogeneous polygranular body 
that transforms by a n ideation and growth 
mechanism to yield a homogeneous product. Nuclei 
of the new phase are assumed to form either 
homogeneously in the bulk of the original phase or 
heterogeneously on one of the preferred sites 
(grain boundaries, grain edges, or grain corners) 
that exist in the initial phase. The expected 
frequency of nucleation per unit time is assumed 
constant for each type of site but varies with 
the type of the nucleation site, the thermodynamic 
driving force for the transformation, and the 
catalytic potency of the site according to 
relations given by classical nucleation theory* 
After nucleation the grains are assumed to grow 
at a constant, isotropic rate until they impinge 
on one another. 

The dependence of the classical nucleation 
rate on thermodynamic variables is such that, 
except in rare circumstances, the transformation 
will be dominated by nuclei that form on a parti­
cular type of site (a result widely useC in 
theories of the kinetics of phase transformations). 

The microstructure resulting from the transforma­
tion then depends on whether the dominant nuclea­
tion sites are "saturated" (consumed bv nuclei 
or growing grains) before the transformation is 
essentially complete. The kinetic equations of 
nucleation are such that if "saturation" occurs 
at all, it ..«y almost invariably be assumed to 
occur at the very beginning of the transformation. 

Using these results, we are able to identify 
four distinct classes o£ microstructure. 
Specific microstructures within any class then 
bear a simple geometric relation to one another. 
The four classes are: (1) The Johnson-Mehl micio-
structure, the microstructure that arisss from an 
unsaturated transformation irrespective of the 
dominant nucleation site. All Johnson-Mehl micro-
structures may be shown to be geometrically 
identical; they differ only through a scale factor 
which fixes the average grain size. (2) The 
cellular microstructure, arising from a saturated 
nucleation process at grain corners or on any 
set of discrete nucleation sites randomly 
distributed through the volume. These micro-
structures are also geometrically identical to 
within a scale factor which determines average 
grain size. (3) A microstructure consisting of 
columnar or lath-like grains arising from a 
saturated transformation dominated by grain 
bounJary nucleation. (4) A microstructure con­
sisting of platelike grains arising from a 
saturateJ transformation along grain edges. 
Individual micrestructures within these latter two 
classes are not geometrically identical, but are 
simply related to one another. 

We have also been ahle to establish simple 
rules to specify which of these characteristic 
microstructures will be established under particu­
lar transformation conditions. 

2. COMPUTER SIMULATION OF MICROSTRUCTURE 

Kim K'alker Mahin and Kenton L. Hanson 

Having identified classes of theoretically 
interesting microstructures, as described above, 

° r C T". . C 

Fig. 1, Development of the Johnson-Mohl micro-
structure in a planar section through the trans­
forming body. (XBL 757-6691) 
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Fig. 2. Development of the cellular micro-
structure. (XBL 757-66941 

we are now employing computer simulation techni­
ques to study and characterize those micro-
structures in some detail. To carry ovt these 
studies we have written a computer code that takes 
as input data a nucleation rate and a growth rate 
fuhich may be given as simple constants or in a 
wide range of functional forms) and genorates the 
microstructure that will result from the trans­
formation. The code will then examine selected 
planar sections, plotting the planar micro-
structures and measuring and plotting selected 
geometric information (such as histograms of 
area, side number, or junction angle). Research 
to date has concentrated on the Johnson-Mehl 
microstiN'cture, shown in Fig. 1, and the cellular 
microstructure, shown in Fig. 2. Ife are in the 
process of establishing relevant histograms of 
the important geometric properties of those 
microstructures. An example, the histogram of 
cross-sectional areas of grains in a section 
through the Johnson-Mehl microstructure, is shown 
in Fig. 3. 

In addition to permitting the geometric 

Fig. 3. Histogram of the cross-sectional area of 
grains in a planar section through the Johnson-
Mehl microstructure. (XBL 761-2164) 

characterization of ideal microstructures, the 
code is capable of accepting the microstructure 
as input and providing a nc°nK?tric characteriza­
tion, a capability wc hope to exploit in penerating 
experimental data to compare to the theoretical. 

3. DEFORMATION OF AX IDEALIZED SINGLE CRYSTAL 
CONTAINING IDENTICAL POINT BARRIERS TO 
DISLOCATION GLIDE 

Sabri Altintas, Kenton Hanson and J. IV. Morris, -Jr. 

Over the past several years we have been 
engaged in a combined computer simulation and 
theoretical study of the plastic deformation of 
idealized single crystal. The initial problem 
investigated was that of a crystal that deforms 
through the thermally-activated glide of disloca­
tions, given that the crystal contains macro-
structural barriers that may impede the disloca­
tion motion. The investigation was aimed at 
determining the critical resolved shear stress for 
dislocation glide at zero temperature and the 
velocity of thermally activated glide at finite 
temperature as a function of the applied stress 
and the nature and strength of the microstructurnl 
barriers to glide. During the past year our 
understanding of the glide dislocation through a 
field of random distributed identical point barriers 
was extended by the solution of two particular 
problems. 

First, in earlier work we had derived and 
published theoretical expressions giving the criti­
cal resolved shear stress for dislocation glide 
through an array of like point ba-riers at zero 
temperature. Tne derivation of the equations 
was such that the equations place an upper bound 
on the critical resolved shear stress in the limit 
as the array size approaches infinity. The 
theory was shown to be in reasonable agreement 
with computer simulation results. It accurately 
reproduced both the value of the critical resolved 
shear stress and the pertinent characteristics of 
the configuration of obstacles which determine the 
critical resolved shear stress over a range of 
conditions. However, the theory did slightly 
underestimate the critical resolved shear stress 
for dislocation glide in the ximit of small 
obstacle strength. While it appears reasonable 
that this discrepancy is due to the effect of the 
array size we felt it important to clarify the 
question by actually determining the variation 
of critical resolved shear stress with the array 
size. Carrying out this study required a signi­
ficant revision in our computer simulation 
procedures, since it was necessary to devise a 
code to simulate glide through extremely large 
arrays in reasonable computer time. Such a code 
was written and used to generate the data shown 
in Fig. 1. In this figure the strength of the 
array is plotted as 6, a number corresponding to 
the maximum dimensionless force exerted on the 
most stable configuration encountered by a 
dislocation in glide through the array at a fixed 
value of the applied stress. As can be seen from 
the figure, the parameter 6 increases with array 
size and appears to asymptote at a value very 
close to that predicted by the theory. For com-
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Fig. 1. The resistance to dislocation glide under 
a dimcnsionless stress of T* = 1 0 ° as a function 
of si;e of a square array of identical point 
barriers. (XB1. "01-2369) 

parison we have also included the limiting value 
of 6 as predicted by the "Friedel relation" 
commonly used in prior theoretical work. The 
large array code has also permitted us to 
conduct intensive studies on the geometric proper­
ties of significant configurations encountered 
in glide through very large arrays of obstacles. 

The second major problem investigated during 
the past year is relevant to the theory of thermal­
ly activated glide through arrays of po^nt 
obstacles. In earlier theoretical work- we had 
pointed out that the path followed by a disloca­
tion in thermally activated glide through an array 
of point barriers will depend on the temperature 
as well as on the anolied stress. This 
uncertainty in the glide path of the dislocation 
poses a significant problem in constructing a 
theory of thermally activated glide, since one 
must account for the variation of the glide path 
as well as for the variation in the velocity of 
glide along a given path. Our early computer 
simulation studies'1 suggested that this problem 

Fig. 2. Plot of velocity rf thermally activated 
dislocation glide as a function of reciprocal 
temperature (a •- 1/T*) through an array of 
identical obstacles of strength S a = 0.6 at stress 
T* = 0.4. The dashed line shows the 1'elocity of 
glide along the "minimum single path. The bars 
represent computer simulation data permitting a 
statistical choice of glide path. (XBL 7410-75<U"* 

might be avoidable. Since at higher temperature 
the difference in glide velocity among the various 
paths which the dislocation might follow becomes 
small, it may be possible to base a theory of 
thermally activated glide on the velocity for 
glide along the so-called minimum angle path, the 
path that is necessarily followed by the disloca­
tion in glide through the array at very low-
temperature . 

During the past year we studied this potentially 
useful approximation in more detail. The results 
are exhibited in Fig. 2. The bars in the figure 
represent the glide velocity as determined from a 
full statistical simulation of thermally activated 
glide at a given value of the stress and the 
obstacle strength. The solid line in the figure 
represents an estimate of the velocity of thermally 
activated glide based on the assumption that the 
dislocation follows the minimum angle path. As 
can be seen from the figure, the agreement between 
the two sets of data is quite good. Our current 
iheoretical effort is hence focused on predicting 
the geometric properties of the obstacle con­
figurations encountered along the minimum angle 
path in sufficient detail to write a theoretical 
prediction for the velocity of thermally activated 
glide as a function of temperature. 

1. K. Hanson and J. W. Morris, Jr., J. Appl. Phvs. 
46, 933 (1575). 
77 J. K. Morris, -Jr. and D. H. Klahn, J. Appl. 
Phys. 44, 4S82 (1973}. 
5. J. W. Morris, Jr. and II. H. Klahn, J. Appl. 
Phys. 45, 202" (19741. 

4. DEFORMATION OF AN IDEALIZED CRYSTAL CONTAINING 
MORL THAN ONE TYPE OF MICROSTRUCTURAL BARRIER 

Kenton Hanson, 
Morris, Jr. 

Sabri Altintas, and J. K. 

In glide through a real crystal a dislocation 
contributing ..o plastic deformation will generally 
encounter microstructural barriers of more than 
one distinct type, for example, in glide through 
a ».rystal containing both forest dislocations and 
small precipitate or solute atoms, both of these 
obstacles will contribute to the pinning force 
applied to a dislocation. In the most general case 
one would anticipate that the critical resolved 
shear stress for dislocation glide would be deter­
mined by some balance between the resistances of 
tlit various types of barriers that a dislocation 
might encounter. In research during the past 
year we found it possible to extend our theoretical 
solution for the critical resolved shear stress 
to predict the critical resolved shear i-tress when 
a distribution of obstacles of different types is 
present. The theory establishes an upper limit 
on the critical resolved shear stress. Subsequent 
computer simulation experiments have shown that 
as in the case of obstacles of a single type, the 
theory yields a good estimate of both the critical 
resolved shear stress and the geometric properties 
of the barrier configuration that detennines the 
critical resolved shear stress. The fit between 



theory and experiment is illustrated in Table 1, 
where we have selected ten example cases of arrays 
containing a mixture of relatively strong and 
relatively weak obstacles with the fraction of 
weak obstacles given by the number \-. The 
experimental data listed in the table are taken 
from computer simulation experiments on arrays 
containing 1,200 points and are the mean values 
of the values actually obtained in experiments 
on ten such arrays. The results of a possibly 
more sensitive test of the accuracy of the theory 
are presented in Fig. 1 where we have compared the 
distribution of forces on the strength determining 
configuration in case number 7 of Table 1 with 
that predicted by the theory. As can be seen from 
the figure, the fit between theory and experiment 
is very good. In current research we are extending 
this treatment to construct a theory of a thermal­
ly activated dislocation glide through arrays 
containing distributions of distinct obstacle 
types. 

Fig. 1. The theoretical distribution of forces 
(8) applied to the strength-determining obstacles 
configuration in case 7 of Table 1 compared to 
an empirical histogram obtained through '-ompu'er 
simulation. (XBI. 7:iCK'4751 

PW-

Table 1. Comparison between theory and computer simulation of the theoretical 
resolved shear stress for dislocation glide through an array of two types 
of point obstacles (of dimensionlcss 6 S and S^, with X w the fraction of 
weaker obstacles), T* is the critical resolved shear stress in dimension-
less form, c w is the fraction of weak obstacles on the strength-
determining configuration, and < S.) is the mean segment length of this 
configuration. 

T 
theory theory theory exp 

1 0.5 .2 .5 .240 .238 .13 .12 1.30 1.26 
2 0.5 .05 .5 .231 .245 .020 .017 1.44 1.44 
3 0.2 .05 .5 .057 .064 .064 .064 2.25 2.04 
4 0.5 t 2 .17 .299 .299 .030 .045 1.11 1.06 
5 0.5 .05 .17 .297 .295 .0042 .0049 1.15 1.11 
6 0.2 .05 .17 .073 .080 .014 .004 ' .84 1.74 
7 0.5 .2 .83 .157 .166 .40 .44 1.65 1.57 

e 0.5 .05 .83 .135 .135 .088 .15 2.31 2.24 
9 0.2 .05 .63 .035 .039 .24 .26 3.21 2,»> 

5. COMPUTER SIMULATION' OF THE SIMULTANEOUS GLIDE 
OF SETS OF INTERACTING DISLOCATIONS THROUGH FIELDS 
OF MICROSTRUCTURAL BARRIERS* 

Kanton Hanson 
As further extension of the research on the 

plastic deformation of idealized crystals, we 
have begun computer simulation experiments on the 
simultaneous glide of sets of interacting dis­
locations through fields of microstructural 
barriers idealized as point obstacles. The 
construction of a computer simulation code capable 

of handling this more complicated problem in rea­
sonable computational time posed a series of 
difficult problems, since the code must simultane­
ously account not only for the interaction of the 
dislocation with the obstacles it encour."ers but 
also for the interaction of segments of the 
dislocation with one another and with ot*s»T dis­
locations in the array. Such a code has baen 
written, and is now in use. 

The initial problem investigated with U w code 
is the critical resolved shear stress for the glide 
of a train of dislocations through an array "f 
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Fig. 1. The s trength-determining configurat ion 
for the p l ide o( i n te rac t ing d i s loca t ions through 
are arrav of l ike obs tac les of s t rength s c = 0.232 
in the fiillv per iodic case . (XBI. "01 -2170] 

l ike micros t ructura l b a r r i e r s . In these exper i -
ments we assume that a group of in te rac t ing d i s ­
locat ions is present within the array and 
fur ther assume that the array is pe r iod ica l ly 
repeated in a l l d i r ec t ions to produce a ful ly 
per iodic i n f i n i t e case . The code then computes 
the value of the s t r e s s necessary t o cause the 
t r a i n of d i s loca t ions to become mechanically 
uns tab le , corresponding to the s t r e s s at which 
an i n f i n i t e t r a i n of d i s loca t ions would move 
freely through the i n f i n i t e per iodic a r r ay . The 
c r i t i c a l configurat ion of d i s l o c a t i o n s , tha t i s , 
the configurat ion assumed by the d i s loca t ions 
immediately p r i o r to i n s t a b i l i t y i s shown in 
Fig. 1 for the case of one, s i x , and 12 d is loca­
t ions within the a r ray . An i n t e r e s t i n g f e . t u r e 
of these configurat ions is t h e i r r e g u l a r i t y . 

_ j — , — [ _ 1 r j j j _ 

* 
Theory (Hanson Q Morns, 1975) 

n-

Fig. 2. The c r i t i c a l resolved shear s t r e s s for 
d i s loca t ion s l i de v s . the number of d i s l oca t i ons 
per ;;rray of 10 s obstacles ffic = 0.232.1 in the 
fully per iodic case . (XBL 761-216") 

The d i s l oca t i ons in the c r i t i c a l configurat ion 
assume almost c^uispaced pos i t ions within the 
a r ray ; no "p i l e -up" i s observed. The c r i t i c a l 
resolved shear s t r e s s for g l ide of the t r a i n of 
d i s loca t ions i s p lo t t ed in Fig. 2 against the num­
ber of d i s loca t -ons present in the a r ray . Two 
features of t h i s plot, are of i n t e r e s t . F i r s t , 
the c r i t i c a l resolved shear s t r e s s decreases 
r a the r slowly as d i s loca t ions are added to the 
a r ray . In f a c t , when there are 12 d i s loca t ions 
p resen t , the c r i t i c a l resolved shear s t r e s s for 
g l ide is ful ly 60* of the value for g l ide of a 
s ing le d i s loca t ion thrcugh the a r ray . Second, the 
decrement in the c r i t i c a l resolved shear s t r e s s 
per d is locaton added is v i r t u a l l y constant for 
the range of condit ions studied in t h i s simula­
t ion . 

Computer simulation experiments over a wide 
range of condit ions are n ^ in progress . If the 
r e su l t s of fur ther research maintain the 
s impl ic i ty apparent in Figs . 1 and 2 then the 
construct ion of a ra ther general theory for the 
simultaneous g l ide of s e t s of i n t e r a c t i n g 
d i s loca t ions should be s t ra ightforward. 

Supported by the National Science Foundation 
under Grant No. IMR "5-0S165. 

b. RILSKAROI ON Tilt MBCIftSIGU. EQUATION OF STATE 
OF SIMPLE SOURS 

M. C. II. lee and J . U". Morris , J r . 

If the microstructure-property r e l a t i on can be 
quan t i f i ed , then i t should prove poss ible t o 
wr i t e an equation l i ke Eq. (1) below (often 
referred to as the mechanical equation of s t a t e 
of s o l i d s ) . 

£ Co. T , n) tn 
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Fig. 1. Equation of s t a t e f i t • » the s t r e s s 
r e l a t i on data of Mart and Solomon (Acta. Met. 2l_, 
29B (1975)}. fXBI. 761-2165) 

Equation (1) i s wr i t t en in uniaxia l form and 
expresses the uniaxial s t r a i n ra*e as a function 
of the appl ied s t r e s s , the tempc ; j ture, and a 
parameter or set of parameters w ich represent 
the e f fec t s of the micrastructUT . 

Given the complexity of the rr . r e s t r u c t u r e of 
a real m a t e r i a l , as dj icussed in the paragraphs 
:iboyr-( -hero i s no a pi iui i reasun tu suspect 
tha t the parameter n can be wr i t t en as a s ing le 
parameter oj even as a simple set of parameters in 
reasonably t r a c t a b l e form. One may nonetheless 
hope tha t simple forms for the micros t ruc tura l 
parameter n may be found, at l eas t for c e r t a i n 
simple s o l i d s . In t h i s ca se , the parameter n 
must represent e i t h e r a sca l ing parameter tha t 
connects d i f fe ren t topologica l ly s imi la r micro-
s t ruc tu re s or an en t ropy- l ike va r iab le tha t 
expresses the aggregate ef fec t of s s e t of 
in ternal va r i ab l e s . 

In the absence of de ta i l ed micros t ructura l 
theory one may attempt to construct a model for 
the mechanical behavior of a so l id by assuming 
the ex is tence of a simple parameter and/or 
exploring the mathematical consequences of t h i s 
assumption t in l igh t of known experimental 
cons t r a in t s ) to determine p l aus ib l e forms for 
the mechanical equation of s t a t e . This approach 
to the mechanical equation of s t a t e has received 
considerable a t t e n t i o n in recent years from 
several i n v e s t i g a t o r s , in p a r t i c u l a r , V.. W. ifcirt. 
There i s , as u consequence, a mounting body of 
experimental evidence that the assumption of a 
r a the r simple micros t ruc tura l parameter may be 
helpful in r a t i o n a l i z i n g experimental data on the 
mechanical behavior of many simple m a t e r i a l s . 

0.04 0.08 0.12 0.16 0.20 0.24 0.28 

Fip. 2. Equation of s t a t e f i t t o the t r u e - s t r e s s / 
t r u e - s t r a i n t e n s i l e curves of high pur i ty 
aluminum. Data from Trozera , Shir ley and Dorn. 

(XBL 761-2166) 



Iiuririg the pas t year we inaugerated a 
theo re t i ca l inves t iga t ion of the mechanical 
equation of s t a t e , under the cons t ra in t that we 
would l i k e , insofar as pos s ib l e , to maintain a 
model in which the ef fec t of s t r uc tu r e i s 
represented by a s ingle parameter. The model 
we art/ now studying has points of contact with 
the p r i o r work of several i n v e s t i g a t o r s , and -> 
based on two cen t ra l assumptions. F i r s t , we 
assume tha t a steady s t a t e of mechanical deforma­
t ion e x i s t s a t a l l temperatures and t ha t the 
sign and magnitude of the devia t ion from t h i s 
steady s t a t e determines the ra te of evolut ion of 
the current mechanical s t a t e . Second, we assume 
that the microst ructure parameter, n, can be 
defined such t ha t i t r e l a t e s to the p l a s t i c 
s t r a i n through an in t eg ra t ing fac tor . These 
assumptions allow the formulation of a se t of 
c o n s t i t u t i v e equations which do a very good job 
of p red ic t ing the mechanical behavior of aluminum 
over a wide range of experimental condit ions as 
i l l u s t r a t e d in F igs . 1 and 2. Development of 
these equations and appl ica t ion to other mater ia ls 
i s cur ren t ly under way. 

7. REPROCESSING COMERCIAL CRYOGENIC STEEL FOR 
HIGH TOUGHNESS AT LIQUID HELIUM TEMPERATURE* 

C. K. Syn and Sungho J in 

In the course of a research program on the 
development of f e r r i t i c cryogenic s t e e l s which 
has continued n̂ t h i s research group for several 
years , we were able t o demonstrate the p o s s i b i l i t y 
of processing an Fe-12Ni-0.25Ti a l loy to an 
extremely f ine grain s i z e . The a l loy as processed 
has a remarkable combination of s t rength and 
toughness at l iqu id helium temperature. Specif i ­
c a l l y , i t has ,3 toughness est imated t o be 
** 230 ksi i n * ' - a t a y ie ld s t rength ~ 200 k s i . 
These r e s u l t s show that the d u c t i l e - b r i t t l e 
t r a n s i t i o n temperature of a f e r r i t i c s t r u c t u r a l 
s tee l can be suppressed to below 4°K, «nd permit 
the spec i f i ca t ion of properly processed f e r r i t i c 
s t e e l s for s t r uc tu r a l use in l iquid helium in 
advanced energy systems. 

From the p r a c t i c a l engineering point of view, 
however, the Fe-l2Ni a l loys employed are not now 
commercially ava i l ab l e . As a consequence an 
engineer would have considerable d i f f i c u l t y pro-
c ing commercial f e r r i t i c cryogenic s t e e l , unless 
he was prepared t o order in large tonnage amounts. 
To overcome t h i s problem we began research to 
reprocess commercially ava i l ab le n icke l -bear ing 
cryogenic s t e e l s t o impart toughness at l iqu id 
helium temperature. The s t ee l i n i t i a l l y se lected 
was the so-cal led 9Ni s t ee l (of composition 
fc-9Ni-XMi-0.2C) which i s a s t ee l commonly used 
in cryogenic tankage. Previous research has 
shown tha t while 9Ki s t e e l has a good combination 
of s t reng th and toughness a t l iqu id ni t rogen 
temperature, i t embr i t t l e s badly between l iquid 
nitrogen temperature and l iqu id helium temperature 
and, hence, i s not su i t ab le for the use in l iqu id 
helium in i t s normal commercial t reatment . 

Commercial 9Ni s t e e l was procured from the 
Nippon Steel Company and subjected to a grain 

MICROSTRUCTUK i f JNi STEEL 

As Rec'd 
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C-lfTenpretf 

Fig. 1. Large grain s ize of - lOu in the a s -
received condit ion was reduc.d t o - lu through 
the thermal cycl ing . A s l i g h t l y la rger- looking 
grain s i z e in the tempered condit ion i s due t o 
specimen v a r i a t i o n r a t h e r than t o grain growth 
during tempering. (XBB 758-5826) 

refinement treatment s imi la r t o t ha t used in the 
12Ni a l loy . The eff ic iency of the grain r e f i ne ­
ment, process i s apparent in the micrograph shoun. 
in Fig. 1. The f ina l grain s i ze of the 9Ni s t e e l 
i s approximately 1 urn. After grain refinement the 
a l loy i s tempered, both t o temper carbides 
present in the microst ructure and t o introduce 
a fine d i s t r i b u t i o n of retained a u s t e n i t e . 

After pToojssiny, tiie a l loy was t e s t e d for i t s 
t e n s i l e and fracture toughness proper t ies in both 



FRACTOGRAPHS 
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Fig. 2. The fracture made at liquid nitrogen 
and helium temperature (LNT and LHeT) changed 
from principally quasi-cleavage in the as-received 
condition to mixture of dominant dimple-rupture 
and quasi-cleavage in the grain-refined condition. 

CXBB 7512-9088) 

Table 1. Cryogenic mechanical properties of 9Ni 
steel. 

Conventional 
(NOT) 

Grain ref ined 

77K 
YS 145 ks i 146 ksi 

77K 
K IC 210 k s i / i n 314 ksi/ffi* 

6K 
YS 189 k s i 191 k s i 

6K 
K IC 75 ksi / in" 166 ksi/in 

liquid nitrogen and liquid helium. The results 
are shown in Table 1. As can be seen from the 
table, the reprocessed alloy has been tougnened 
considerably and exhibits an excellent combination 
of strength and toughness at temperatures near 
that of liquid helium. The improved toughness of 
the reprocessed alloy is also apparent in the 
fracture surface. Fig. 2. These results 
demonstrate that it is possible to reprocess 
commercially available cryogenic steels to have 
good toughness in liquid helium. While the 
properties of the reprocessed 9Ni steel are not 
as good as those obtained with the original 12Ni 
alloy, the cryogenic strength-toughness combination 
is favorable and the alloy should be suitable for 
ail but the most c'emanding structural applications. 

Also supported by the Office of Naval Research 
unCer Contract N0014-75-C-0159. 
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8. INVESTIGATION OF Fe-Ni-Co-Mo ALLOYS FOR 
CRYOGENIC USE* 
Bradley IV. Khitaker and J, W. Morris, Jr. 

Alloys of the maroging class have the favorable 
property that at room temperature they can be 
age-hardened to high strength levels without 
substantial loss of fracture toughness. For this 
reason we conducted an investigation of the 
potential of these alloys for cryogenic use in 
the hope that we might be able to age-harden to 
unusually high cryogenic sr 5ngths while maintain­
ing good values of the fracture toughness. The 
alloys specifically investigated were low-
inter structural alloys with coitipositions varying 
around a typical composition of Fe-12Ni-4Co-2MO-
O.OSTi. These alloys uere processed and tested 
both in the as-quenched condition and after grain 
refining through a series of alternate treatments. 
The results of the investigation were less 
promising than had been hoped. The ;illoys showed 
a good combination of cryogenic strength and tough­
ness in the as-grain refined condition; however, 
their properties were not markedly superior to 
those of the grain refined Fe-12Ni alloy without 
the addition of cobalt and Mo. On aging the 
alloys showed a deleterious trade-off between 
cryogenic strength and toughness. A slight 
increase in strength after aging led to a 
substantial decrease in cryogenic fracture 
toughness. Our conclusion was that these alloys 
are not suitable for use in tl.e aged condition 
at temperatures of 77°K and below. 

Also supported by the Office of Naval Research 
under Contract N00O19-75-C-O159. 

9. ORDERING REACTIONS IN MARTENSITIC Fe-Ni ALLOYS* 

Sheree Ken, G. Thomas and J. W. Morris, Jr. 

The beneficial effect of nickel on the proper­
ties of martensitic steels is one of the most 
important and one of the least well understood 
facts of metallurgical science. As part of a 
general investigation of the specific role that 
nickel may play, we have been engaged in an 
investigation into possibT ordering reactions 
in Fe-Ni martensities of ermediate nickel 
content. Our anticipation lat alloys of composi­
tion near Fe-12Ni will show at least short range 
order is based on two considerations. First, it 
is well known that the equilibrium solubility 
of nickel in martensite is limited to approximately 
7%. Hence, Fe-I2Ni alloys contain, a super-
saturation of nickel at room t• :-mperature and one 
would expect this supersaturation to be locally 
relieved either through an ordering or a clustering 
reaction. On the other hand, it is known that 
iron-nickel alloys do order at higher nickel 
concentrations. The NijFe phase is well docu­
mented. There i& additional experimental evidence 
for ordered phases for stoichiometric composition 
NiFe ?Jid Fe3Ni. While these phases are based on 
the face-centered cubic y structure, their exis­
tence suggests a tendency for ordering in Fe-Ni 
alloys. 

Our search for ordered phases in Fe-12Ni 
martensite began with a careful microstructural 
survey using transmission electron microscopy. 
The initial stages cf this investigation were 
not fruitful, at least in part because any 
possible ordered phases would yield defraction 
spots that would masked by the superlattice 
reflections from the oxide layer naturally 
present on Fe-Ni alloys at room temperature. 
While theoretical calculations suggest that more 
elaborate microsropy investigations using lattice 
imagijig techniques might reveal ordered phases, 
these investigations are extremely difficult to 
carry out in the absence of a priori information 
on the structure of the ordered phases. 

The experimental difficulties facing a 
transmission electron microscopy investigation, 
do not, however, pertain to an investigation 
using neutron diffraction. Since neutron 
diffraction is carried out on bulk specimens, 
it is not sensitive to surface contaminant phases. 
We therefore sought a cooperative program with 
the Oak Ridge National Laboratory to investigate 
the possibility of ordered phases in Fe-12Ni 
martensities. Neutron diffraction experiments 
conducted by Drs. Ray Carpenter and W. Koehler of 
the Oak Ridge Laboratory did produce evidence 
suggesting an ordered structure based on the BCC 
lattice in an Fe-12Ni martensite which had 
been aged for one month at intermediate tempera­
ture. The evidence, however, is not yet definitive 
and additional neutron diffraction experiments are 
currently underway at Oak Ridge. If the further 
neutron diffraction experiments substantiate the 
initial results then transmission electron 
microscope research will be conducted at Berkeley 
in an attempt to get a direct lattice image of 
the ordered phase and a consequent clear picture 
of the structure of this Fe-Ni order. 

Also supported by the Office of Naval Research 
under Contract No. NOQ019-75-C-0159. 

1Q. LOW TEMPERATURE SURFACE OXIDATION OF Fe-l2Ni 
ALLOYS* 

Sheree Wen and J. W. Morris, Jr. 

A passivating oxide layer is known to form 
rapidly on the surface of iron or iron alloys 
exposed to air at low temperature. The properties 
of this passivating layer largely control the low 
temperature oxidation and corrosion properties of 
steels. It is hence important that the nature of 
this passivating layer be well understood. The 
investigation conducted over the previous year 
principally involved a transmission electron 
microscopy examination of the thin oxide film 
formed on the surface of Fe-12Ni alloys on exposure 
to air at room temperature. Using high resolution 
microscopy the oxide particles of the film could 
be directly resolved and their structures and 
morphology characterized. The following con­
clusions were drawn from these characterization 
studies: 
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Fig. 1. Electron diffraction pattern from a (I00) a 

surface of an Fe-12Ni foil showing a diffraction 
spots and oxide spots. The interpretation of the 
diffraction pattern in terms of a Bain-related 
FesCty oxide coating is drawn. (XBB 7512-9242) 

1. A passivating oxide layer, principally 
FesCty, forms spontaneously on the surface of Fe-Ni 
alloys on exposure to air at room temperature. 

2. The orientation relation between the oxide 
and the metal surface depends on surface orienta­
tion. The Bain relation is obeyed when the alloy 
surface is (100) a, while the Nishiyama-lVasserman 
relation is obeyed on other surfaces. The Bain 
related oxide on the (100)^ surface of the Fe-12Ni 
martensite is illustrated in Fig. 1, which shows 
the diffraction pattern obtained from a (100)a 

surface together with i t s crystallographic 
interpretation in terms of a Bain-related oxide. 
The change of orientation of the surface is 
attributable to the need to accommodate the 
misfit strain between the oxide and the substrate. 

3. The oxide layer consists of dispersed, 
small (approximately 20 A in size) oriented 
particles rather than a continuous thin film. 
This observation is illustrated in Fig. 2 which 
shows individual oxide particles observed through 
dark field microscopy. 

4. The size of the oxide particles and the 
density of their distribution is related to the 
crystal surface orientation and condition. 

«*>r 
Also supported by the Office of Naval Research 
under Contract No. N00019-75-C-0159. 

Fig. 2. Diffraction pattern and bright- and dark-
t?e?d electron images showing discrete oxide 
particles on the foil surface. fXBB 752-1283) 



11. THE INFLUENCE OF RETAINED AUSTENITE ON THE 
PROPERTIES OF Fe-Ni CRYOGENIC STEELS* 

C. K. Syn, Sun^ho J i n , and J . W. Morr is , J r . 

The use of re ta ined aus t en i t e has often been 
suggested as a means of improving t h e d u c t i l i t y 
and toughness of high s t rength f e r r i t i c s t e e l s . 
Itoweier, the in t roduct ion of re ta ined aus t en i t e 
has given mixed r e s u l t s in p r a c t i c e . With 
spec i f ic reference to t he cryogenic p rope r t i e s 
of f e r r i t i c a l l o y s , any benef i t a t t r i b u t a b l e to 
a u s t e n i t e seems to depend on the na ture of the 
a l loy and whether the Charpy impact energy or the 
fracture toughness i s used as a measure of a l loy 
toughness. In l igh t of these known ambigui t ies , 
we have begun research t o c l a r i f y the effect: of 
a u s t e n i t e . 

The ava i l ab l e data agrees on the b e n e n c i a l 
e f fec t of re ta ined aus t en i t e on t h e d u c t i l e -
b r i t t l e t r a n s i t i o n temperature as measured in 
the Charpy impact t e s t . Retained a u s t e n i t e i s 
i n t e n t i o n a l l y introduced in the processing of 
both commercial 9Ni and 6Ni s t e e l s and is in both 
cases bel ieved responsible for the good cryononic 
p rope r t i e s ob ta i red . Our own research 1 deonon-
s t r a t e d a subs t an t i a l decrease in the ductil-? 
b r i t t l e t r a n s i t i o n temperature of Fe-8Ni-2Mn-0.25Ti 
a l l o y on in t roduct ion of a small addi t ion f3-5*) 
of re ta ined aus t en i t e and a l so found 1*- that the 
in t roduct ion of re ta ined aus t en i t e led t o a 
subs tan t i a l increase (of approximately 50") in 
the Charpy impact energy measured above the 
d u c t i l e b r i t t l e t r a n s i t i o n temperature in both 
Fe-12Ni and Fe-fi.N: a l l o y s . 

The ef fec t of re ta ined aus t en i t e on the 
f rac ture toughness i s , however, l e ss c e r t a i n . 
Reports of spec tacu la r improvement in Kjr on the 
in t roduct ion of re ta ined a u s t e n i t e must ne viewed 
with some caution because of i n t e r f e r i ng e f f ec t s 
of the a l l oy y i e l d s t r e n g t h . One must a l s o 
d i s t i ngu i sh between the e f fec t of aus t en i t e on the 
d u c t i l e - b r i t t l e t r a n s i t i o n temperature and i t s 
e f f ec t on toughness measured abeve the d u c t i l e -
b r i t t l e t r a n s i t i o n temperature. P r io r work makes 
i t c l e a r tha t a u s t e n i t i z i n g t reatments may be used 
t o lower the DBTT as measured by the f rac ture 
toughness t e s t . The e f fec t i s s u b s t a n t i a l in both 
commercial 9Ni and 6Ni cryogenic s t e e l s . The 
effect i s a l so not iceable in our research 8Xi 
cryogenic s t e e l s , although the lowering of the 
d u c t i l e - b r i t t l e t r a n s i t i o n temperature as measured 
by the f racture toughness i s s u b s t a n t i a l l y l e s s 
than the lowering of the t r a n s i t i o n temperature 
as measured by the Charpy impact t e s t . This 
r e su l t i s i l l u s t r a t e d in Fig. 1. The ava i l ab le 
data leads us to hypothesize tha t the benef ic ia l 
e f f ec t of aus t en i t e i s in t imate ly connected with 
i t s mechanical s t a b i l i t y . 

In our research*'1 on maraging s t e e l s , the 
aus t en i t e bearing a l loys had comparit ively higher 
toughness a t the same s t reng th level only when 
the aus t en i t e was mechanically s t a b l e . When the 
aus t en i t e was unstable the toughness was i n f e r i o r 
t o tha t of the mar tens i t i c s t r u c t u r e . In t e s t s 
a t lower temperature, the toughness of the maraging 
s t e e l showed a sharp comparative drop a t a 
temperature near t ha t of which the a u s t e n i t e 

«?' 
a 

DBTT of Fe-8Ni-2Mn-l/4Ti flltoy 
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Fig. 1. The effect of retained austenite on the 
I1BTT of an Fe-8Ni steel as measured by the 
Charpy impact and fractures toughness tests. 
Specimens 2b are as-grain refined. Specimens 
2Br contain -4% austenite introduced bv tempering 
at 550°C. (XBL 761-2168) 

first became mechanically unstable. Our research1 

on the effect of retained austenite on the grain 
refined Fe-12Ni alio)' tested above the ductile-
brittle transition temperature showed an apparent 
decrease in toughness. The austenite was again 
mechanically unstable unuer the test conditions. 

'Air tests on the Fe-8Ni cryogenic alloy (Fig. 1) 
suggest a relatively small decrease in the DBTT 
as measured by the fracture toughness. The 
austenite in this alloy is also mechanically 
unstable at cryogenic temperature. On the other 
hand, the austcnite present in the 9Ni and 6\i 
cryogenic steels, in which retained austenite is 
apparently beneficial, is stabilized by the 
presence of carbon. Comparative studies on the 
transformation of the retianed austenite in 9Ni 
steel on deformation at cryogenic temperature 
showed that only a small fraction transforms 
during extensive deformation. The beneficial 
effect of austenite on the Charpy impact energy 
may also be interpreted from the point of view 
of austenite stability, since it is expected that 
the mechanical transformation of austenite is 
suppressed in tests at high strain rates. 

Also supported by the Office of Naval Research 
under Contract No. N00019-75-C-0159. 
1. S. Jin. S. K. Hwang and J. K. Morris, Jr., 
Met. Trans 6A, 1569 (1975). 
2. S. K. Hwang, S. Jin, and J. W. Morris, Jr., 
Met. Trans. 6A, 2015 (1975). 
5. S. Jin, D. fl. Huang, and J. K. Morris, Jr., 
LBL-3936 (1975). 

12. RESEARCH TOWARD Ni-FREE CRYOGENIC STEELS* 
S. K. Ikiang 

While research in t h i s laboratory and elsewhere 
has shown tha t Fe-Ni f e r r i t i c s t e e l s can be 
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Fig. 1. Fracture modes of Fe-12J*i-0.2Ti steels 
at -196°C A.S.; As-Solution treated Temp; 
Tendered at 500°C for 12 hours. C. W. 5 An.; 
Cold Worked 30% at room tenperature and annealed 
at 600aC for 4 hours. (XBB 7510-7530) 

Fig. 2. TEM analysis of e-martensites in 
Fe-12N1n-0.2Ti steels. The e phase bounds the 
block-like a-martensite crystals. The orientation 
relationship between the two phases follows 
Kurdjumov-Sacte1. (XBB 7510-7954) 

processed to have excellent strength/toughness 
combinations at cryogenic tenperature, the high 
nickel content of these alloys has the consequence 
that they are commercially expensive. Since large 
tonnages of cryogenic structural steels are ex­
pected to be needed in the future for the trans­
port and storage of liquified gases, a significant 
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Fig, 3. Grain refinement of Fe-12Mn-0.2Ti steel 
through room temperature deformation ["-30%) 
followed by annealing at 600°C for 4 hours. 

(XBB 7510-7528) 

level of industrial research is currently directed 
toward the development of cryogenic structural 
steels with lower nickel content. The bulk of 
this work emphasizes the partial replacement of 
nickel by manganese, a much less expensive 
alloying element. 

Our current research in this project is directed 
toward the total replacement of nickel by manganese. 
To accomplish this we selected an ini t ial alloy of 
Fe-12Mn and attempted to impart cryogenic toughness 
through processing treatments. We had init ial ly 
hoped that this alloy could be grain-refined to 
high cryogenic toughness using the procedures 
developed for toughening Fe-Ni cryogenic steels. 
This approach was, however, unsuccessful for two 
reasons: First, as illustrated in Fig. 1, the 
Fe-Mn alloy shows significant grain boundary 
embrittlement in tests at cryogenic temperature; 

second, as illustrated in Fig, 2, the as-quenched 
Fe-12Mn alloy contains an admixture of hexagonal 
e-martensite with the bcc a-martenFite. The 
E-martensite has an apparently deleterious effect 
on cryogenic strength, and also regenerates on 
thermal cycling, hence impeding grain refinement. 

Two promising techniques for overcoming these 
problems were identified in research on Fe-12Mn. 
First, a tempering treatment at temperature near 
550°C proved largely successful in suppressing 
grain boundary embrittlenient at cryogenic tempera­
ture. This result was attributed to the introduc­
tion of austenite in the grain boundary during 
the tempering treatment. Second, the grain size 
of the alloy was successfully refined by a process 
involving cold work at room temperature followed 
by an anneal in the two-phase (a + Y) range. The 
successful grain refinement is illustrated in 
Fig. 3. The beneficial effects of these treatments 
on the toughness of alloy are illustrated in 
Fig. 1 and in Table 1. 

Even after processing, however, the cryogenic 
properties of the Fe-12Mri alloy are not as good 
as desired for cryogenic structural use. We 
therefore sought a chemical modification of the 
alloy to ijnprove properties. While the chemistry 
of Fe-Mn alloys has not been well investigated, 
available metallurgical data on the Fe-Ni system 
suggested that Mo might be a useful addition to 
improve grain boundary properties. We therefore 
made and processed an Fe-12Mn-lMo alloy. 

Initial results with the Fe-12Mn-lMo alloy are 
encouraging. As shown in Fig. 4, the Mo addition 
suppresses grain boundary embrittlenient even in 
the as-quenched condition. After grain refinement 

Fig. 4. Suppressed intergranular fracture at 
-196°C by the addition of IMo into Fe-12Mn-0.2Ti 
steel . Compare with Fig. 1. (XBB 7510-7534) 
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and tempering the a l loy exh ib i t s an exce l len t 
s t rength/ toughness combination a t l iqu id ni t rogen 
temperature, as shown in Table 1. The a l loy 
r e t a i n s good toughness a t 77°K a' a s t rength 
l eve l 30 - 40 k s i above the s t rength of the 6Ni 
and 9Ni cryogenic s t e e l s in cur ren t u se . These 
r e s u l t s suggest t ha t wholly n i cke l - f r ee s t e e l s 
can be proces. ced for s t r u c t u r a l use a t cryogenic 
temperature . 

15. MICROSTRUCTURAL CONTROL IN Fe-Mn ALLOYS 

S. K. Hwang and K. M. Chang* 

The development of new Fe-Mn a l loys of interme­
d i a t e Mn content i s made d i f f i c u l t by t he 
complexity of the t ransformations shown by these 
a l l oys (in p a r t i c u l a r , t he i n t ru s ion of hexagonal 
e-martensi te phase) and by the v i r t u a l absence 
of re levant p r i o r meta l lu rg ica l research . For 
t h i s reason we i n i t i a t e d research on t h e cont ro l 
of phase t ransformations and micros t ruc tures in 
t h i s a l l o y . We are p a r t i c u l a r l y i n t e r e s t e d in 
f inding techniques for suppressing the appearance 
of E-martens i te in Fe-12Mn a l l o y s , and in 
ident i fy ing p r e c i p i t a t i o n reac t ions which might 
be useful for s t rengthening a u s t e m t i c Fe-Mn 
a l l o y s of higher Mn con ten t . 
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Fig. 1. Phase va r i a t i ons in t he Fe-12Mn systems. 
(a) Isothermal holding a t 500°C. Fe-12Mn-0.2Ti 

(XBL 7510-7449) 
(b) C. IV. 6 Annealing Fe-12Mn-0.2Ti 

(XBL 7510-7448) 
(c) Tempering a t d i f fe ren t temperatures 

(XBL 761-156) 
I'd) C. W. S Annealing Fe-12Mn-0.2Ti-Mo 

(XBL 761-157) 

The in t rus ion of the c-phase lias been found t o 
decrease a f t e r cold-work and on the introduct ion 
of Co and Mo a l loy ing add i t ions . The influence 
of the cold work and Mo addi t ion on the phase 
d i s t r i b u t i o n a f t e r amending i s shown in Fig. 1. 
As can be seen from the f igure , the addi t ion of 
Mo causes a sharp minimim in the present e as a 
function of annealing temperature near 500°C. 
The int roduct ion ofcoldwork suppresses the 
e-phase for annealing temperatures l ess than ~550°C. 
This behavior can be in te rpre ted on the bas i s of 
the mechanism of aus t en i t e reversions which 
associa ted transmission e lec t ron microgiaphic 
s tud ies show to occur through a mechanization 
and growth process whi*:h i n i t i a t e s p r e f e r e n t i a l l y 
a t t he E-phase. 



The p r e c i p i t a t i o n reac t ions cu r ren t ly under 
inves t iga t ion involve the p r e c i p i t a t i o n of T i , V, 
Al , and Nb i n t e r m e t a l i i c s , a group which, on the 
b a s i s of work on Fe-Ni a l loys and very l imi ted 
da ta on Fe-Mn a l l o y s , appears t o include t he most 
promising hardening agen t s . I n i t i a l s tud ies have 
concentrated on p r e c i p i t a t i o n in Fe-20Mn-l-ST, and 
have included the determination of the r e - so lu t ion 
temperature , the cha rac t e r i za t i on of p r e c i p i t a t e s 
involved in the aging p rocess , and the deterniina-
t ic- i of the aging response as a function of aging 
temperature. 

Also supported by the NASA Lewis Research 
Center under Grant NGR 05-003-526. 

14. REPROCESSING 250 GRADE MARAGING STEEL TO 
HIGH TOUGHNESS* 

The mar t ens i t i c and the reverse -mar tens i t i c 
phase t ransformations occurring in a l l oy s t e e l s 
of ten produce t ang les of d i s l o c a t i o n s of very 
high dens i ty (~ 10*° l i n e s / c n r ) , comparable t o 
those of cold worked metals and a l l o y s . This 
transformation-induced d i s l o c a t i o n densi ty not 
only increases the a l l o y s t r eng th s i g n i f i c a n t l y , 
but a l s o provides uniformly d i s t r i b u t e d he te ro ­
geneous nuc lea t ion s i t e s for p r e c i p i t a t i o n of 
f ine p a r t i c l e s throughout t h e mat r ix . To maximize 
these bene f i t s i t may be des i r ab l e to fur ther 
increase the d i s l o c a t i o n dens i ty in the a l ready 
d i s loca ted mar tens i t e . Without employing p l a s t i c 
deformation, which i s of ten undesi rable in a l loy 
process ing , one may achieve higher d i s loca t ion 
dens i ty by use of second phase p a r t i c l e s . As i s 
well known from the theory of d i spers ion hardening, 
p r e c i p i t a t e p a r t i c l e s are i r ery e f fec t ive in 
causing d i s l o c a t i o n mu l t i p l i ca t i on during p l a s t i c 
flow. When the secondary shear in the mar tens i t i c 
and the r eve r se -mar t ens i t i c phase transformations 

Fig. 1. Transmission e l ec t ron micrograph of the 
maraged specimen (550°C/5 h r /Ai r Cool) . 

(XBB 753-2512} 

Fig. 2. Transmission e l ec t ron micrograph. 
Maraged (550°C/5 hr /Ai r Cool) , rap id ly rever ted t o 
aus t en i t e in a s a l t bath (75C°C/2.5 min.)» and 
transformed t o mar tens i te by cooling t o room 
temperature. (XBB 753-2185) 
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Fig. 3. Yield strengths and fracture toughnesses 
of rapidly transformed maraging steels.-
(Treatment I; Maraged (580°C/5 hr) + Rapidly 
austenized + Maraged (380°C/5 hr), Treatment II; 
Maraged (550°C/5 hr) + Rapidlv austenized + 
Maraged (380°C/3 hr). ' (XBL 751-5604) 

is accomplished bv slip, the transformation may 
be regarded as a special type of plastic deforma­
tion. When such phase transformations occur in 
a matrix containing precipitates, the precipitates 
may serve as sources of interaction and multiplica­
tion of dislocations during phase transformation 



Fig. 1. High resolution electrjn micrograph of 
the microduplex alloy T8. The austenite phase is 
marked as A and the martensite as M. Note the 
distribution of precipitates and dislocations in 
each phase. (XBB 753-2152) 

(unless they are extremely fine and coherent with 
the matrix) resulting in a higher dislocation 
density. 

Figures I and 2 show the change in dislocation 
density after the austenitic and martensitic phase 
transformations in a precipitate-decorated 
maraging steel. The precipitates in 250 grade 
maraging steel are mostly M3M0 with some NijTi 
intermetallic compounds. A significant increase 
of dislocation density is clearly seen from the 
micrographs. Due to the interference of the high 
density of dislocatons, the precipitates in 
Fig. 2 are not very well resolved. A comparison 
of hardness data between these two microstructures 
indicate that the precipitates are mostly 
preserved during the phase transformations. In 
tensile tests the alloy shown in Fig. 2 exhibited 
an early departure from linearity in the stress-
strain curve even though the ultimate tensile 
strength was close to the value of the simply 
maraged alloy, presumably representing the high 
mobility of un-pinned dislocations. An additional 
low temperature ;naraging has, therefore, been 
added to pin the fresh dislocations and increase 
the yield strength. 

The mechanical properties of the processed 
maraging steel as illustrated in Fig. 3, The 
strength-toughness properties of the high-
dislocaton-density maraging steels are superior 
to the values obtained by other heat treatments 
given to the same material. 

15. THE INFLUENCE OF RETAINED AUSTENITE ON THE 
TCUGHNESS OF 250 GRADE MARAGING STEEL 

S. Jin and D. Huang 
A microduplex structure in a steel is a fine-

scale two-phase mixture of austenite (v) and 
martensite or ferrite (a). The microduplex 
structure is intriguing from the perspective of 
alloy design since i t may offer a means for 
improving the toughness of high strength steels. 
A suitable distribution of relatively soft 
austenite in the ferrite matrix may serve to 
blunt a propagating crack, hence providing a 
higher resistence to fracture. Alternately, 
the stabili ty of the austenite may be adjusted 
so that i t transforms to martensite during 
deformation, hence incorporating the TRIP 
(Transformation Induced Plasticity) mechanism. 

A simple two-step thermal processing technique 
was devised to impart a microduplex structure in 
a high strength 250-grade commercial maraging 
steel as shown in Fig. 1. A martensite grain size 
of approximately 1 um was obtained with inter­
spersed islands of retained austenite whose 
volume fraction and mechanical stabili ty could 
be controlled by varying the thermal processing 
conditions. The microstructure and mechanical 
properties of the microduplex structure were 
compared to those oi" the alloy in the maraged, 
martensitic condition. Due to the presence of the 
austenite phase, the microduplex structure showed 
a much smaller temperature and strain rate 
dependence of deformation than the martensitic 

YIELD STREKCTM (MF i ) 
O 1300 1300 1400 TSOO 

Q MICtOOUUEI 

YIE1I STIENCTN ( f c i i ) 

Fig. 2. Room temperature strength-toughness data 
for various alloys in Table IV. Microduplex 
alloys, N4 and N2, exhibit deformation-induced 
phase transformation at room temperature. 

(XBL 759-7294) 

structure. A remarkable increase ir. uniform 
elongation was observed below the .'̂  temperature 
of retained austenite. The microduplex structure 
did not show any significant advantage in fracture 
toughness over the martensitic structure when 
compared at similar strength levels. (Table 1 and 
Fig. 2) By suitably adjusting austenitic stability 
a deformation-induced phase transformation (TRIP) 
of the retained austenite in the microduplex 
structure could be made to occur; however, the 
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Table 1. Room temperature mechanical properties of treated maraging steel. 

Specimen 
Number 

V . S . a 

( k s i ) e 

T.S. 
(ksi) e 

Elor.g. 
(*) 
15.1 

R.A. 
(%) 
64.6 

K ] c f E , C 

fksi 

164 

K ] c ( J ) d 

Martensi t ic TS Aged 430°C/1 hr./AC 1B5 194 

Elor.g. 
(*) 
15.1 

R.A. 
(%) 
64.6 

K ] c f E , C 

fksi 

164 165 

M Aged 4?5°C/50 min./AC 202 220 14.4 61.2 129 b 

Microduplex N2 GR • Aged 475°C73 hrs./AL 216 225 12.6 57.0 109 b 

N4 GR * Aged 5S0°C/2 hrs./AC 191 200 15.8 60.6 147 136 

T8 GR + Aged S50°C/5 hrs./AC 
( s t ruc tu re (e) in Table I I ] 

174 182 19.5 63.0 207 200 

GR; Grain Refined, AC: Air Cooling 

a0.2£ offset vield strength. 
"V.] id plane-strain fracture toughness. 
""Fracture toughness based on equivalent Energy Method. 

Fracture tmghness based on J-Integral Method. 
eTo convert to SI units, 1 ksi = 6.89 MPa and 1 ksi^in = 1.09 MPa/n . 

250 

£00 

H 
150 -

o 100 

- 250 

T5: MARTENSITIC 
T8: MICRODUPLEX 

APPROXIMATE 
Mo 

-130 -60 +20 
TEMPERATURE, t 

(Q) 

Pig. 3. Fracture toughness vs. test temperature. 
(Valid plane-strain fracture toughness at -60°C 
and at -130°C). (XBL 7512-9258) 
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50 
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Fig. 4. Change of fracture toughness Kj c(E) with 
crosshead speed. (XBL 753-6008) 

transformation did not lead to any evident increase 
in toughness (Fig. 3). The observed increase of 
fracture toughness at high strain rate in the 

microduplex alloy as well as in the austenitic 
alloy, A-286, was attributed to adiabatic heating 
near the crack tip during the fracture. 
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16. PHASE TRANSFORMATION AND STABILIZATION OF A 
HIGH STRENGTH AUSTENITE* 

S. Jiiit D. Huang, J. W. Morris, Jr. and G. Thomas 
An investigation of the phase transformation and 

the austenite stabilization in a high strength 
austenite has been made. An Fe-29Ni-4,3Ti 
austenite age-hardened by y (NijTi) precipitates 
showed a further increase of strength after 
martensitic and reverse martensitic phase 
transformations (Table D- The strengthening of 
austenite through the phase transformations 
originates from the higher defect density and the 
fine substructure as shown in Figs. 1 and 2. 

.•.JT.-XL '-••-

,- '':_". .* < ' . - , - J ' .'. '.;fi • •.-, t so g« , 

Fig. 1. Optical micrograph showing the "ghost­
like" substructure after the ausaged and LN2~ 
cooled specimen is reverted to austenite. 

(XBB 759-6731) 

The stability control in precipitation-hardened 
high strength austenite becomes important especial 
ly when the martensitic and the reverse martensitic 
phase transformations are utilized to further 
strengthen the austenite. In such a case, the 
austenite stability should be low initially to 
allow martensitic transformations but should be 
restored to some extent after the reversion in 
order to maintain a reasonable austenite stability. 

wm?m?m$mm; ̂ ^L 
Fig. 2. Transmission electron micrograph of the 
dislocated austenite shown in Fig. 28. (a) Low 
magnification. Note the lath-like substructure 
and the high density of dislocations, (b) High 
magnification showing the y' precipitates. 

[(a) XBB 759-6631; [b) XBB 759-6630) 

Table 1. Hardness of the Fe-29Ni-4.3Ti austenite. 

Annealed 100% y *c - - 1 S " ( R A • 41) 
Ausaged 750°C/30 min 1004 Y R c = 35.3 

Ausaged 750°C/30 min 
+ Cooled To -196°C 

Ausaged 750°C/30 min 
+ Cooled to -196°C 
•*• Reverted to austenite 

(800°C/30 sec) 

70% a + 30% Y Rj = 49.2 

100% Y Kg « 41.0 

Invalid due to the extreme softness of annealed austenite. 
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01 I 10 100 
TIME AT 500*C, h'a 

Fig. 3. Varia t ion in Ms temperature of high 
s t reng th aus t en i t e upon isothermal holding a t 
500°C. (part of XB1. 759-7255; Ton Fig. only) 

The profound s t a b i l i z a t i o n e f fec t of f ine coherent 
p r e c i p i t a t e s in Fe-Ni-Ti and F'e-Ni-Al systems 
i s well known. The Ms temperature decreases 
during the ea r ly stage of p r e c i p i t a t i o n in these 
a l l o y s . But t h i s e f fec t i s e l iminated on fur ther 
aging. By the time the p r e c i p i t a t e s grow su f f i ­
c i e n t l y t o provide a reasonable age hardening, 
the decrease of Ms tha t appeared a t t he ea r ly 
s tage of ausaging i s mostly erased and the M s 

temperature continues to inci-ease as the so lu te 
atoms are depleted from the matr ix . 

The present i nves t iga t ion demonstrates t ha t the 
s t a b i l i t y of ausaged aus'^enite as well as ausaged 
and transformation-strengthened aus t en i t e was 
improved s i g n i f i c a n t l y through an isothermal t r e a t ­
ment a t 500°C, as shown in F ig . 3 . The M s 

temperature of the strengthened aus t en i t e was 
res tored t o nea r ly t h a t of annealed aus t en i t e 
desp i t e the decrease in so lu te content due to 
p r e c i p i t a r i o n . The observed s t a b i l i z a t i o n of 
high s t reng th aus t en i t e as well as t h a t of 
annealed aus t en i t e was a t t r i b u t e d to the formation 
of G.P. zones or short - range order of l e s s than 
~~ 10 A in s i ze based on the r e s i s t i v i t y measurement. 

Research supported by the NASA Lswis Research 
Center under Contract No. NGR-05-003-526 and by 
the E l e c t r i c Power Research I n s t i t u t e . 

17. DEVELOPMENT OF A HIGH STRENGTH STABLE 
AUSTENITIC ALLOY* 

S. J i n , D. Huang, G. Thomas a^d J . W. Morr i s , J r . 

The ser ious mate r i a l s pioblenra encountered in 
r e t a in ing r ings for large e l e c t r i c a l generator 
r o t o r s have crea ted a need for a high s t r eng th , 
high toughness, nonmagnetic s t e e l . A des i r ab l e 
a l l oy would have a y ie ld s t reng th near 200 k s i 
with a f racture toughness above 130 ksi An> and 

would be r e s i s t a n t t o hydrogen embrit t lement and 
s t r e s s corrosion cracking in se rv ice environments. 
Given that the bes t a u s t e n i t i c a l l oys in cur ren t 
use for r e t a in ing r ings have yie ld s t r eng ths of 
only ~- 170 ks i (obtained by work hardening) , *he 
achievement of the desired p rope r t i e s wi l l requi re 
a s ign i f i can t advance in the metal lurgy of 
a u s t e n i t i c s t e e l s . 

IVhile our main research aim i s t o obta in a high 
s t reng th aus t en i t e through thermal processing 
a lone , an a l t e r n a t e way of achieving i t through 
a simple mechanical deformation i s a l so being 
sought. Hie prel iminary data obtained in the 
present i nves t iga t ion demonstrates tha t a r e l a t i v e ­
ly simple combination of cold working and 
p r e c i p i t a t i o n hardening i s su f f i c i en t t o achieve 
a 200 ks i y i e ld s t reng th in s t ab l e aus te i i i t e . The 
chemical composition of the a l l oy s tudied i s 
shown in Table 1. The cold r o l l i n g process of 
t h i s a l l oy i s f a i r l y easy due t o the extreme 
sof tness of ajinealed a u s t e n i t e . The a l loy i s 
fur ther s t rengthened by the ausaging p rocess . 
(Ni3Ti p r e c i p i t a t i o n ) . 

Table 1. Chemical composition. 

Fe Ni Cr Ti Mo Al V B 

Bal 27 6 3 1.3 0.2 0.3 0.01 

Table 2 . Tensi le p rope r t i e s of high s t reng th 
a u s t e n i t e . 

Processing Y.S. UTS Elong. R.A. 
(ksi) (ksi) (%) (*) 

CR + AA 190 202 9.3 38 

CR + AA + RAA 197 209 10.5 44 

CR: Cold Roll ing 45 pet a t room temp. 
AA: Ausaging a t 720°C for 4 h r . 
RAA: Re-ausaging at 550°C for 12 hr . 

The t e n s i l e p rope r t i e s of the processed high 
s t r eng th a u s t e n i t e are given in Table 2. The 
a l loys in Table 2 a r e s t a b l e a u s t e n i t e end do not 
exh ib i t any deformation-induced phase t- insforma-
t i o n . The second ausaging treatment at lower 
temperature was introduced to maximize the .ise 
of a l loy ing element for p r e c i p i t a t i o n hardening. 
The s o l u b i l i t y of n ickel and t i tanium in t h i s 
a l loy system decreases a? the temperature i s 
lowered. An i n t e r e s t i n g observat ion i s t ha t not 
only the y i e l d s t reng th increases but t he d u c t i l i t y 
a l so shows improvement a f t e r the add i t iona l low 
temperature p r e c i p i t a t i o n . A fu r the r research i s 
in progress t o find out the na ture of r eac t ions 
and t o improve the s trength-toughness p r o p e r t i e s . 
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Research supported by the Electric Power Research 
Institute. 

18. RESEARCH PLANS FOR CALENDAR YEAR 1976 

J. W. Morris, Jr. 

During the coding year we plan t o car ry out the 
following work: 

(1) We plan t o complete t he i d e n t i f i c a t i o n and 
geometric c h a r a c t e r i z a t i o n of the micros t ruc tures 
a r i s i n g from i s o t r o p i c nuc lea t ion and growth 
t ransformat ions in s ing le s o l i d s . The research 
w i l l then be extended t o consider more r e a l i s t i c 
t ransformat ions , involv ing , for example, 
a n i s o t r o p i c growth. In c o r r o l l a r y work we plan 
research toward the optimal choice of parameters 
r ep resen t ing t he micros t ruc ture for use in 
c o n s t i t u t i v e equat ions determining mate r ia l proper­
t i e s . 

(2) We plan t o continue research toward a 
theory of p l a s t i c deformation through thermally 
ac t i va t ed d i s l o c a t i o n g l i d e . During the coming 
year t h i s research w i l l focus p a r t i c u l a r l y on 
g l ide through mixtures of mic ros t ruc tu ra l b a r r i e r s 
and on the g l i d e of i n t e r a c t i n g groups of 
d i s l o c a t i o n s , exp lo i t i ng the p o t e n t i a l of our 
new computer s imulat ion codes. 

(3) We plan t o continue research on the mechani­
ca l equat ion of s t a t e of simple s o l i d s . During 
the coining year we s p e c i f i c a l l y plan t o r e f ine 
and demonstrate t he one-parameter equation of 
s t a t e we have successfu l ly used for aluminum in 
un i ax i a l deformation, and hope t o extend the 
equat ion t o account for c y c l i c deformation and 
for s t a t i c r e l a x a t i o n . The t h e o r e t i c a l research 
w i l l be supplemented by an experimental program 
t o ga ther data needed t o specify the empir ical 
equation of s t a t e and t o t e s t i t s v a l i d i t y under 
new cond i t i ons . 

(4) We plan t o continue a cooperat ive search 
with the Oak Ridge National Laboratory for 
order ing r eac t ions in Fe-Ni m a r t e n s i t e s . If the 
i n i t i a l Oak Ridge data proves a c c u r a t e , we w i l l 
inaugurate l a t t i c e imaging s tud i e s t o specify the 
na tu re of the o rde r . We a l s o plan t o i n v e s t i g a t e 
a l loys near Fe-30Ni, where an FegNi order ing has 
been repor ted in a u s t e n i t e . 

(5) We plan t o continue research t o specify the 
e f f ec t of a u s t e n i t e on the toughness of high 
s t r eng th mar t ens i t i c s t e e l s . We p a r t i c u l a r l y 
plan t o t e s t t he hypothesized connection between 
aus t en i t e s t a b i l i t y and toughness through research 
on the s t rength- toughness p rope r t i e s of f e r r i t i c 
a l l oys having a u s t e n i t e addi t ions of con t ro l l ed 
s t a b i l i t y . 

(6) In a l l o y design research on Ni-a l loy 
cryogenic s t e e l we plan t o i n t e r a c t with p o t e n t i a l 
use r s of the a l l oys t o explore spec i f i c app l ica ­
t i o n s in advanced energy systems. Essen t ia l 
c o r o l l a r y research may include processing s tud ies 
•> o s impliry a l l o y process ing t o lower manufacturing 
c o s t s . 

(7) We plan t o cont inue the development of 
n i cke l - f r ee cryogenic s t e e l s . In research during 
the coming year we s p e c i f i c a l l y hope t o e l imina te 
the cold-woi'A S+CP *inw included in the processing 
of Fe-12Mfi cryogenic s t e e i **hilo * - t a k i n g 
p rope r t i e s competi t ive with Fe-9Ni s t e e l a t 77°K. 
«fc a l s o hope t o design a successful high s t reng th 
a u s t e n i t i c Fe-Mn cryogenic s t e e l . 

(8) We plan to continue lesearch on phase 
t ransformation k i n e t i c s and micros t ruc tura l control 
in Fe-Mn a l l o y s . During the coming yoar we hope 
to e s t a b l i s h experimental control over the 
E-martensi te phase and determine the consequences 
of e-mar tens i te on cryogenic mechanical p r o p e r t i e s . 
We a l s o hope t o iden t i fy an e f f i c i e n t s u b s t i t u t i o n ­
a l age-hardening system for a u s t e n i t i c Fe-Mn 
s t e e l s . 

(9) We plan t o continue research on the austen­
i t e revers ion reac t ion as a means of achieving 
very high d i s l o c a t i o n d e n s i t i e s in un-worked 
m a t e r i a l s . We hope to exploi t t h i s reac t ion in 
the design of high s t rength-high toughness 
a u s t e n i t i c s t e e l s . 

(10) Ke plan t o cont inue explora t ion of the 
double-aging treatment developed during the pas t 
y e a r ' s research as a means for obtaining very high 
toughness in high s t reng th s t a b l e a u s t e n i t i c s t e e l s . 
This research w i l l begin with a determination of 
the s t rength- toughness c h a r a c t e r i s t i c s of the high 
s t reng th a u s t e n i t i c s t e e l s developed t h i s f a l l . 

19. 1975 PUBLICATIONS AND REPORTS 

.John W. Morris , J r . and Associates 

Journals and Books 
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b. Fundamentals of Alloy Design 

Earl B+ Pcu-'.-er and Victor F. Zackay, Principal 

Introduction. In the past year, the program 
on alloy design has centered on five major aspects 
of alloy design, viz: (1) an atteppt to derive by 
fundamental quantum mechanical methods the 
physical propsrties of metals (Shively); (2) the 
continuation of studies on the interactive efforts 
of alloying elements on the bainitic hardenability 
of steel (Llopis); (3) the structure-property 
relationships of ferritic (Bhat, Singh), austenitic 
(Haddick, Thompson, Clark), and quenched and 
tempered steels (Kohn, Horn, Bhat, Wylie, and 
Huang) as influenced by heat treatmentf composition 
and microstructure; (4) the roles of environment, 
mean stress, and microstructure on the stress 
corrosion and fatigue crack propagation behavior 
of selected steels (Ritchie and Castro); and, 
(5) the fundamental and applied aspects of combined 
erosion and corrosion of metals (levy, Kliest, 
McFadden, and Brass). Some recent accomplishments 
in several of the largest project areas (items 3, 
4 and 5) are described below. 

Research on the ferritic alloys, strengthened 
with dispersoids of intermetallic compounds (Laves 
phases) rather than the conventional alloy 
carbides, continues to show promise, the creep 
and creep rupture properties of these alloys are 
comparable to the better austenitic stainless 
steels at temperatures up to 65G°C, and, recently, 
it has been shown that the high temperature 
(1100°C) treatment required to spheroidize the 
embrittling grain boundary film in these alloys 
may not be necessary in alloys containing W rather 
than Ma. In the former, the film is sufficiently 
discontinuous upon cooling from the solutionizing 
temperature to render the speroidizing heat 
treatment step unnecessary. Those alloys 
containing W) appears to have comparable (or 
better) creep and creep rupture properties than 
their Mo-containing counterparts. 

The energy-absorbing characteristics of alloys 
exhibiting a stress or strain-induced phase trans­
formation were studied in binary and ternary 
alloys of the Fe-toi system. Excellent combinations 
of tensile, impact, and ductile-to-brittle 
transition temperature properties were obtained, 
which suggests that these alloys may be potential 
candidates for mechanical energy absorbing devices. 

The influence of Si and Al, and their combina­
tions, on the mechanical properties of quenched 
and tempered and isothermally transformed steels 
was studied. A number of modified low-to-medium 
alloy commercial steels and several new promising 
laboratory-type alloys were evaluated. It is now 
clear that the extra silicon (1.5 to 3.0§) steels 
have significant technological promise in the 
ultra-high strength steel category. Especially 
promising are those having both Al and Si in 
their compositions. Steels of this type exhibit 
an unusually high resistance to tempering and have 
excellent toughness (70-8C ksi-in1'^) at high 
tensile strengths (275-300 ksi). 

In the past year, :,iuch progress wa<= made in the 
construction of apparatus for the erosion and 
corrosion project as well as for the fatigue crack 
propagation prt ject. Apparatus for these projects 
has been designed, built, and calibrated and is 
now being used to generate data. 

1. THEORETICAL METALLURGICAL PHYSICS 

John E. Shiveiy 

The purpose of this research is to understand 
the metallurgical properties of transition metals 
and their alloys in terms of the first principles 
theoretical framework of quantum physics. Instead 
of a model involving adjustable parameters, we 
propose a formulation that only uses fundamental 
physical constants of the material studied, e.g., 
the atomic masses and numbers of the atoms, the 
mass and charge of the electron, and the crystal 
composition and structure. 

A method useful in understanding metallurgical 
properties is a new Hamiltonian formulation that 
transforms the electron Hamiltonian by a similarity 
transformation into a form more easily solved: 

S" 1 (Hft + V ) S « H + W 

This transformation preserves the eigenvalue 
spectrum as required and produces a new Hamiltonian 
to which perturbation theory can then be applied. 
A multiple scattering analysis of the transition 
operator constructed from this new Hamiltonian 
yields the total propagator in terms of the atomic 
scattering operators as an unrestricted summation 

G = G I 
00 |- <*> ill 

Pi L t m=l * J 
The integrated density of states is given by the 
polar decomposition of this propagator as 

N(E) = ̂ T r Arg [-G+(E)] 

from which the energy can be found by 

tf1 = /EdN 

The resulting equation for the total energy of the 
ions and electrons in a metal, derived to second 
order scattering, separates into two classes of 
terms: those dependent upon the lattice structure, 
and those dependent upon the total volume of the 
metal. 

The significance of this separation into struc­
ture and volume terms can easily be demonstrated by 
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an examination of the parameter v of elasticity 
theory: Poisson's ratio of lateral strain to 
longitudinal strain in simple tension OT compres­
sion. The structure-dependent terms are effective 
central force interactions yielding elastic 
constants obeying the Cauchy relations which for 
cubic crystals imply 

C\\r * C | j r , giving v s t l " - 1/4 

while the volume dependent terms contribute elastic 
constants with no resistance to shears 

C]f = C™1 and C™1 = 0, giving v v c l = 1/2 

The Poisson ratio of a metal should then be an 
average of these two classes of contributions. 
Indeed, the harmonic mean of v s * r = 1/4 and 
vvol = 1/2 is v^ t a l = yif ^ agreement with 
experiment for matt metals. 

As a quantitative tes t , the author has calcu­
lated the elastic constants for the transition 
metal Kb using this first principles theory. The 
results (in units of 10 1 1 dynes/c-ir) were 

Elastic Constant Theory Experiment 

Cn 23,35 24.6 

C 12 + 2 C 44 1 9 ' 9 5 3 9 - 1 4 

This init ial success indicates that further proper­
t ies of transition metals may be accurately cal­
culated by this first principles theory. 

1. John E. Shively, Unres t r ic ted Summations for 
the Mult iple Sca t t e r ing Trans i t ion Operator and 
Propagator, LBL-3744, Feb. 197S. 
2. John E. Shively , A New Density of S t a t e s 
Formulation, LBL-3789, Apri l 1975. 

2 . EFFECT OF THE ALLOYING ELEMENTS IN STEELS ON 
THE KINETICS OF THE AUSTENITE TO BAINITE 
TRANSFORMATION 

Ana Maria Llopis 

The purpose of t h i s study was t o i n v e s t i g a t e the 
effect of different alloying elements on the 
kinetics of the bainite reaction. Dilatometric 
studies on four Fe-C-X ternary systems, in 
particular, (X « Mo, Ni, Cr, Mn) were made. This 
technique allows the determination of the reaction 
start times for the isothermal decomposition of 
austenite in the bainite range. Another phase of 
the program was the extension of the investigation 
to include other combinations of these same 
alloying elements, such as Fe-C-Mo-Ni, Fe-C-Ni-Cr, 
and Fe-C-Ni-Cr-Mo. 

Of the alloying elements studied, Mn, Ni, Cr 
(in order of effectiveness) shifted the start of 
the bainite reaction to longer times, increasing 
the bainite hardenability. The element, Mo, 
accelerated the bainite reaction. All of the 
alloying elements studied accelerated the 
austenite decomposition at isothermal transforma­
tion temperatures just above the Ms giving an 
S-like curve for the reaction start curve 
(see Fig. 1). 

HUE (SEC) 

Fig. 1. Ex-start of the austenite to bainite 
transformation for Fe-C-Ni ternary system. 

(XBL 7512-9292) 

All of the alloying elements lowered the 
temperature range of the bainite reaction, thereby 
promoting the formation of more lower bainite and, 
thereby, potentially increasing the fracture tough­
ness of the alloys. Increasing amounts of the 
alloying elements in both the simple ternary and 
the more complex alloys had an additive effect in 
lowering the bainite reaction temperature. Combined 
additions had a multiplicative effect on the 
reaction start times for the isothermal decomposi­
tion of austenite, suggesting strong interaction 
effects. The combined addition Cr-Ni was six 
times more effective than the addition of Ni or Cr 
alone in moving the start curve for the bainite 
transformation to longer times. Similarly, the 
combined Mo-Ni and Mo-Cr alloys were more 
effective—by factors of 5 and 4 respectively— 
in delaying the start of the bainite transforma­
tion than were the same elements added separately; 
as a result, the bainite hardenability is in­
creased. 

3. LAVES-PHASE-STRENGTHENED FERRITIC ALLOYS FOR 
ELEVATED TEMPERATURE USE 

M. S. Bhat 

The e f f e c t of t h e lamel la r and spheroidized 
micros t ruc tures on tl .e creep and s t r e s s rupture 
behavior of Laves-phase strengthened 
(Fe/lTa/7Cr/l/2Mo) a l loys was determined. The 
a l l o y having the lamel lar microst ructure exhib i ted 
slightly better creep properties for shorter 
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rupture t i n e s (< 400 h r ) a t 1200°F (649°C) than 
the a l l o y hea t t r e a t e d to give a spheroidized 
s t r u c t u r e . However, for times g rea t e r than about 
400 h r , the a l loy with the spheroidized microstruc-
tu re appeared t o be b e t t e r . This behavior i s 
shown in Fig. 1 . Long exposure a t 650°C could 
r e s u l t in a breakdown of the lamel la r s t r u c t u r e 
thereby expla in ing t he observed r e s u l t s . F ina l ly , 
the creep p r o p e r t i e s , both in terras of creep r a t e 
and rupture t ime, a r e compared (Tables 1 and 2) 
t o those of the commercially ava i l ab l e f e r r i t i c 
and a u s t e n i t i c a l l o y s . The p o t e n t i a l of the 
Fe-Ta-Cr-Mo a l l o y i s c l e a r l y evident from these 
t a b l e s . 

1. M. S. Bhat, Lawrence Berkeley Laboratory 
Report , LBL-227;', 1974. 
2. Inorganic Mater ia l s Research Division Annual 
Report , LBL-3530, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720, 1974, p . 147. 
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Fig. 1. Plot of stress vs rupture time and 
stress ITS steady stats creep rate for the 
spheroidized and lamellar structures. 

(XBL 758-6997) 

Table 1. 1000-Hour rupture s t r e s s and s t r e s s for a creep ra te of 
10"^ p c t / h r for a l l oy Fe-Tn-Ct-Mo and some romnercial 
f e r r i t i c and a u s t e n i t i c s t e e l s a t a t e s t temperature of 
1100°F(593°C). 

Alloy 
1000 Hour 

Rupture S t r e s s 
(ps i ) 

S t ress for a Creep 
Rate of 10" 4 p c t / h r 

(ps i ) 

Fe-Ta-Cr-Mo (Spheroidized) 29,000 25,000 

0.3C-lCr-lMo-0.25V Stee l 36,000 * 
0.JSC-9Cr-lMo Stee l 14,100 6,300 

403,410 S t a in l e s s S tee l 10,000 4.200 

Greek Ascaloy 22,000 * 
422 S t a in l e s s S tee l 33,800 19,000 

304 S t a i n l e s s S tee l 22,600 11,500 

304L S t a i n l e s s S tee l 23.000 9,700 

309 S t a i n l e s s Steel 28,000 11,600 

310 S t a in l e s s S tee l 25,000 13,000 

316 S t a i n l e s s S tee l 33,000 18,200 

316L S t a i n l e s s S tee l 26,900 14,100 

321 S t a in l e s s S tee l 29,500 17,000 

347 S t a in l e s s S tee l 34,000 23,000 

'No values quoted for 1100°F. 
The data for the f e r r i t i c s t e e l s were obtained mostly from 
reference 18, 3nd those for the o ther s t e e l s from Engineers 
Guide t o High Teroera ture Ma te r i a l s , F. J . C lauss ,~ea . , 
TAddison ana Wesley Pub. Co., I n c . , Reading Massachusetts , 1971), 
Chapter 4 , p . 86-128. 
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Table I. 1000-Hour rupture stress and stress for a creep rate of 

1G"4 nct/hr for alloy Fe-Ta-Cr-Mo and some commercial 
ferritic and austenitic steels at a test temperature of 
1200°F(649°C). 

Alloy 
1000 Hour 

Rupture Stress 
(psi) 

Stress far a Creep 
Rate of 10" 4 pst/hr 

(psi) 

Fc-Ta-Cr-Mo (Spheroidized) 14,000 10,000 

Fe-Ta-Cr-Mo (Lamellar) 13,000 9,000 

0.3C-lCr-ttfo-0.25V Steel * * 
403,410 Stainless Steel 4,900 2,000 

Greek Ascaloy 11,000 A 

422 Stainless Steel 15,000 * 
304 Stainless Steel 15,000 6,900 

304L Stainless Steel 15,800 6,800 

309 Stainless Steel 20,000 8,000 

310 Stainless Steel 17,000 8,600 

316 Stainless Steel 24,700 12,700 

S16L Stainless Steel 17,300 8,200 

321 Stainless Steel 18,000 9,700 

347 Stainless Steel 22,000 16,500 

No values quoted for 1200°F 
The data for the ferritic steels were obtained mostly from reference 18, 
and those for the other steels from Engineers Glide to High Temperature 
Materials, F. . Clauss, ed., (Addison and Wesley Kib. Co7, Inc., 
Reading, Massachusetts, 1971), Chapter 4, p. 86-128. 

4. Till: DESIGN OF A STRUCTURAL STFFJ. FOR USE IN 
roil) IAYIRONMFNTS 

Glenn fladdick 

The results of this investigation have shown that 
new, lower cost TRIP steels (without chromium and 
nickel) could be made. 

The iron-16 and 201 manganese binary alloys were 
selected for study because they exhibited the 
desired TRIP phenomena in a tension tes t 1 and 
possessed reasonable mechanical properties. 
Systematic additions of carbon and molybdenum were 

i.ade to these two binary alloys and the resultant 
microstrueture and mechanical properties were 
determined. The tensile test data and the Charpy 
V-notch data obtained are shown in Table 1. 

In the 16% Mh alloys, the carbon additions 
predictably raised the strength and the DBTT 
(ductile to br i t t le transition temperature). 
Molybdenum was adoV-d to control the carbon content 
and, at the same time, add a network of dispersed 
particles. The molybdenum additions lowered the 
yield strength but increased the ductility and 
lowered the PBTT to pre-carbon levels. The yield 
strength of the 16ttto-0.08%C-1.0Mo alloy was 
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Fig. 1. (a) 16%Mi binary iron alloy, showing 
a-martensite (black lens shapes), E-martensite 
(white), and austenite (gray). (500x) 
(b) 16*M-0.08%C-1.0*Mo-iron alloy showing 
e-martensite and austenite. (SOOx) (XBB 761-305) 



TabU 1. Hfechanical Proper t i es of Several Binary and Ternary Fe-Wi Al leys . 

TENSILE TEST CIIARPY V-NOTCH ENERGIES 

Tensi le Propert ies 

Alloy y . s . , 
k s i 

U.T.S 
ks i 

. , JEI ?.(.A. Uriper 
Shelf, 
f t - l b 

Lower 
Shelf, 
f t - l b 

DBTT* 
(°C) 

1 6 » h 30 101 30 71 130 27 -155 

16S*l - 0.05SC 50 122 38 73 125 42 -170 

1611* - 0.13IC 60 175 28 20 93 6 -77 

l b » h - 0.08SC - O.SSMo 47 153 34 35 116 11 -155 

16&h - O.084C - 1.0%Mo 46 150 46 51 120 11 -140 

2 0 » h 61 101 34 70 95 - <-196 

201* - D.1SSC 68 150 44 41 62 8 -105 

20«Nh - 0.08IC - 0.5%Mo 71 140 43 37 93 15 -127 

20%l4i - 0.08SC - l.OWb 59 126 38 44 106 20 -141 

AFTER THERMAL CYCLING 

1 6 S I * - 0 . 0 8 1 - l .OSMo 61 156 53 56 

DBTT i s defined as the temperature a t one-half of the upper she l f energy va lue . 

thermal 
20%Mn 

improved frc.n 46 k s i t o 61 k s i through a the; 
cycl ing heat t r e a t m e n t 2 ' 3 (see Fig. 1 ) . The 
a l loys performed in a s imi la r manner. 

Control of the TRIP process by carbon and 
molybdenum addi t ions was shown to g rea t ly improve 
the s t r eng th , d u c t i l i t y and energy absorpt ion 
p roper t i e s of the 16 and 20IMi a l loys (see 
Table 1 ) . 

1. M. J . Schanfein, The Cryogenic Proper t ies of 
Fe-Mn and Fe-Mn-Cr Alloys (M.S. Thes i s ) , LBL-2749, 
August 1974. 
2 . S. J i n , J . W. Morris , J r . , and V. F, Zackay, 
Grain Refinement Through Thermal Cycling i n an 
Fe-Ni-Ti Cryogenic Alloy, Met. Trans. A 6A, 141 
(1975). 
3 . Howard E. Adkins, J r . , S t iuc tu re and Proper t i es 
of TRIP Stee ls Processed by Deformation and 
Thermal Cycling (M.S. Thes i s ) , LBL-1491, April 
1973, 

5. MECHANICAL PROPERTIES AND CORROSION BEHAVIOR 
OF Fe-Mn-Cr AND Fe-Mn-Cr-X ALLOYS 

Larry* Thompson 

An i n v e s t i g a t i o n of the mechanical and corrosion 
beha\T.or of Fe-Mn-Cr and Fe-Mn-Cr-X base a l loys 
was ca r r i ed out t o e s t a b l i s h promising a u s t e n i t i c 
a l l oy compositions t h a t contained lower q u a n t i t i e s 
of the a l loy ing element, chromium. 

Manganese concentrat ions i n the Fe-Mn-Cv a l loys 
inves t iga ted were var ied between 14 and 20 w/o 
wi th Cr concent ra t ions between 13 and IS w/o. In 
the group of Fe-Mn-Cr a l l o y s , a small add i t i on of 
Al and Ti was made to remove from s o l i d so lu t ion 
the i n t e r s t i t i a l s (N and C). The b e s t mechanical 
p rope r t i e s were obtained with the Fe-18 Mn-13 Cr 
a l l oys (see Table 1 ) . In a l l c a se s , add i t ions of 



Table 1. Mechanical Properties of Several Ternary Fe-Mn-X Alloys. 

Tensile Properties 

Alloy Composition - % Heat Treatment 

* Cr Si_ Ho N 

16 13 .134 900°C (2Hr) +Air Cool 

16 13 2 .204 900°C (2Hr) -*Ice Brine Quench 

16 18 2 .180 900°C (2Hr) *Ice Brine Quenui 

16 18 1.5 .227 900°C (2Hr) ->Air Cool 

20 13 1.5 .130 900°C {2Hr) -*Air Cool 

18 13 900°C (2Hr) -•Air Cool 

AISI 304 SS 
AISI 304L SS 
AISI 316 SS 
AISI 3161 SS 
AISI 347 SS 

Test 
Temperature 

YS 
0<si) 

UTS 
Cksi) tEl. 

Red. 
Area I 

23 
-196 

46 
94 

121 
152 

69 
25 

77 
17 

l 23 
-196 

58 
117 

124 
168 

77 
17 

79 
15 

1 73 
-196 

r.ii 
i28 

116 
187 

61 
19 

59 
17 

23 
-196 

63 
143 

125 
183 

78 
17 

78 
17 

23 
-196 

50 
98 

109 
181 

72 
47 

80 
24 

23 
-196 

44 
53 

92 
161 

S3 
60 

82 
71 

23 35 85 50 70 
23 28 75 50 -
23 40 90 50 -
23 32 75 50 -
23 40 97 45 

Cr g r e a t e r than 13% were found to be detr imental 
t o t he overa l l mechanical p r o p e r t i e s . 

The Fe-Mn-Cr-X a l loys contained e i t h e r 16 or 
20 Mn with 13 and 18 Cr. Again, the bes t mechani­
cal behavior was exhibi ted by the 13 Cr a l l oys in. 
combination with 16 Mn. The a l loying addi t ions 
included a s e r i e s with N, a s e r i e s with Mo + N, 
a s e r i e s wi th Si + N, and a s e r i e s with Si + C, 
and a s e r i e s with Mo. Nitrogen seemed t o be the 
best a l loying addi t ion for high s t r eng th ; those 
a l l oys t h a t contained only a fourth a l loying 
element without N showed l e s s des i r ab le mechanical 
p r o p e r t i e s . 

V i r t u a l l y a l l the a l loys displayed a TRIP 
phenomenon ( i . e . , transformation, induced p l a s t i c i t y ) 
and phase transformations from the fee (Y) phase 
to the hep (e) phase and to the bec (a) phase. 
These transformations general ly conferred uniform 
elongation and genera l ly acceptable s t reng th l eve l s 
in t he a l loys s tud ied . Enhancement of the 
d u c t i l i t y was most pronounced in those a l loys 
containing N. 

6. PROPERTIES, MICROSTRUCTURES, AND RADIATION 
RESISTANCE OF STAINLESS STEEL-GLASS COMPOSITE 
MATERIALS 

Robert Clark 

The object of t h i s research was to develop a 
g lass - in-meta l composite mater ia l t h a t would have 
a reduced tendency to swell under i r r a d i a t i o n in a 
breeder type reac to r environment. Since helium 
has a high s o l u b i l i t y in c e r t a i n g l a s s e s , a 
program was conducted to determine i f a well 
dispersed compatible g lass phase in a 316L s t a i n ­
l e s s s t e e l would i n h i b i t swell ing by the g lass 
ac t ing as a ge t t e r i ng agent for the He, thus 
prevent ing void nuc le i s t a b i l i z a t i o n . The 
mechanical p rope r t i e s and micros t ructures were 
charac te r ized with p a r t i c u l a r a t t e n t i o n paid to 
the e f f ec t s of g lass d i s t r i b u t i o n . Transmission 
e l e c t r o n metallography es t ab l i shed glass-metal 
in te r face c h a r a c t e r i s t i c s . 

The composites were successful ly fabr ica ted 
using powder metallurgy techniques. Figure 1 
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Fig. 1. Distribution of glass particles in the as-
rolled and rolled and annealed condition of a 
stainless steel glass composite. fXBB 7510-7941) 

shows the distribution of the glass particles in 
the 316LSS matrix in the as-rolled and rolled and 
annealed conditions. Particular attention was 
paid to the distribution of the glass particles 
and their effects on the materials behavior. 
Transmission electron micrography established glass-
metal interface characteristics. 

Tests of mechanical properties established that 
materials containing over 10 vol» glass can be 
readily fabricated. Incorporation of glass in the 
metal using p.m. techniques and subsequent thermo-
mechanical treatments allowed a wide range of 
norphological distributions of a stable nomeactive 
phase to be established in situ after initial 
pressing and sintering. This program will conclude 
upon completion of the following tests *.ow in 
progress: (1) creep tests, (2) high temperature 
tensile tesls, and (3) swelling effects under 
400 keV He + bombardment. 

7. ISOTHERMAL TRANSFORMATIONS IN A "VASCO-MA" 
SECONDARY HARDENING STEEL 

N. Kar 
The »iual way to obtain high strength in high C 

steels is by quenching to form martensite, followed 
by teiiipering to eliminate bri t t leness r while s t i l l 
maintaining high strength. 

These high strength alloys, however, are 
associated with low toughness. Research by Thomas 
et a l . 1 ' 2 suggests that for steels with C content 
>0.4$ a lower bainitic microstrueture could give 
attractive properties. Honeycombed suggests that 
secondary hardening may be pursued by an ini t ia l 
bainitic structure. In this project, transforma­
tions have been carried out to obtain martensitic, 
martensite plus lower bainite, and fully bainitic 
microstructures which have been tested untempered 
and tempered. 
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The s t e e l being used i s a commercial "Vasco MA" 
secondary hardening s t e e l , which i s well e s t a b ­
l i shed as a too l s t e e l . By modifying conventional 
heat t reatment p r a c t i c e s , d i f f e r en t mic ros t rue tu ra l 
morphologies a re being obta ined, and i t i s hoped 
to obta in a c o r r e l a t i o n between microFtructure 
and mechanical p r o p e r t i e s , using t ransmiss ion 
e l ec t ron microscopy. 

The recommended a u s t e n i t i z a t i o n t reatment i s 
found t o leave undissolved carbides in a u s t e n i t e , 
a fea ture known to be assoc ia ted wi th de l e t e r i ous 
f r ac tu re p r o p e r t i e s . ' ' As a b a s i s for comparison, 
higher a u s t e n i t i z i n g temperature , with subsequent 
gra in refinement, i s being c a r r i e d out p r i o r t o 
fur ther t rans format ions . The TTT diagram of t he 
s t e e l has been determined using the Theta 
d i l a tomete r . 

t e s t had lower f rac ture toughness values . The 
probable reason for t h i s i s tha t the re ta ined 
; iusteni te i s enriched in carbon and transforms 
(under load) to b r i t t l e mar tens i t e . 

2. For isothermal transformations below the M s: 

a. Increasing the amount of Si increases the 
amount of Ret. y» but the general level of Ret. y 
i s lower with the lower isothermal t ransformation 
temperature than the amount that occurs in the 
mate r ia l transformed above the Ms temperature . 

b . Tne s t rength level increases with the 
decreasing transformation temperature (compared 
t o the 350DC transformed mater ia l ) probably due 
t o the presence of more mar t ens i t i c phase in the 
as-heated t r e a t e d m a t e r i a l . 

1. G, Thomas, Iron and Stee l I n t e r n . 46_, 451 
(1975). 
2 . S. K. Das and G. Thomas, Trans. ASM 62_, 659 
(1969). 
3 . R. W. K. Honeycombe, J . J . I i a n i , and 
H. J . Harding, High-Strength f iacer ia ls (John Wiley 
5 Sons, NY, 1965). 
4 . B. V. Narasiinha Rao, Inves t iga t ion of Ul t ra -
High Strength Fe/4Cr/0.4C Mar tens i t i c S t ee l s for 
Improved Toughness (M.S. Thes i s ) , LBL-3794, 
June 1975. 

c . The carbon level in the Ret. y i s below 
0,4 wt. pe t . and, upon loading, i t transforms to 
mar tens i te which i s not b r i t t l e . This r e s u l t s in 
increased f rac ture toughness over the mater ia l 
transformed a t 350°C. 

Figure 1, which i s a summary of the mechanical 
p rope r t i e s vs the amount of Si for isothermal 
t ransformations a t 250° (below the M s ) , i s 
r epresen ta t ive of the data obtained in t h i s 
program. Additional work wi l l compare t he behavior 
of the s i l i c o n modified s t e e l s t o t h a t of the 
s tandard AISI 4330 composition. 

8. HEAT TREATABLE ALLOY STEELS CONTAINING RETAINED 
AUSTENITE 

G. Kohn 

The objective of this study was to determine 
the effect of Si additions and variations of 
heat treatment on the amount and stability of 
retained a- -.tenite (Ret. y) in. a heat treatable 
AISI 4330 steel. Previous work 1 has indicated 
that the presence of retained austenite may 
enhance the fracture toughness of low alloy steels. 

Silicon was chosen as a modifying element 
because it has been shown by Heheman2 and Babu 3 

that Si increases the amount of Ret. y in iso-
thermally transformed AISI 4300 type steels. It 
has also been shown that Si-modified AISI 4340, 
that is, 300 M, has improved toughness and better 
mechanical properties than the unmodified steels. 

Isothermal transformations were conducted both 
above the M s temperature (at 350°C) and below it 
(250°C, 200 5C). From the results obtained, the 
following general conclusions can be made: 

1. For isothermal transformations at 350°C: 
a- Increasing the amount of 3i increases the 

amount of retained austenite at room temperature 
following the isothermal treatment. 

b. Increasing the amount of Si results also 
in a lowering of the yield strength. 

c. The specimens in which the retained 
austenite was unstable upon loading in a tensile 
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Fig. 1. AISI 4330 transformed at 250°C tempered 
at 400°C (1 hr). (XBL 762-6447) 

1. G. Y. Lai, W. E. Wood, R. A. Clark, V. F. 
Zackay and E. R. Parker, The Effect of Austenitiz­
ing Temperature on the Amount of Retained 
Austenite in AISI Type 4340 Steel, LBL-2250, 
October 1973. 
2. R. F. Hehemann, Phase Transformation (American 
Society for Metals, Ohio, 1970), p.397. 
3. B. P. Babu, An Investigation of Bainite 
Transformation in Medium Carbon Low Alloy Steels 
(D. Eng. Thesis), LBL-2772, August 1974. 
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9 . 'IIU- FRACTUKi: lOTKRTlfcS OF A CONTINUOUSLY 
cmum G»MKCLU unv ALLOY STEUL IN THICK SKCTION 

R. Horn 

This inves t iga t ion i s aimed at e s t ab l i sh ing the 
r e l a t ionsh ip between micros t ructura l features and 
fracture p rope r t i e s in a slow-cooled, commerci-il, 
s i l i con modified 4340 s t ee l (300 W) • E a r l i e r 
work 1 showed tha t in t h i s s t e e l , slow cool ing 
r a t e s from the a u s t e n i t i z i n g temperature led t o 
s ign i f i can t ancunts of re ta ined aus t en i t e as well 
as increased hardness over s imi l a r ly heat t r e a t e d 
4340. This suggested poss ib le app l ica t ion of 
300 M as an a i r cooled, t h i ck - sec t ion s t e e l . 

The inves t iga t ion simulates t h i ck - sec t ion, 
a i r -cooled mater ia l t o determine the mechanical 
and f rac ture proper ty dependence on micros t ruc tura l 
f ea tu res . Emphasis wi l l be placed on the ro le of 
re ta ined aus t en i t e in f rac ture and at tempts wi l l 
be made t o i s o l a t e the ef fec t of the a u s t e n i t e by 
using heat t rea tments subsequent t o the slow 
cooling process . I n i t i a l work has been d i rec ted in 
four a r eas : (1) cha rac t e r i za t ion of the a i r 
cooling process in s t e e l ; (2) determination of 
the response of the re ta ined aus t en i t e t o load 
and thermal treatment a f t e r cool ing ; (3) 
characterizat ion* of micros t ructures formed; and 
(4) determination of mechanical and f rac ture 
p r o p e r t i e s . 

faimerical computing techniques were used t o 
cha rac te r i ze t he a i r cooling process . Heat 
t r a n s f e r parameters were es tab l i shed by matching 
computer simulated r a t e s with labora tory measured 
r a t e s for two th i ckness . Figure 1 shows these 
r a t e s for one th ickness as they in t e r sec t the 
continuously cooling transformation curve for t h e 
s t ee l of i n t e r e s t e s tab l i shed iii an e a r l i e r s t u d y . 1 

The computer simulation a l so es tab l i shed that the 
edge- to-center temperature gradient in s t e e l i s 
i n s ign i f i can t up t o large th icknesses , leading t o 
a uniform micres t ruc ture throughout. 

COOLING PROFILES FOR' AIR COOLED ZO CM T H A * 300 M 
NUMENCALLT UtO LtMRftTONY DETERMINED 

tCAT TJUrtSFEH CCCFF -OOOQH 
EMiSSIVITr • 0 9 

Fig, 1. Comparison of laboratory-determined and 
computer-simulated r a t e s far a i r cooling 2,0-cm 
thick s l a b . (XBL 763-6603) 

The response of the slow-cooled micros t ructures 
to uniaxial loading was determined. Magnetic 
sa tu ra t ion techniques were used t o monitor the 
transformation of the re ta ined aus t en i t e with 
s t r e s s . Figure 2 shows the c h a r a c t e r i s t i c s t r e s s -
s t r a i n behavior as well as the behavior of the 
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Fig. 2 . S t r e s s - s t r a i n behavior of slow-cooled 
300M (aus ten i t e level shown as a function of 
s t r a i n ) . {XBL 763-6609) 

re ta ined a u s t e n i t e (cooled @ 0.15°C/sec) . 
S igni f ican t transformation occurred in the uniform 
elongat ion region. Response to thermal treatment 
was d i f f e ren t i n t h a t the aus t en i t e remained a t 
e s s e n t i a l l y unchanged l e w i s a f t e r post cooling 
thermal treatments up to 2S°C. Microstructure 
cha rac t e r i za t ion revealed t ha t die aus ten i t e 
morphology was influenced by cooling r a t e . 
However, s i gn i f i can t amounts of i n t e r l a t h aus t en i t e 
were usual ly found. This has been associated with 
good f rac ture p roper t i e s in high s t rength 
m a t e r i a l s . 2 

Future work w i l l be concentrated in the areas 
of fracture property determination and micro-
s t r u c t u r a l cha rac t e r i za t i on . Emphasis w i l l be 
placed i n inves t iga t ing a i r -coo led micros t ructures 
found i n s labs of spec i f i c th ickness . Efforts w i l l 
be made to i s o l a t e the role played by r e t a i l e d 
aus ten i t e i n the mechanical p roper t i e s of these 
s t e e l s . 

1. IMID Annual Report, LBL-353G, p . 163-165, 
April 1975. 
2. G. Y. Lai , W. E. Wood, R. A. Clark, V. F. 
Zackay and E. R, Parker , Met. Trans. S, 1663 
(1974) (LBL-2250). 



10. THE INFLUENCE OF Al AND Al-Si ADDITIONS ON 
THE NECHANICAL PROPERTIES OF LOW ALLOY ULTRA HIGi 
STRENGTH STEEL 

M. S. Bhat 

Low a l loy hea t t r e a t a b l e s t e e l s are used in 
app l i ca t ions where high s t r e s s e s a r e encountered 
in s e n d e e . The f rac ture toughness of these s t e e l s 
i s not as high a s t h a t of t h e more expensive 
maraging s t e e l s . This research on VAR AISI 4540 
low a l loy s t e e l has focused on improving i t s 
f rac ture toughness a t high s t reng th l e v e l s . 

The approach used has been to u t i l i z e the 
e f f e c t of inexpensive a l loy ing add i t ions such as 
Al and Al+Si. 

The N% temperatures were determined using a 
d i la tometer and ranged from 270° t o 320°C. The 
a u s t e n i t i z a t i o n temperatures as determined by 
dilatoraetry and op t i ca l metallography ranged from 
900° to 1100°C. The tempering response of the 
modified s t e e l s was determined as a function of 
hardness and s t r e n g t h . 

The v a r i a t i o n in t he y i e l d and t e n s i l e s t r eng th 
with tempering temperature for t he Al modified 
s t e e l s i s shown in F ig . 1, and for the Al+Si 
modified s t e e l s i n F ig . 2 . Increasing the amounts 

AUSTOfTTZIHG 
STRENGTH STRENGTH TEMP. \ 

V .- IIOO 45404 ? o 

• O 9 1 0 4340 • i r> 
9 0 0 4 i * > < 10 

• o 9 0 0 « 1 4 0 * 0 5 

* o « ' 0 4 J * C 

Fig. 2. Variation in tensile properties 
4340 and 4340 * Al + Si steels. (XBL 

of AISI 
, 761-6112) 

WELD STRENGTH tKSI) 

Fig. 3. Plot of plane strain fracture toughness 
KIc v s yield stiength for some commercial high 
strength steels and for the modified 4540 steels 
used in this investigation. ("XBL 761-6105) 

Fig. 1. Variation in tensile properties (0.2% 
offset yield and ultimate tensile strength) of 
AISI 4340 and 4340 + Al steels. (XBL 761-6113) 

of Al and Al+Si raises both the yield and ultimate 
strengths following tempering. After an initial 
drop in ultimate strength with an increase in 
tempering temperature, a plateau appears; the 
plateau moves to higher temperatures with increas­
ing amounts of Al and Al+Si. The yield strength 
increases to a peak value on tempering and de­
creases with higher tempering temperatures. 

Compact tensi specimens were used to deter­
mine the resistance to crack initiation as a 
measure of fracture toughness. Figure 3 shows 

Njc as a function of yield 
d 260 ksi for the various 

the fracture toughness 
strength between 210 and* 
modified steels. The variations of K T C obtained 
with ultimate strengths ranging from 250 to 290 ksi 
are shown in Fig. 4. Also shown in Figs. 3 and 4 
are the bands for the more expensive 18 NiCoMo 
maraging steels along with those of the unmodified 
AISI 4340 and 300 M steels. On the basis of both 
yield strength and ultimate strength, the bands 
for the steels used in the present investigation 
are located favorably, relative to the AISI 4340 
and 300 M steels. The 18 NiCoMo maraging steel 
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i!4C 260 5 0 0 IZO 3 1 0 

Fig. 4. Plot of K I c vs t e n s i l e s t reng th for some 
commercial high s t reng th s t e e l s and for the modi­
fied 4540 s t e e l s . (XBL 761-6104) 

band l i e s higher than that of the modified s t e e l s 
based on y ie ld s t r eng th . However, based on 
ul t imate s t rength (Fig. 4 ) , the modified s t e e l 
band is comparable t o the 18 NiCoMo maraging s t ee l 
band, espec ia l ly a t higher u l t imate s t r e n g t h s . 

11. THE FI-TECF OF TfMPI-RrN'G ON Tift SFRENGTH AND 
TOUUiNHSS OF A S13U1-S OF Fe-Cr-Si-C AIJUYS 

lidu'ard A. Ivy] ie 

The mechanical p roper t i e s of a s e r i e s of high-
s t rength Fe-Cr-C a l loys with various s i l i c o n 
addi t ions were determined for the as-quenched and 
the tempered condi t ions . Although s i l i c o n additions 
has been shown to improve the s t rength leve ls of 
high-s t rength s t e e l s in the as-quenched condi t ion , 
i t s most important asset has been found to be i t s 
a b i l i t y to delay the p r e c i p i t a t i o n of cementite 
t o higher temperatures during tempering. S i l icon 

I 60 

Fig. 1. 

100 200 300 4 0 0 501 
Tempering temperature °C 

Tensile p roper t ies of Fe-Cr-Si-C a l l o y s . 
(XBL 764-2691) 

does t h i s through i t s ef fec t on carbon a c t i v i t y , i . e , 
carbide p r e c i p i t a t i o n k i n e t i c s , Tnus, the e 
carbide i s s t a b l e t o a higher tempering temperature . 
The tempered mar tens i te embrittlement range i s 
sh i f t ed t o a higher temperature. This phenomenon 
i s shown in Fig. 1 where data on the 1% Si a l l oy 
and the 1.54 Si a l loys a re presented. (The f igures 
in parentheses in F ig . 1 represent t he approximate 
yie ld s t reng th of these a l l o y s . 

ELP STRENGTH (Ki 

Fig. I. Strength and toughness c •mparisons of ex­
perimental and commercial s t e e l s (.'^L 761-6392) 

The s t reng th to toughness r a t i o s (200 k s i y i e l d 
s t reng th t o 100 k s i ^ n f racture toughness] of these 
a l l o y s allows them t o be clas? fied near the high 
s t rength-high toughness band the 18Ni raaraging 
s t e e l s (a l loy content approx a te ly 30%) even 
though they are much leaner . loys ( a l loy content 
approximately 8%), (see Fig 2) . An i n t e r e s t i n g 
fea ture of these a l loys i s that they contain 
n e i t h e r nickel nor molybdenum, bath of which are 
expensive and are almost i . .variably found in 
u l t r a high s t reng th s t e e l s . 

12. EFFECTS OF S1LKT ON STRUCTURES AND PROPERTIES 
OF AISI 4320 Lav ALLP' STEEL 

Jai-Song Huang 

The e f f ec t s of 2 r s i l i c o n addi t ion on the 
s t ruc tu re s and proper t ies of AISI 4320 s t e e l were 
s tudied to determi te to what extent the s t rength 
and toughness of lower carbon, weldable, low 
a l l o y s t e e l couli be increased . In quenched and 
tempered mar tens . t e , the s i l i c o n addi t ion 
increases the temperature range in which e carbide 
e x i s t s , delays the cementite p r e c i p i t a t i o n and 
r a i s e s the re ta ined aus t en i t e decomposition to 
higher temperature. The s i l i con addi t ion 
increases thr y i e ld and ul t imate t e n s i l e s t r eng th , 
but de t e r i o r a t e s the Charpy impact toughness except 
in the tempt ring range 200 - 300°C. This i s mainly 
due to the occurrence of more in t e rna l twinning 
s t r uc tu r e and more coarse or continuous carbide 
films p r e c i p i t a t i n g along the martensi te la th 
boundaries . Tempered martensi te embrittlement i s 
r a i sed from about 20C - 300°C to about 350 - 500°C. 
Different embrittlement mechanisms are proposed 
for normal s i l i c o n and high s i l i c o n s t e e l s . 
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13 . INVESTIGATION OF E521C0 STEEL FOR tfcffifBD 
TOUGHNESS 

R. Kar 

C o w t r c i a l gn.de ES2100 s t e e l i s a wel l known 
a l loy i n t h e b a l l bear ing indus t ry . This high 
carbon s t e e l ( I t CJ i s charac te r ized by a high 
hardness i n t he tempered w a r t e n s i t i c cond i t ion . 

An inves t i ga t ed was i n i t i a t e d t o det?mdne 
whether t he toughn s s o f E52100 could be iaqiroved 
by use of techniques t h a t had n e t with a reason­
able measure of success i n s t e e l s of lower carbon 
c o n t e n t . 1 » 2 

Coanercial usage of E52100 involves i n i t i a l 
a u s t e n i t i z a t i o n a t tetrperatures about 870-900°C 
r e s u l t i n g in incomplete d i s so lu t i on of e x i s t i n g 
c a r b i d e s . I t i s we l l known t h a t a nixed micro-
s t r u c t u r e c o n s i s t i n g e f undissolved carbides i s 
d e l e t e r i o u s t o toughness» p a r t i c u l a r l y i f t he 
carbide i s p resen t as a network a t t he o r i g i n a l 
a u s t e n i t e gra in boundary. For improved f rac ture 

1 toughness, i t i s t h e r e f o r e , necessary t h a t a l l 
carb ides go i n t o so lu t i on during a u s t e n i t i z a t i o n . 
Moreover, t o decrease t he tendency towards micro-
cracking , g ra in refinement techniques a re 
necessary . 

S i l i c o n add i t ion to s t e e l s such as 4340 has 
shown increased r e s i s t ance to sof tening during 
tempering of m a r t e n s i t e , 3 and to extend the 
temperature range in which e carbide p r e c i p i t a t e s . 
I t i s a l s o known t o retard t he 500°F embrit t lement 
of tempered m a r t e n s i t e . 4 

I t was decided t o use these techniques t o 
i n v e s t i g a t e whether t h e i r s y n e r g i s t i c e f f e c t would 
improve the toughness in low temperature tempered 
mar tens i te i n E52100 s t e e l . A study i s a l s o being 
made of t he p r o p e r t i e s of lower b a i n i t i c s t r u c t u r e s 
obta ined by isothermal holding in t he b a i n i t i c 
temperature ranges of E52100 and i t s s i l i c o n 
v a r i a n t s ; these p r o p e r t i e s o f lower b a i n i t i c 
s t r u c t u r e s can then be compared with those of 
tempered m a r t e n s i t e , s ince martensi te in t h i s 
system i s predominantly twinned. Relevant 
sec t ions of t he T-T-T diagrams of E52100 and i t s 
s i l i c o n modif ica t ions , have been determined. 

1. V. F. Zackay and E. R. Parker, LBL-2782, 
Lawrence Berkeley Laboratory, Berkeley, Cal i fornia 
(1974). 
2 . B. V. Narasimha Rao, Inves t iga t ion of Ul t ra -
High Strength Fe/4Cr/0.4C Mar tens i t i c S t e e l s for 
Improved Toughness (M.S. Thes i s ) , LBL-3794, 
June 1975. 
3 . C. J. A i s t e t t e i , M. Cohen and C, L. Averbach, 
Trans. ASM 55, 287 (1962). 
4 . G. R. Speich, W. C. L e s l i e , Met. Trans. 3_, 
1043 (1972). 

14. THE INFLUENCE OF MICROSTRUCTURE, MEAN STRESS 
AND ENVIRONMENT ON FATIGUE CRACK PROPAGATION AND 
THRESHOLD BEHAVIOR IN HIGH STRENGTH STEELS 

R. 0 . Ri tchie 

A program of research i s being conducted t o 
examine the growth of fa t igue cracks in AISI 4340 
and coranercial Si-modified 4340 (300-M) s t e e l s 
in various environments; namely, laboratory a i r , 
water , and vacuum. The pro jec t w i l l concent ra te 
on fa t igue crack propagation a t very low s t r e s s 
i n t e n s i t i e s near the th reshold s t r e s s i n t e n s i t y 
(below which cracks a r e not observed t o p ropaga te ) , 
wkfcre t he growth r a t e s a re of the order of 
10*^ «3i/cyrle and l e s s . The research w i l l examine 
how environment (p r inc ipa l ly the influence of water 
vapor) influences very low growth r a t e s and values 
of the threshold s t r e s s i n t e n s i t y . The influence 
of mater ia l composition and micros t ruc ture ( e . g . , 
the e f fec t of r e t a ined aus t en i t e in t he as-quenched 
and quenched and tempered condi t ions) w i l l a l s o 
be s p e c i f i c a l l y examined. Since mater ia l in 
serv ice invar iab ly contain res idual s t r e s s e s which 
can superimpose a s t a t i c mean s t r e s s component 
on t h e appl ied a l t e r n a t i n g stres.-*, the e f fec t of 
mean s t r e s s (or maximum s t r e s s i n t ens i t y Kn^) is 
a l so being considered. 

Tests are being conducted on f racture toughness-
type CIS specimens, t r e a t e d under load control a t 
a frequency of 5-^i) Hz (s ine wave) in an e l e c t r o -
servo-hydraul ic NrrS t e s t i n g machine. Growth 
r a t e s a re monitored using an e l e c t r i c a l potent id 1 
sys tem, 1 where the p o t e n t i a l di f ference generated 
across the t e s t - p i e c e notch face is monitored when 
a s t a b i l i z e d dc current i s passed through the 
t e s t - p i e c e . Using t h i s technique, changes in 
crack length can be measured t o within 0.01 imi. 

To da l e , t e s t s have be^n completed on th ree 
mic ros t ruc tu res , t e s t ed in labora tory a i r with 
con t ro l l ed humidity at two mean s t r e s s e s , namely 
s t r e s s r a t i o s U = V.in> an^ *-max ~ G^-* ^ ^ 0.70. 
The heat t reatments used and the r e s u l t i n g 
mechanical p rope r t i e s a re shown in Table 1-

The values of the threshold s t r e s s i n t e n s i t i e s , 
below which no crack propagation i s observed t o 
occur, a re shown in Table 2 for t e s t s conducted 
at 50 Hz in labora tory a i r a t a temperature of 
23°C and r e l a t i v e humidity of 45?. The crack 
propagation data for these hea t - t r ea tmen t s , in 
terms of the crack growth increment per cycle 
(da/dN) vs the a l t e r n a t i n g s t r e s s i n t e n s i t y (AK), 
a re shown in Fig. 1. I t can be seen from these 
data t h a t , for the intermediate range of growth 
r a t e s ( t y p i c a l l y 1 0 " 5 - 1 0 " 3 mm/cycle), the crack 
propagation r a t e i s l a rge ly i n sens i t i ve t o 
m a t e r i a l , heat t reatment and mean s t r e s s . At 
higher growth r a t e s , approaching the s t r e s s 
i n t e n s i t y a t f a i l u r e ( K j c ) , the growth r a t e s are 
markedly mean-stress s e n s i t i v e and propagation 
r a t e s in 300-M exceed those in 4340. The l a t t e r 
r e s u l t s are consis tent with the au tho r ' s previous 
s t u d i e s . 2 
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Table 1. Mechanical p roper t i e s of s t e e l s t e s t e d . 

Material Austeni t iz ing 'lettering 0.2% Proof UTS Reduction Elong. 
Tenp. (°C) Tenji. S t ress (MPs) in Area («) 

Oil Quenchec: (°C) (MJ'a) (1) 
"Ic 

(MPavffi) 

4340 

300-M 

300-M 

870 

870 

870 

300 

300 

470 

1497.2 

1737.2 

1496.6 

17S4.5 

2006.2 

1682.8 

54.3 

48.4 

50.0 

13.2 

11.9 

12.1 

02.7 

65.1 

68.9 

FATIGUE CRACK PROPAGATION IN 4340 AND ZOO-M 
ALLOY STEELS 

Austenitized at 870"C, oil quenched and tempered. 
Longitudinal ( L - T ) orientation 
Tested ot 5 - 5 0 Hz (sine w..-v.'iinair ot 23°C 
ond relative humidity 45% ut 0 

Steel Temper C (MPo/m) 

*R=ODS 
•t 

^ I 0 " e t> 

* i 
is)-"Threshold stress intensity, flK0 

2 4 6 8 10 20 40 60 80 DO 
A L T E R N * r : . \ G STPESS INTENSITY, A K ( M P a / r n ) 

I : ig. i. Variation of fat igue crack growth r a t e (da/dM) with a l t e r ­
nat ing s t r e s s i n t ens i ty (£K) for a l loy s t e e l s 4340 and 300-M, t e s t ed 
a t s t r e s s r a t i o s R*n.05 and 0.70. (XBL 762-6388) 

,\l low growth r a t e s (̂  10"" mm/cycle), approach­
ing the threshold s t r e s s i n t e n s i t y , propagation 
r a t e s again become sens i t i ve to m a t e r i a l , heat -
t rea tment , and mean s t r e s s . I'or the 300°C tempered 
condi t ion , propagation r a t e s a re f a s t e r in 300-M 
than in 4340, but when 300-M i s tempered t o higher 
temperature (470°C), a marked reduction in growth 
r a t e can be observed. In a l l c a se s , growtn at 
these low s t r e s s i n t e n s i t i e s i s markedly ircan-
s t r e s s s e n s i t i v e . As t he s t r e s s r a t i o i s 
increased from 0.05 t o 0.70, increased propagation 
r a t e s are always observed. 

I t i s proposed to extend these studied t o water 
and vacuum environments to determine the r e l a t i v e 
cont r ibu t ions t o the growth r a t e from corrosion 
and mechanical fat igue cracking, with the u l t imate 
aim of developing a model for the fa t igue crack 
propagation mechanisms at low s t r e s s i n t e n s i t i e s . 

1. R. 0. R i t d i i e , e t a l . , In t . J . Fracture 
Mechanics 7, 462 (1971). 
2 . R. 0. R i t ch i e , J . F. Knott, Acta Met. 2^, 639 
(1973). 
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Table 2 . Values of the maximum and a l t e r n a t i n g threshold s t r e s s i n t ens i -
t i e s » 1 W x 0

 a n d K o > 3 t s t r e s s r a t i o s of R = 0.0S and 0.70. 

Mater ial Aus ten i t iz ing Terirering S t r e s s Ra t io , R AK K , „ 
Ten*. Temp. O C ^ / f C . J ° 

(Oil Quench) (°C) ™ " ^ (MPaSm) (tPaM 
CO 

4340 870 300 0.")5 3.8 4.0 
0.70 2.4 8.2 

300-M 870 300 0.05 3.8 3.2 
0.70 2.3 7.7 

300-M 870 470 0.05 5.1 5.4 
0.70 2.5 8.3 

15. STRESS CORROSION CRACKING BEHAVIOR OF HIGH 
STRENGTH STEELS IN A WATER ENVIRONMENT 

Mario H. Castro-Cedeno and R. 0 . Ri tch ie 

A major l i m i t a t i o n of mater ia l s in current usage 
i s t h e i r mechanical behavior in the presence of an 
environment. Of p a r t i c u l a r importance i s the 
phenomenon of s t r e s s corrosion cracking caused by 
the simultaneous ac t ion of an apol ied s t r e s s and 
an a c t i v e environment. Commercial high s t reng th 
s t e e l s , for example, can f a i l in water a t s t r e s s e s 
1/3-1/4 of t h e i r f a i l u r e s t r e s s in a i r . The pur­
pose of t h i s p ro jec t i s t o examine the s t r e s s 
cor ros ion cracking behavior in d i s t i l l e d water of 
4340 a l l o y s t e e l , and compare t h i s behavior with 
t ha t of a commercial Si-modified 4340, 300-M. 
Previous r e s u l t s * have suggested t ha t the addi t ion 
cf s i l i c o n t o such high s t reng th s t e e l s can 
markedly improve the s t r e s s corros ion cracking 
r e s i s t a n c e by causing a reduction in s t r e s s 
corrosion crack propagation r a t e s . I t i s planned 
t o examine t h e inf luence of micros t ruc ture on the 
s t a t i c growth r a t e s in water , and compare these 
data with those obtained under cyc l i c condi t ions 
( i . e . , fa t igue crack growth) for t he sane 
mate r i a l s and hea t - t rea tment5 . (See sect ion on 
Slow Fatigue Crack Growth by Ri tch ie in t h i s 
volume.) 

S t ress corros ion crack growth r a t e s are de te r ­
mined using fa t igue-precracked, C.T.S. t e s t - p i e c e s 
s t ressed in d i s t i l l e d water under dead load con­
d i t i o n s on c a n t i l e v e r bend r i g s ; the times t o 
f a i l u r e for p a r t i c u l a r i n i t i a l s t r e s s i n t e n s i t i e s 
Kji a re measured. Monitoring of crack length to 
determine propagation r a t e s i s achieved using 
displacement gages mounted on the notch face. 

ru d a t e , two s t r u c t u r e s have been t e s t e d , 
namely 300-M, (aus ten i t i zed a t 870°C, o i l quenUied) 
tempered a t 300°C and 470°C. Plots of i n i t i a l 
s t r e s s i n t e n s i t y , Kji vs time t o f a i l u r e for both 
quenched and tempered condit ions a re shown in 
Fig. 1. From these p l o t s , the s t r e s s i n t e n s i t y 
below which no s t r e s s corrosion cracking occurs , 

i p - K | ? U * M t o / H 
< X,— 65 I STRESS COWHQSiQW -'RACING Of 300-M ALIP' SIEEL 

• . , , , | i " 
2 A 6 b iO 1.0 40 SO 80 DO 

TIME TO fAILuRE (ftouii) 

Fig. 1. P lo ts of time t o f a i l u r e versus i n i t i a l 
s t r e s s i n t e n s i t y (Ki) for t he s t r e s s corrosion 
cracking in water of 300-M s t e e l , tempered a t 
300°C and 470°C. (XBL 762-6386) 

KJSCC» c s n b e determined. I t can be seen t ha t 
tempering .it the higher temperature (470°C) f 

al thojgh improving the fa t igue crack growth 
r e s i s t ance a t low s t r e s s i n t e n s i t i e s in a i r (see 
sec t ion by Ri tchie in t h i s volume), only marginally 
improves the value of Kjscfj. 

Further t e s t i n g w i l l incorporate 4340 s t e e l 
and xsothermally transformed 300-M examine the 
influence of r e t a ined aus t en i t e on t he growth of 
s t r e s s corrosion c racks . Further , t e s t i n g with 
applied anodic/cathodic po l a r i za t i on p o t e n t i a l s 
tfill be conducted toge ther with extensive f rac to -
graphic examination, with the sim or deducing a 
model for s t r e s s corrosion cracking in these 
ma te r i a l s . 

1. C. S. Carter» Proc. ASM/WESTEC Conf., Los 
Angeles, Ca l i f . , March 1969. 
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16. THE FRACTURE TOUGflNESS OF HIG1 STRENGTH 
Fe-Ni-Ti ALLOYS 

Benjamin Francis 

The fracture toughness of a series of Fe-Ni-Ti 
alloys was investigated to determine the thermal 
treatments that would preclude the precence of 
embrittling grain bowidary precipitates in this 
low alloy family of maraging steels. The yield 
strengths of these alloys were in the range of 
180-200 ksi. The iron alloys investigated were 
12Ni-lTi, 12Ni-2Ti, 16Ni-]Ti, 16Ni-1.5Ti, and 
20Ni-1.5Ti. For the 16Ni alloys which had the 
best properties, it was found that excellent 
fracture toughness (Kjc > 110 MPairin) could be 
obtained if the age hardening temperature 
(550-600°C) was higher than that normally used 
for maraging steels (450-480°C) (see Table 1). 
If aging temperatures in the range of 450-500°C 
were used, severe grain boundary precipe •'•.ion 
occurred and the alloys were b r i t t l e . 5o"B 
evidence is presented which suggests that, at the 
higher aging temperatures, austenite forms very 
rapidly at the grain boundaries and greatly reduces 
the amount of boundary precipitate, thereby 
increasing the fracture toughness. 

Table 1. Fracture for various aging temperatures. 

R c K l f. CVN 
Allov (wt %) Aging Hardness fksiifin> (ft-lb) 

Temp, fy 200 ksi) !73°C) (23°C) 

Fe-16Ni-1.5Ti 600°C 43 -114 27 
550°C 43 50 14 
450°C 43 - 3 

17. EVALUATION OF TOUGHNESS IN AISI 4340 ALLOY 
STEEL AUSTENITIZED AT LOW AND HIGH TEMPERATURE* 

R. 0. Ritchie and B. Francis 
Recent research* into the influence of 

austenitizing treatment on the mechanical proper­
ties of as-quenched A1SI 4340 steel has shown that, 
compared to conventional austenitizing at 870°C, 
increasing the austenitizing temperature to 1200DC 
can raise the plane strain fracture toughness, 
Klc» k>' a factor of 2 without reduction in >ield 
stress. However, concurrent with this improvement 
in K j c , there is an unexplained and perplexing 
reduction in Charpy impact energy. It was the 
purpose of this research^ to offer an explanation 
of these contradictor)* toughness results reported 
TOT 4340 and other alloys, in the light of the 
basic differences between Ki c and Charpy testing. 

uniaxial tensile, Charpy irrpact, fracture 
toughness (KT C) and dynamic fracture toughness 
(XT^) tests were carrier' out on two heat-treated 
structures of 4340. namely (1) austenitized at 

870°C and oil quenched (hereafter reterred to as 
the 870°C structure) and (2) austenitized at 
1200°C, held at 870°C and oil quenched (1200-
870T structure). The results obtained (Table 1) 
indicated that (a) the yield stress was unaffected 
by austenitizing treatment, (b) the 1200°C 
structure showed greater fracture toughness (Kjc) 
and dynanic fracture toughness (Kjd); and (c) the 
870°C si mcture showed greater Charpy impact 
energy, .Lthough the difference was small. 

In the light of these data, and by examination 
of the fracture surfaces, it was concluded that 
the contradictory toughness results were 
independent of shear lip energy differences and 
independent of the marked difference in strain 
rate imposed by K j c and Charpy impact tests. The 
effect was attributed to the difference in notch 
root radius (p) of the stress concentrator intro­
duced into the test-pieces: Charpy test-pieces 
contain a V-notch (p - 0.25 Tim) whereas K T C test-
pieces contain a fatigue precrack (p -*• 0). 

To determine how measured toughness varies 
with notch root radius for each austenitizing 
treatment, a series of notch-bend test-pieces was 
prepared with notch root radius ranging from a 
fatigue precrack to a 0.58 mm radius V-notch. The 
specimens were broken at room temperature in an 
instrumented Charpy machine, and the impact energy 
and "apparent" fracture toughness, KA, measured in 
each case. In Fig. 1, the "apparent" fracture 
toughness, K^, is plotted against the square root 
of the notch radius, p*'2, for both microstructure. 
It can be seen that for small root radii 
(p < 0.05 mm) the toughness of the 1200-870°C 
structure exceeds that of the 870°C structure, 
whereas, at larger radii (p > 0.05 mm), the 
reverse is the case. Thus, it can be seen that, 
in fracture toughness tests, where p -*• 0, the 
1200-870°C structure will have the higher Ki c 

value; but for Charpy tests, wheie p = 0.25 mm, 
the 870°C structure will fail at the larger KA 
value, and thus show the larger impact energy. 

An explanation for this behavior was deduced 
from the theory, developed by Tetelman and co­
workers,-5*'* to account for the influence of notch 
root radius on toughness. They prcposed that, 
for constant stress controlled fracture, the 
fracture toughness was given by 

K I c(or K I c ) - 2.9 o y[exp(oyo y - 1) - 1 ] 1 / 2
 P { ;

1 / 2 

where oy is the yield stress, op the critical 
fracture stress, and p 0 the "effective" root 
radius; the root radius is related to the control­
ling microstructural feature (i.e., grain size, 
inclusion spacing, etc.). 

In the present results (Fig. 1) the values of 
p 0 for each microstructure were of the order of 
the prior austenite grain size. It was concluded 
that the structure obtained after austenitizing 
at 1200°C would show superior toughness for 
failure ahead of sharp cracks (i.e., in K I c and 
Kjd) tests due to its larger effective root radius 
for fracture. This was tentatively associated 
with the larger prior austenite grain size. The 
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Notch Root Rodwi . p-fitn 
10 2 5 HJO 2 0 0 4 0 0 6 0 0 lOOO 1200 
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Notch Roo! Rodw» p - inches 

Fig. 1. The relationship between toughness, 
measured by the apparent dynamic fracture tough­
ness (K/0 from instrumented Charpy tests, and 
notch root radius (p) in oil quenched AISI 4340, 
for the 1200-870°C and 870°C structures. p 0 is the "limiting" root radius, Kj^ the dynamic fracture 
toughness. tXBL 758-6995) 

structure obtained after conventional austenitizing 
at 870°C: however, would show superior toughness for fracture ahead of rounde.i notches [i.e., in 
Charpy impact tests) due to its larger critical 
fracture stress for failure. This was associated 
w?th impurity element segregation to dustenite 
grain boundaries during the high austenitizing 
treatment. A schematic representation of these 
fracture events is shown in Fig. 2; a more com­
plete explanation can be found in Ref. 2. 

Finally, it is suggested from this work that 
evaluation of material toughness for alloy design 
purposes should not be based solely on Ki c or Charpy impact energy values alone; an assessment 
from both sharp crack fracture toughness and 
rounded notch impact energy testing is required. 

Abstracted from LBL-4125, September 1975 
1. G. Y. Lai et al.. Met. Trans. 5, 1663 (1974). 
2 . R. 0. Ritchie et al., LBL-4125, (submitted to 
Met Trans.), Sept. 1975. 
3. T. R. Wilshaw et al., Eng. Frac. Mech. 1_, 191 
(1968). 
4. J. Malkin and A. S. Tetelman, ibid, 3, 151 
(1971). 
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(<f> 1200-870 C Structure 

Fig. 2. Schematic representation of the distribu­
tion of tensile stress (oyv) at distance (r) ahead 
of stress concentrator at Failure for (a) R70°C 
structure with sharp crack (p < p 0 ) t (b) 1200-870°C 
with sharp crack, (c) 870°C structure with rounded 
notch (p > p 0 ) , (d) 1200-870°C structure with 
rounded notch. Critical fracture event occurs 
when Oyy > op over characteristic distance (£) 
ahead of sharp crack, or when Oyy* > up at the 
plastic-elastic interface ( r c >> I) aheaT~of 
rounded notch. Toughness of 1200-870°C structure 
is greater ahead of sharp crack because characteris­
t ic distance (£) is larger; toughness of 870°C 
structure is greater ahead of rounded notch because 
fracture stress (o F) is larger. (XBL 758-6996) 
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Table 1. Ambient temperature longitudial toughness properties for alloy 
AIS1 4340 in the oil quenched condition. 

Austen i t i z ing 
Charpy V-flotch 
Impact Energy 

f t - l b .J 

Plane Stra in . 
Toughness 

Fracture 
• K l c 

Dynamic 
Toughne 

ksi /in" 

Fr; 
'SS 

acture 
• K I d 

Temperature, 
X 

Charpy V-flotch 
Impact Energy 

f t - l b .J ksi^In MPa/K 

Dynamic 
Toughne 

ksi /in" 

Fr; 
'SS 

MPa«€ 

1200-870 5.4 7.32 63.8 70.1 54.2 59.6 
6.0 8.13 66.6 73.2 48.8 53.7 
S.O 
2.0 
6.0 

6.78 
2.71 
8.13 

61.2 67.2 

870 7.5 10.20 31.1 34.2 36.5 40.3 
6.1 8.27 39.0 42.9 30.0 33.0 
7.5 10.20 32.3 35.5 33.3 36.6 

18. HKJI TEMPERATURE EROSIOX-CORROSION PROGRAM 

A. Levy, I). Kleist, and D. McFadden 

A potentially severe environment for metals and 
ceramics exists in several of the coal energy 
conversion systems that are currently under 
development. The coal gasification system and the 
direct coal fired turbine power plant both subject 
materials to high temperature erosion-corrosion 
by solid particle impingement in the presence of 
a highly reactive carrier gas with combined 
oxidation, sulfidaticn, carburization, and 
nitridation potential. The design of new materials 
that will be resistant to these environments for 
long service lives and that will ut i l ize low 
amounts of c r i t ica l , high cost alloying elements 
can best be ixidertaken when the mechanisms of 
degradation are well understood. 

The separate determinations of erosion behavior 
and corrosion behavior of metals tested under 
conditions that simulate the applicable portions 
of the total environment in a coal gasification 
gasifier unit are now underlay. Combined erosion-
corrosion investigations will be integrated into 
the program upon the completion and checkout of a 
high temperature test device that will accurately 
simulate the particle flow an* gas composition of 
a coal gasifier. 

The ini t ial work on erosion has been done using 
a room temperature limited blast tester. The 
identification of multiple mechanisms of erosion 
of commercially pure aluminum alloy impacted at 
room temperature by angular silicon carbide 
particles holds promise of markedly increasing 
the accuracy of erosion rate prediction. Equations 
in the literature are based on one or two 
mechanisms.1"3 Six separate mechanisms can be 
defined analytically and the determination of the 
relative amount of each that can occur during an 
erosion exposure will be used to develop an 

integrated rate equation. Figure 1 shows SEM 
photographs of six active mechanisms of erosion. 

MfCHANiSMS OF EROSION 

Fig. 1. Erosion craters. (XBB 761-582) 

The conditions under which the impinging 
particles strike the surface of the material have 
a direct relationship ti the amount of erosion 
that occurs. Figure 2 ^hows how the angle of 
erosion, a, affects the loss rate of material and 
what the prevelant mechaiism is for several 
specific angles varies w-th impingement conditions. 

In one-dimensional entrained particle, gas flow, 
a computer program has bean developed that can 
predict particle velociti *s considering several 
active variables. Figure 3 shows how the cal­
culated and experimental iarticle velocities vary 
with AP across the nozzle. 
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Fig. 2. Erosion rate vs. impingement angle. 
fXBB 761-589) 

Fig. 3. Particle velocities. (BBC 751-<):<>! 

Figure 4 shows the high temperature erosion-
corrosion test device. It is capable of directing 
high temperature solid particles entrained in gas 
mixtures that simulate exactly the c positions 
and flow rates that occur in coal gasifiers and 
coal-fired turbine power plants at target materials. 
Velocities to -1,000 ft/sec, temperatures to 
1000°F, and solids loadings up to 30 lb/100 acf 
can be maintained in certain combinations for time 

periods up to 10 hr duration between particle 
hopper reloadings. 

1. J. H. Neilson and A. Gilchrist, Erosion by a 
Stream of Solid Particles, Wear 1}_, 111 (1968). 
2. X. Finn.ie, Some Observations on the Erosion of 
Ductile Metals, Wear 19, 81 (1972). 
3. G. P. Tilly, A Two "Stage Mechanism of Ductile 
Erosion, Wear 23, 87 (1973). 



Tig. 4. Erosion-corrosion test device. (XBL 761-241) 

19. RESEARCH PLANS FOR CALENDAR YEAR 1976 
Victor F. Zackay and Earl R. Parker 

We consider the long range studies of our group 
to be the building blocks of future alloys. These 
studies, which will be continued in the coming 
year, are concerned with: (1) the quantum 
mechanical efforts to describe quantitatively 
physical properties in t^rms of primary particles 
and energies; (2) the 'Inetic studies which are 
aimed at the elucidatio. uf the interactive roles 
of alloying elements in t -e isothermal decomposi­

tion of the austenite of complex systems; (3) the 
fundamental and applied aspects of erosion and 
corrosion; and (4) the roles of stress, environ­
ment j, and micros tructure on the behavior of ferrous 
alloys. 

The structure-property investigations of speci­
fic alloy systems will either be concluded at the 
appropriate time within the coming year, or, in 
some cases, continued with specific energy-related 
applirations in mind. Several of the more 
promising technological applications of these 
systems are described below. 
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The ferritic alloys (based o n intermetallic 
compound dispersoids) have been suggested for 
potential uses in: (1) cladding for breeder 
reactor fuel rods, (2) turbine blades for the 
tenperature range of 550-650°C, (3) superheater 
t'/bes for boilers, and (4) components for coal 
gasification plants. 

It has been suggested that the austenitic alloys 
based on the Fe-Mn system may be useful in energy' 
absorbing devices; therefore, a research program 
involving both composition variation and thermo-
mechanical processing will be initiated. Purpose 
of the program will be to optimize the mechanical 
pijperties of these alloys for their potential 
use in such devices. 

Because of their hardness and toughness, the 
quenched and tempered, or alternatively, the iso-
thermally transformed Si and Al alloys, may be 
used in tool bits for mining and tunnel boring 
equipment. 

It is our hope that with the assistance of 
BRDA staff and the active support of energy-related 
industries that some of these alloys will 
eventually assume a useful place in. technology. 

20. 1975 PUBLICATIONS AND REPORTS 

Victor F. Zackay. Earl R. Parker, and Associates 
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Austenite in 300M S t e e l , LBL-4513, Nov. 1975. 

13. Stabinder Singh, Creep Rupture P roper t i e s of 
Laves Phase Strengthened Fe-Ta-Cr-lV and Fe-Ta-Cr-
W-Mo Al loys , (M-S. Thesis) LBL-4S04, Lee. 1975. 

14. Jai-Song Huang, Effects of Si l icon or. S t ruc­
t u r e s and Proper t ies of AISI 4320 Low Alloy S t e e l s , 
(M.S. Thesis) LBL-4500, Dec. 1975. 

15. Ana Maria Llopis , Effect of Alloying Elements 
in Stee ls on the Ki re t i c s of the Austeni te t o 
Baini te Transformation, (M.S. Thesis) LBL-4555, 
Dec. 1975. 



t. Relations Between Dislocations, Point 
Defects, and Properties of Metals 
Jack Washbuzm, Principal Investigator 

1. PREFERENTIAL CAPTURE OF INTERSTITIAL ATOMS BY 
DISLOCATIONS* 
Thomas H. Kosel 

The climb of dislocations due to preferential 
capture of interstitial atoms, which are produced 
in equal numbers with vacant lattice sites by the 
electron beam of a 650 kV electrun microscope, 
has been studied in three Copper-Aluminum alloys 
of different stacking fault energy. It was found 
that dislocation segments remain on {111) planes 
during climb. The climb rate is a f'inction of 
damage rate, temperature, stacking fault energy 
and distance of the dislocation from a foil 
surface but to a first approximation does not 
seem to depend on whether the dislocation is in 
nearly pure edge orientation or near pure screw 
orientation. The results suggest that under 
the conditions of these experiments climb rate 
is sometimes influenced by the rate of jog 
nucleation rather than being dependent only on 
the rate at which point defects migrate to the 
dislocation. 

This work has been partially supported by a 
grant from the General Electric Foundation. 

2. STRUCTURE OF JOGS AND SMALL DISLOCATION LOOPS 
IN LCHV STACKING FAULT ENERGY ALLOYS 
Thomas Kosel 

The shapes of small a/2 (110) loops and their 
orientation on the glide cyclinder have been 
calculated as a function of stress using a 
computer program that takes into account all the 
interaction energy terms for a finite number of 
short straight dislocation segments. The zero 
stress equilibrium orientation of the loop was 
found to be the pure edge position regardless of 
loop size. However small stresses can rotate a 
loop up to about 20° away from pure edge because 
the work necessary to rotate away from pure edge 
orientation on either the major or the minor axis 
only rises rapidly for angles greater than 20°. 

3. THE MECHANISM OF JOG NUCLEATION ON WIDELY 
SPLIT DISLOCATIONS 
Krishna Seshan and Thomas H. Kosel 

Some preliminary calculations have been made 
based on Grilhe's* model for climb of split 
dislocations. Figure 1 shows three steps by which 
it is assumed a double jog is nucleated: first 
a cluster of interstitials forms in the region 
of hydrostatic tension below one of the partials, 
it is assumed to grow as a perfect 1/2 (110) loop 

Fig. 1. Schematic model for jog nuclcation on 
extended dislocations. (XBL 761-6302) 

which lowers its energy by splitting on the two 
{111) planes that enclose its glide cylinder. 
At critical sizes and shapes the jog pair is fonned 
by glide. 

The effect of stacking fault energy, shape of 
the initial cluster, and of the angles between the 
burgers vectors of the partial dislocations and 
the directions of the lines is being studied using 
the same computer program as in report 2 above. 

4. ON TIE DISSOCIATION OF INTERSTITIAL FRANK LOOPS 

Krishna Seshan 
Our investigation of ion-implanted silicon '" 

showed that most of the defects were hexagonal 
interstitial Frank loops. No triangular or 
tetrahedral defects were seen. Furthermore, in 
extensive studies of radiation damage in metals, 
interstitial tetrahedra have never been reported. 

This should be explainable on the hasis of the 
dislocation dissociation processes and the self 
energy of these defects (triangular and tetra­
hedra 1) relative to those that are observed. 
Therefore a study of the dissocition and the _ 
self energy of these defects has been started.'1 

It has been found that interstitial Frank loops 
should dissociate to form obtuse angled, intrinsic 
faults. It appears to be easier to nucleate a 
simple shear (intrinsic) fault than a double shear 
extrinsic fault. Such an obtuse configuration 
would inhibit the formation of extrinsic or 
interstitial tetrahedra. 

Calculations of the energy of these defects 
have been made using a program that computes the 
energy of interaction of straight dislocation 
segments. The sigificant results so for are: 

(a) The configuration with obtuse splitting has 
a higher energy than the acute if Yext = Yint Y = 

(stocking fault energy). 
(b) The mode of splitting of the hexagonal 

extrinsic Frank loop should depend on the ratio 
Vext^int- F o T "Urt < °- 8 Vext obtuse splitting 
becomes favored. 



It appears th.it the absence of tetrahedral 
defects can be satisfactorily explained on the 
basis of the above. The regions of stability of 
triangular and hexagonal defects are being 
investigated and the computation is being extended 
to other defects like the truncated tetrahedron, 
etc. 

(We thank Drs. J. Grilhes and R. J. Giaboriaud for 
use of their programme.) 
1. K. Seshan and J. Washburn, Phys. Stat. Sol. 
26, 545 (1974). 
Z. K. Seshan and J . Washburn, Rad. Effects 26 ,̂ 
1-2, 31 (1975). 
5. K. Seshan, J . G i r i l h e , and J . Washburn, Some 
Considerations in the S p l i t t i n g of Frank Loops, 
Conf. on Fundamental Aspects of Radiation Damage, 
Cat l inburg, Term., Oct. 1975, 

5. ION IMPLANTATION DAMAGE IN SILICON 

Krishna Seshan 

The charac te r i za t ion of secondary damage 
(damage l e f t behind when the as-implanted damage 
or "primary damage" anneals) has been extended t o 
doses above D c , where a continuous amorphous layer 
i s formed. The defec ts observed a t these doses 
a re not well charac ter ized because they occur in 
very high d e n s i t i e s and have been var iously 
described as "microtwinned," "heavily faul ted" 
with "small c r y s t a l l i t e s , " e t c . 

Electron micrographs in weak beam cont ras t have 
shown tha t t h i s seemingly complex micros t ructure 
i s simply one with a very high dens i ty of s tacking 
f au l t s confined t o a very narrow (3000 A) buried 
region in the c r y s t a l . That t h i s i s so can be 
corroborated by the e lec t ron d i f f rac t ion p a t t e r n s . 

A cha rac te r i za t ion of these s tacking fau l t s i s 
being done from a simple model tha t assumes that 
the c rys t a l regrows from many s l i g h t l y misaligned 
remaining regions of good c r y s t a l . On the bas i s 
of t h i s model i t i s expected t h a t e x t r i n s i c and 
i n t r i r s i c s tacking fau l t s should both be presen t . 

1. K. Seshan and J . Washburn, Some New Results in 
the Character izat ion of Defects in P + Implanted 
S i l i c o n , Radiation Effects 26J.1-2), 31 (1975). 

6. DEVELOPMENT OF HETEROJUNCTION SOLAR CELLS 

Terry Peterson and Barry Chin 

A mixed c r y s t a l ZnyCdi-yS-CuxS s o l a r c e l l has 
been shown t o have important advantages compared 
to the ordinary CdS-CuxS heterojunct ion c e l l , 
The following i s a summary of the r e s u l t s obtained 
so f a r . 

(1) Expected Charac t e r i s t i c s of Mixed Crysta l 
Cells 

A. Increased open-circuit voltage compared to CdS 
cell due to smaller electron affinity of Zn-
containing crystal. 

B. Slight increase in short-circuit current com­
pared to CdS cell because better lat t ice param­
eter matching should yield lower density of 
mis-fit-accommodation dislocations, and hence, 
fewer interfacial recombination sites. 

C. Improved res i s t ance to long-term degradation 
a r i s i n g from diffusion of copper in to the 
n-type layer because of the lower d i f f u s i v i t y 
of copper in the mixed c ry s t a l compared t o tha t 
in CdS. 

I). Improved short-wavelength response of "back-
wal l " c e l l s because of l a rge r band gap of the 
mixed c r y s t a l compared t o CdS. 

1-) Resul ts to Date on Mixed Crystal Cells 

Cha rac t e r i s t i c s A and D above have been d i r e c t l y 
ver i f ied in backwall c e l l s made from a s ing le 
c rys t a l of nominally 25 ! ZnS. These r e s u l t s a re 
reported in d e t a i l in LBL-39SS. Charac te r i s t i c C, 
the improved s t a b i l i t y , i s i n d i r e c t l y evidenced 
by the l a rge r times required to form an opaque 
layer of Cu : tS in the Cu + + so lu t ion . The r e s u l t s of 
s h o r t - c i r c u i t current measurements were inconclu­
sive with regard to the expected increase in 
mixed c r y s t a l c e l l s . 

Another pa r t of t h i s wori- has been the develop­
ment of techniques for co-evaporat ion of Cu and S 
to form CujS f i lms. I t i s expected t h a t a modifica­
t ion of t h i s equipment can be used t o grow 
e p i t a x i a l ZnyCd|-yS on a GaAs s u b s t r a t e . 

7. ON SATURATION OF RADIATION INDUCED SWELLING IN 
316 STAINLESS STEEL 

Arvind Srivastava 

Solution annealed type 316 s t a i n l e s s s t e e l was 
i r r a d i a t e d by 140 keV protons a t 625°C t o study 
i t s swell ing behavior. The minimum and maximum 
fluence of protons a t which samples were i r r a d i a t e d 
were about 2.25 x 1 0 1 9 / c m 2 and 2 x 1 0 2 O / c m 2 , 
r e spec t ive ly . Th^ average dose r a t e was 
8 x I 0 1 4 / ( c m 2 - s e c j . On the bas i s of theory the 
r a t e of displacement of atoms i s expected t o 
increase from 0.4 * 1 0 ' V s e c a t the surface of the 
sample t o 2 * 10" 3 / s ec a t about 6500 A below the 
sur face . The r a t e then decreases rap id ly to zero 
a t the end of proton range (- 1 urn). The i n t e ­
grated swell ing along the e n t i r e proton pa th 
produces a s t e p between the i r r ad i a t ed a i d non-
i r r a d i a t e d surfaces . The height of the s t e p , a 
measure of the in tegra ted swel l ing , was determined 
by a surface profi lometer . Using the s tep-he ight 
data and the t h e o r e t i c a l depth vs atom d i sp l ace ­
ments, a swell ing vs displacements per atom (dpa) 
curve was constructed (Fig. 1 ) , There were three 
stages in the swelling regime. Stage I 
(dpa < 200) consisted of a r i s i n g r a t e of swell ing, 
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Fig. 1. Radiation induced swelling of 316 stain­
less steel at 625°C up to 500 displacements per 
atom. 

(XBL 764-2687) 

maximizing at about 0.751. per dpa. The rate of 
shelling apparently remained at this highest 
value during stage II (200 < dpa < 425). The 
magnitudes of swelling for 200 dpa and 425 dpa 
were about 501 and 230% respectively. Beyond 
425 dpa the rate of swelling decreased. The 
observed results were explained on the basis 
of changes in dislocation density and void density 
during the irradiation. 

8. THE MECHANISM OF TIE SHAPE MEMORY PHENOMENON 
I-N NiTi* 
Hani Mohanmed 

We hare been investigating the mechanism of 
the shape memory effect in 50.3 at! Ni-Ti alloy 
which is associated with a reversible martensitic-
type phase transformation (Ms - 5S°C). A 
knowledge of the deformation modes, particularly 
in the early stages, is essential in order to 
explain this behavior. In a partially transformed 
material, it has been demonstrated that deforma­
tion in the early stages occurs by at least two 
modes: (i) stress-induced twin boundary migration 
within the martensite, and (ii) stress-induced 
growth of the most favorably oriented existing 
martensite plates in each grain. 

Figure 1 shows bright-field transmission 
electron micrographs illustrating the first mode. 
The same area of Fig. 1 (a) was reobserved after 
the foil had been slightly bent outside the 
microscope at room temperature (the two images 
were printed such that they are mirror images and 
then were cut along the same line). Light 
optical micrographs of the surface of a tensile 
specimen (initially polished and unetched) during 
progressive straining at room temperature show 
the second mode. Surface relief effects associated 
with stress-induced growth of favorably oriented 
martensite plates are observed. 

A further evidence for the above deformation 
modes was obtained from ths observation that if 
a specimen was bent at room temperature and then 

I-ig. i. Stress induced twin boundary migration in 
NiTi martensite a) before and b) after deformation, 
(see text for explanation) (XBB 761-248) 

(b) <d> 

Fig. 2. Schematic illustration of the cause of 
spontaneous deformation of predeformed specimens 
during thermal martensite growth (see text). 

(XBL 761-6208) 
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cooleu further, thus causing additional martensite 
growth, it continued to bend spontaneously in the 
same direction. The effect of the initial bending 
and the reason that subsequent cooling should 
result in a further macroscopic strain is illus 
trated schematically in Fig. 2. Figure 2(a) 
shows a favorably and an unfavorably oriented 
martensite plate before (dashed lines) and after 
(solid lines) bending. Figure 2(b) shows their 
expected change in si?.e after further cooling. 
Figure 2(c) shows twinned martensite plates (1) 
before, and (2) after bending, showing growth of 
one set of twins at the expense of the other. 
Figure 2(d) shows some growth of the martensite 
shown in (C-2) due to further cooling. Growth of 
plates that were preferentially enlarged by the 
initial bending and growth of those in which one 
set of twins had been widened at the expense of 
the other set should be expected to give rise 
to the observed spontaneous strain. Since the 
observed deformation modes are related to the 
transformation, it wouJd be expected chat the 
strain associated with these modes would be 
completely reversed when the martensite reverts 
by a shear mechanism to the high temperature phase 
during heating. 

This work was partially supported by the National 
Science Foundation. 

9. ON THE IDENTIFICATION OF ASBESTOS PARTICLES 
FKOM AIR SAMPLES 
Krishna Seshan 

Asbestos is a well established carcinogen and 
occurs as an air and water pollutant as isolated 
fibers about 1 urn long and some thousands of 
angstroms in diameter,] Although they are ideally 
suited for morphological study in the transmission 
electron microscope (TBI),2 there is much contro­
versy as to whether they may be identified by 
electron diffractim data. Specifically Clarke 
and Rudd 3 have stated that lattice parameter 
measurements may be made using electron diffraction 
patterns whereas Skikne et al. 4 have reported that 
such diffraction data is unusable for simple 
fibres as their diffraction patterns are insensi-
:ive to tilts. 

We have confirmed the observation of Skilou* 
et al. and proposed a model to explain their 
results.5 Farther Skikne et al. have reported the 
occurrence of special periodicities in their 
diffraction patterns. It is our hypothesis that 
their results can be explained by psevdo symmetry 
present in amphiboles, periodic stacking faults 
and possibly polytypism. The latter two phenomena 
have been observed abundantly in other chain 
silicates such as wallastonite° and enstatite. 

Therefore we are now studying naturally 
occurring gunerite a»d tremolite in order to 
confirm this hypothesis. This work is a coopera­

tive project with Professor H. B. Wenk of the 
Department of Geology and Geophysics. 

1. J. J. Wessohowskii, R. Stanley, et al., 
Asbestos in the California Environment, Proc. 
Symposium on Adv. in Assessment of Health Effects 
of Environmental Pollution, Witto Conf., June 
(1974), Paris. 
?.. K. Seshan, Morphological Identification of 
Chrysotile Asbestos Fibres, AIHL Rpt. 179 Calif, 
State Dept. of Health. 
3. R. L. Clarke and C. 0. Rudd, Micron 5_, 83 
(1974). 
4. M. I. Skikne, J. H. Talbot, R. E. G. Kendall, 
Env. Research 4, 141 (1971). 
5. K. Seshan, On the Insensitivity to Fills of 
Amphibole Asbestos Fibres, LBL-kept., (To be 
submitted to Micron). 
6. H. R. Kenk, W. F. Muller, N. A. Liddell, 
P. P. Phakey, Polytypism in Wallastonite, in 
Electron Microscopy in Mineralogy, p. 324-31, 
Springer 1976. 
7. S. Jijima, P. R. Buseck, High Reduction 
Electron Microscopy of Enstatite: TWinning, 
Psymorphism and Polytypism, Amor. Mineralyst 
50_, 758-70 (J975). 

10. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Jack Washburn 

Experimental and Theoretical Research on the Climb 
of Dislocations during Preferential Capture of 
Interstitial Atom!" 

This type of dislocation, climb is the under­
lying cause of radiation-induced swelling of 
metals in the temperature range between one 
third and one half the absolute temperature of 
melting. The rates of climb for individual 
segments of dislocation line are being correlated 
using direct observation in the 650 kV electron 
microscope with the following parameters: 
1) vacancy-interstitial pair production rate: 
This can be controlled by the beam current and 
accelerating voltage of ihe microscope. 
2) Temperature: The experiments are performed on 
a special callibrated hot stage. 3) Orientation 
and length of the climbing segment: Climb of 
dislocation segments near screw orientation are 
being compared vith those near edge orientation. 
4) Stacking fault energy: The width of splitting 
of the dislocations is expected to affect the 
mechanism by which interstitial atoms are absorbed 
at the dislocation. 5) Accelerating voltage: 
The temperature dependence of the displacement 
threshold energy for production of a vacancy 
interstitial pair is not well known. Observation 
on dislocation climb provide a sensitive technique 
for studying this temperature dependence. 

The experimental work is being carried on 
simultaneously with development of improved models 
for climb of split dislocations. Computer 
programs have been developed thst make possible 



computation of interaction energies for many 
close by segments of dislocations having any 
orientation and length. 

11. 1975 PUBLICATIONS AND REPORTS 
Jack Washburn and Associates 

Journals 

High Fluence Radiation Induced Swelling Measure­
ments 

The swelling produced in stainless steels and 
special "lew swelling" alloys is being measured 
using the proton beam of a Van de Graaff generator 
and the step height technique for doses much larger 
than can be studied by electron microscopy. 
Measurements have been made up to 500 displacements 
per atom which corresponds to swelling of more 
than 200?. Saturation effects are of particular 
interest for this wrok. On 316 stainless steel we 
have been able to carry our measurements to higher 
fluence than any previous work. 

Ion Implantation Damage in Silicon 

Previous work on characterization of rod and 
loop defects that form Airing 7Q0°C to 800°C 
postimplantation annealing following low dose 
(2 x 10*4 ions/air) ion implantation with boron 
and phosphorous is being extended to study the 
nature of the so-called amorphous layer that 
results from higher doses. An ion implantation 
facility has recently become available to us on 
campus that will permit greater flexibility in 
the design of experiments and control of specimen 
temperature during implantation. The aim of the 
research will be an improved model for the 
recrystallization of amorphous zones and layers. 

Solar Cell Research 
Due to extremely encouraging results of 

preliminary experiments on ZnyCdj.yS-CuxS hetero-
junctions it is planned to produce thin mixed 
crystal layers of ZhyCdj.yS by epitaxial growth 
on GaAs single crystal substrates. The aim of 
the research will be to find the optimum Zn to Cd 
ratio for solar cells based on this heteiojunction 
and to make an estimate of obtainable efflciences 
and stability. 

Characterization of Spectrally Selective Surface 
Coatings 

Surface coatings that absorb visible light 
efficiently but absorb, and therefore reradiate 
long wavelength infrared light very poorly, are 
desirable for the collection of solar heat in 
photo-thermal collectors. Some surface coatings 
having these characteristics are commercially 
available, such as "black Chrome," We are starting 
a program aimed at correlating the visible and 
infrared performance of these surfaces with their 
microstructure by such means as surface topography, 
thickness of semiconducting oxide layer, nature 
of substrate. 

1. K. Seshan and J- Wasnburn, Some New Results in 
the Characterization of Defects in Phosphorous 
Ion-Implanred Silicon, Radiation Effects 26, 31 
(1975) (LBL-2776). 

2. K. W. Veh, R. S. Miller, W.-K. Ku, and 
J. Washburn, Characterization of RF Sputtered oiC 
Piezoelectric Films Using Transmission Electron 
Microscope, 53rd Ann. Proc. Electron Microscopy 
Soc. Amer., Las Vegas, Nevada, 1975, G. K. Bailey-
fed.) (LBL-5775). 

3. W.-K. Ku and J. Washburn, Boron Precipitates 
in Ion Implanted Silicon. "35rd Ann. Proc. 
Electron Microscopy Soc. Amer." l.as Vegas, 
Nevada, 1975, G. W. Bailey fed.} (LBL-5774). 

4. W.-K. IVu and J. Washburn, Direct Observation 
of Radiation Induced Precipitation in High Voltage 
Electron Microscope, "33rd Ann. Prci-. Electron 
microscopy Soc. Amer." Las Vegas, Nevada, 197 5, 
G. W. Bailey (ed.) (LBL-3782). 

5. H. A. Mohamcd and J. Washburn, Mechanism of 
Solid State Pressure Welding, Welding Journal 
54, 302s 0975) 0-1*1-3511)/ 

Papers Presented 

1. K. Seshan, J. Grilhe and J. .Vashbum, Some 
Considerations in the Splitting of Interstitial 
Frank Loops Formed by Irradiation, Intern. Conf. 
on Fundamental Aspects of Radiation Damage in 
Metals, Gatlinburg, TN, OCt. 1975. 

2. W.-K. Wu, On Distinguishing between Small 
Vacancy and Interstitial Dislocation Loops using 
a Non-Conventional Weak Beam Dark Field Technique, 
33rd Annual Proc. of the Electron Microscopy Soc. 
of Amer., Las Vegas, NV, Aug, 1975. 

3. T. Kosel and J. Washburn, Climb of Prismatic 
Loops in Cu-Al Alloys During Irradiation in the 
HVEM, Intern. Conf. on Fundamental Aspects of 
Radiation Damage in Metal Gatlinburg, TN, Oct. 
197^. 

LBL Reports 

1. Thomas Herbert Kosel, Irradiation Induced 
Dislocation Climb in Cu-Al Alloys of Different 
Stacking Fault Energies, (Ph.D. Thesis) LBL-J590, 
June 1975. 

2. T. M, Peterson, Application of the Rigid-Band 
Model to thtf Enhancement/Quenching Effects in 
Heat-treated CuxS/CdS Iteterojunctions, Phys. Stat. 
Sol., LBL-3751, March 1975. 



3. U'ei-k'uo Wu, Defects in Boron Ion Implanted 
Silicon, (Ph.D. Thesis), LBL-3758, May 1975. 
4. Terry Michael Peterson, An Investigation of 
the rusS/Cd].yZp.^S Heterniunction: A Potentially 
Low-Cost, High-'ifficienc Photovoltaic Energy 
Converter, (Ph.D. Thesis), LBL-3985, Aug. 1975. 

5. J. Grilhe", K. Seshan and .J. Washburn, On the 
Possibility of Nucleating Loops with Burgers 

Vector (DC* > by the Clustering of Interstitials, 
Rad. Lffects, LBL-3757, May 1975. 

6. Krishna Seshan, Electron Microscopy Studies of 
Ion Implanted Silico:: '-- D. Thesis) / LBL-2728, 
Nov. 1975. 

7. Barry Lee Chin, An Investigation of the CuxS/Si 
Photovoltaic Cell, fM.S. Thesis), LBL-4553, 
Dec. 1975. 
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3. PHYSICAL PROPERTIES 

a. High Fi«ld Superconductivity 

Milton R. Pickue, Principal Investigator 

1. SUPERCONDUCTIVE WIRES MADE BY TIE INFILTRATION 
PROCESS -

Kanithi Hemachalam and Milton R, Pickus 

The i n f i l t r a t i o n process o r i g i n a l l y developed 
for producing a superconducting tape has been 
successful ly adapted for t he fabr ica t ion of 
multif i laraentary wi re . The wire process , which 
begins with i s o s t a t i c a l l y compacting niobium 
powder, i s shown schematical ly in Fig. 1. A 
comparison of the overa l l c r i t i c a l current densi ty 
as a function of t ransverse magnetic f i e ld between 
t h i s new wire (ca l led >MRD wire for convenient 
reference) and commercial bronze-process wire i s 
shown in Fig. 2. Both wires were tes ted under 
i d e n t i c a l pulsed pulsed f i e ld condi t ions . 

The >MRD wire with i t s monel cladding has a 
diameter of 0.013 i n . I t i s a s ing le core wire 
with a core diameter of 0.009 in . The s i ze of 
the NbjSn fi laments va r i e s from 1 t o 2 yra. The 
wi re , which has a c r i t i c a l temperature of 18.1°K, 
was reac ted for 1 minute a t 930°C. 

The commercial bronze-process wire , which has 
a diameter of 0.012 in and contains more than 
1000 cores , was made by r e p e t i t i v e wire bundling 
and mechanical deformation. I t required a 
reac t ion time of 70 hours a t 700 aC. The Nb3Sn 
layer th ickness i s 2 ym. 

Bending t e s t s performed on both wires ind ica te 
t h a t MMRD wire suf fe rs l e s s degradation of 
cur ren t -ca r ry ing capac i ty for a given diameter 
bend. The bronze-process wire showed a 20% 
degradation a f t e r a 2.5 cm diameter bend. To 
produce t he same degradat ion, IWRD wire had to be 
bent to a diameter of 1.5 cm. 
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Fig. 1. I n f i l t r a t i o n process for t he fabr ica t ion 
of mult i f i lamentary superconducting wire . 

(XBL 7510-7537) 

It should be noted that the material represented 
by curve B of Fig. 2 has been intensively studied 

A MMRO WIKE 
0. COMMERCIAL BRONZf-PROCESSEO WIRE 

TRANSVERSE MAGNETIC F1EL0. I 

Fig. 2. Dependence of the overa l l c r i t i c a l current 
densi ty on the magnetic f i e l d . (XBL 7511-9428) 

and optimized by many research groups, both in the 
United S ta tes and abroad. The new wire , on the 
other hand, which was produced by a comparatively 
simple and time-saving procedure, has iy>t yet been 
fu l ly optimized. By doping with zirconium and 
optimizing the cladding t o core r a t i o , fur ther 
improvements in cu r ren t -ca r ry ing c -acity a r e 
expected. 

2. PRELIMINARY STUDIES OF A NEW APPROACH TO MOi 
FIELD SUPERCONDUCTORS BASED ON Nby\l 

Robert Ciardella and Milton R. Pickus 
There is at present no technologically satis­

factory method for producing a superconducting 
wire or tape based on the A-15 compound, NbjAl. 
After an intensive study of the niobium-aluminum 
binary system, it was decided to investigate an 
approach based on the high temperature solid 
solubility of aluminum in niobium. According to 
the phase diagram shown in F R. 1, this solubility 
increases with temperature to i maximum of about 
23 ut% at a temperature of app:tximately 1950°C. 
It may also be seen that at low temperatures the 
stable form for this composition is the desired 
A-15 compound. With these considerations in mind 
a new method of processing was devised which is 
shown schematically in Fig. 2. 

The advantage of this method lies in its yield­
ing an A-15 phase produced at temperatures less 
than 1000°C. This feature is of cardinal 
importance for current-carrying capacity. The 
A-35 phase has been characterized by x-ray 
diffraction, electron beam microprobe, metallog­
raphy and critical temperature measurements* The 
TQ onset is 17.6°K. The current-carndng capacity 
has not yet been measured. However, it is expected 
to be quite high since the A-15 phase was formed 
at a low temperature. At the present stage of 
development, using high pressure holium as the 
quenching medium, the composition of the metastable 



so l id so lu t ion i s l imi ted t o about 21 all aluminum. 
This account? for the Trj value being about 1°K 
lower than tha t of bulk samples. liven so , t he 
value of 1'c obtained is approximately 2°K higher 
than has thus far been reported for .\b3Al niadc by 
o ther low temperature procedures. 

THE A-!5 STRUCTURE 

WEIGHT PERCENT ALUMINUM 
2 4 6 8 10 12 fe 20 
i \ •*. 1 — 1 — r r 1—f—1—1— 

1000 
0 10 20 30 40 50 

ATOMIC PERCENT ALUMINUM 
Fig. 1. Niobium-aluminum phase diagram. 
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Fig. 1. Schematic diagra; for the f ab r i ca t ion of 
NbsAl wire bv the quench-a ->J p roces s . 
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3. DENSIFICATION STUDY OF A-15 COMPOUND POWDER 

Di l ip P. Modi and Milton R, Pickus 

Vie ob jec t ive of t h i s i n v e s t i g a t i o n i s t o 
generate ba s i c information on t h e response t o 
heat and pressure of compacts made from A-15 
compound powder, so t ha t an assessment can be made 
of the f e a s i b i l i t y of using such powders in t he 
f ab r i ca t ion of p r a c t i c a l superconductors . The 
compound Nb3CAlo.75Gen.25) was s e l ec t ed to 
i n i t i a t e t h i s study fof two reasons : (1) i t has 
b e t t e r superconducting p r o p e r t i e s than any known 
A-15, with t he exception of t he metastable 
compound, NbjGe; and (2) no technologica l ly 
s a t i s f a c t o r y method has yet been developed t o 
produce superconducting tape o r wire based on 
t h i s compound. 

The f i r s t p a r t of the study involved the a p p l i ­
ca t ion of p ressure and heat s e q u e n t i a l l y . The 
powder was prepared by pu lver iz ing a rc melted 
b u t t o n s . Small cy l inders were i s o s t a t i c a l l y 
compacted a t a pressure of 60,000 p s i and then 
s i n t e r e d for one hour in a helium atmosphere a t 
temperatures of 950°, 1150°, 1350°, and 1550°C. 
No dens i f i ca t ion occurred over t he temperature 
range covered. 

An attempt was then made to a c t i v a t e the 
dens i f i ca t ion process by the in t roduc t ion of 
a d d i t i v e s . Of those t r i e d , copper was by fa r 
the most e f f e c t i v e . Even with copper, however, 
i t was not poss ib le to achieve d e n s i t i e s g r e a t e r 
than 801 of t h e o r e t i c a l . 

Work i s now in progress on applying heat and 
pressure simultaneously r a t h e r than s e q u e n t i a l l y . 
Densi t ies of 95$ of t h e o r e t i c a l have a l ready been 
achieved, without the use of a d d i t i v e s . A 

file:///b3Al
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Fig. 1 . Re la t ive dens i ty as a function of 
tenpera ture for contacts of Nb-Al-Ge A-15 powrler. 
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Fig. 2 . Photomicrographs of dens i f ied compacts of 
Nb-Al-Ge A-15 powder. Upper: ho t pressed a t 
1450°C, Lower: cold pressed and s in t e r ed a t 
1550°C. (XBB 7S12-9219A) 

conparison between the r e l a t i v e d e n s i t i e s achieved 
by hot p ress ing and by cold press ing and s i n t e r i n g 
i s shown in Fig. 1 . Photomicrographs of samples 

cold pressed and s in t e red a t 1550°C and hot pressed 
a t 14S0"C are shown in Fig. 2. 

4 . FORMVnON OF HIE bb-Al-Ge A-15 COMPOUND BY 
REACTING THE ELEMENTAL COMPONENTS IN A SPECIAL 
CONFIGURATION 

Jose" J . Granda and Mil ten R. Pickus 

This work involves /mother approach t o generate 
data on the niobiim-aTundnum-germanium system tha t 
could be used to design a process for f ab r i ca t ing 
a superconducting wiro . Niobium tubes v> ru ; l l e d 
with a mixture of aluminum and germaniur o - . ^ r s 
blended in a proport ion corresponding t o 
AlO.75^0.25* Forn r o l l i n g was employed to 
consol idate the powder core . The couiposxtes were 
then reac ted for var ious t i n e s Gver a range of 
temperatures to determine whether and in what 
manner the A-15 phase would form, In these 
prel iminary s t u d i e s , phase i d e n t i f i c a t i o n was 
based on the c h a r a c t e r i s t i c colors imparted by 
anodizing. I t was found t h a t both t he irorphology 
and the volume f rac t ion of t he phases formed 
var ied markedly in the temperature range 1600°-

50 U. 

Fig . 1. Section through sample reacted for 
4 minutes a t 1800°C. Part of the niobium tube 
may be seen a t the l e f t . The A-15 phase occurs 
at the i n t e r face and as i s lands within the core . 

(XBB 7512-9145) 



1800°C. The maximum amount of V1.J phase observed 
thus far was in a sample txiat was reacted for 
four minutes a t 1800°C and thci; iyienched. The 
microst ructure i s shown in " i j ; . *. A c r i t i c a l 
temperature of 186K was observed for t h i s sample 
by inductive measurements. Optimization 'jf thermal 
treatments i s expected to r a i s e t h i s vr.iue 
s u b s t a n t i a l l y . 

5 . RESEARCH PLANS FOR CALENDAR YEAR 1976 

Milton R. Pickus 
Present results obtained rfith s ing le co re , 

mult if i lamentary wire produced by the i n f i l t r a t i o n 
process a re very encouraging, he plan f i r s t to 
ful ly optimize the procedure, and then to 
cha rac te r i se the wire as completely 3s poss ib le 
so t ha t a r e a l i s t i c assessment c?;i be made of i t s 
po ten t i a l v&lue as a p r a c t i c a l superconductor. 
The program wi l l include doping with zirconium. 
Thij i s expected t o increase the cur ren t -ca r ry ing 
capaci ty of the wire s u b s t a n t i a l l y . Also planned 
i s an extensive inves t iga t ion of i t s mechanical 
behavior. Addi t iona l ly , the ac losses c h a r a c t e r i s ­
t i c of t h i s type of wire wi l l be determined by 
fltagnetization t e s t s . 

In regard to the new procedure we have developed 
for forming the A-IS phase of the niobium-aluminum 
system a t temperatures below 1000°C, the f i r s t 
p r i o r i t y wi l l be c r i t i c a l current dens i ty 
measurements. The data wi l l be used to determine 
the optimum aging temperature. Preliminary 
experiments have, shown tha t extensive twinning 
occurs in t he mechanically deformed metastable 
so l id so lu t ion , and t h a t the twins are very 
e f f ec t i ve nuc lea t ion s i t e s for tho formation 
of the A-15 phase. I t i s planned to determine 
whether these e f fec t s could be used to obta in a 
f i lamentary morphology without having to r e so r t 
to the bundling of s i n g l e core wi res . We in tend, 
a l s o , to explore the p o s s i b i l i t y of using a more 
e f fec t ive quench t o increase the amount of 
aluminun re ta ined in the metastable so l id so lu t ion . 

In the niobium-aluminum-germanium system, we 
bel ieve t ha t we have succeeded in synthes iz ing 

the A-15 Lompound by a diffusion reaction between 
a niobium sheath and an aluminum-germanium core . 
Ke plan t o study the k ine t i c s of formation of the 
various diffusion layers so tha t the growth r a t e of 
the A-15 phase can b'_" optimized. The r e s u l t s of 
these s tud ies wi l l be used in designing a process 
for producing a mult if i lamentary Nb3(A!,Ge) super­
conductor. 

In an a l t e r n a t i v e approach usinj* preconpounded 
NhsfAljCe) powder, we have es tab l i shed tha t cold 
press ing followed by s in t e r ing i s ine f fec t ive for 
achieving s ign i f i can t dens i f i ca t ion . Preliminary 
experiments with hot press ing on the o ther hand 
have r e su l t ed in d e n s i t i e s approximately 95% of 
t h e o r e t i c a l . Since we are i n t e r e s t ed in achieving 
maximum d e n s i t i e s at the lowest poss ib le tempera­
t u r e , we plan to continue these s tud ies using hot 
i s o s t a t i c compaction. With t h i s procedure we 
should be able t o use pressures a t l e a s t an order 
of magnitude grea te r than i s poss ib le with hot 
press ing . 

6. 1975 PUBLICATIONS AND REPORTS 

Milton R. Pickus and .Associates 
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1. K. Bemachalam and M. R. Pickus, Niobium-Tin 
Superconducting Wire by the I n f i l t r a t i o n Process , 
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1975. 
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1975. 
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Approach, (D. Eng, Thesis) LBL-4181, 1975. 



b. Microstructure and Mechanical Behavior of Ceromic Materials: Gloss- and Ceramic-Metal Systems 

Pask, Principal Investigator 

A major objec t ive of the research program deals 
with c o r r e l a t i o n s of charac te r (with emphasis on 
micros t ruc tures and na ture of grain boundaries) 
with mechanical behavior and corrosion res i s t ance 
at high temperatures , and with determining the 
factors that play a ro l e in obtaining a ceramic 
mate r ia l with a designed cha rac te r . I t involves 
s tud ies on t he mechanisms responsible for the 
mechanical behavior of s ing le c r y s t a l s , and on the 
app l i ca t ion of such knowledge to the understanding 
of the behavior of po lyc rys t a l l i ne ceramic 
m a t e r i a l s . I t a l s o involves s tud ies on the 
k i n e t i c s and mechanisms of so l i d s t a t e r e a c t i o n s , 
s i n t e r i n g , and d i s t r i b u t i o n of phases in a 
multiphase system. 

The compositions under study—mull i t e , alumina, 
f o r s t e r i t e , s p i n e l , magnesia—are bas ic ma te r i a l s 
of i n d u s t r i a l ceramics and r e f r a c t o r i e s , and 
s i n t e r i r i i s the bas ic method for t h e i r manufacture. 
The fundamental approach in these s tud ies in 
terms of physical chemistry, so l i d s t a t e chemistry, 
and d i s l o c a t i o n theory a l so makes the work 
re levant in t h a t the determined p r inc ipa l e s should 
be appl icab le t o o the r p o l y c r y s t a l l i n e metal and 
ceramic m a t e r i a l s , and composites. 
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A second objec t ive of t h i s program i s concerned 
with s t r u c t u r a l , thermodynamic, and electrochemical 
s tud ies of glass-metal and ceramic-metal systems. 
I t involves s tud ies r e l a t e d to wet t ing , bonding, 
and the na tu re of the in t e r f aces between d i s ­
s imi la r phases ; to the thermodynamics and 
k i n e t i c s of chemical reac t ions a t such i n t e r f ace s ; 
and t o t he k i n e t i c s and mechanisms of d i s so lu t ion 
and diffusion in g l a s ses . A bas ic understanding 
of the na ture of in te r faces and the mechanisms of 
reac t ions a t i n t e r f aces i s c r i t i c a l in a l l 
m a t e r i a l s . 

1. STABLE AND METASTABI.E EQUILIBRIA IN TIE SYSTEM 
S i O : - A l ? 0 3 * 

tlhan A. Aksay and Joseph A. Pask 

Concentration p r o f i l e s of AI2O3 in diffusion 
couples made from sapphire and fused s i l i c a were 
used to determine the s t a b l e equi l ibr ium phase 
diagram of the system S1O2-AI2O3 (Fig. 1 ) . The 
intermediate compound m u l l i t e , 5Al?03-2Si02, melts 
incongruently a t 1828°* 10°C; i t s s t ab l e s o l i d -
so lu t ion region ranges from 70.5 to 74.0 wt" AI2O3 
below 1753°C and from 71.6 to 74.0 vt\ a t 1815°C. 
The micros t ruc tures of diffusion zones and heat-
t r e a t e d specimens a l so ind ica te the incongruency 
of m u l l i t e . Additional information i s given for 
3 metastable systems: SiO2-Al?03 in the absence 
of m u l l i t e , S1O2 —"ordered"-mull i te in the absence 
of alumina, and Si02—"disordered"-mull i te in the 
absence of alumina. Under metastable cond i t ions , 
ordered mul l i t e melts congruently at - I880CC 
and i t s s o l i d - s o l u t i o n range extends up t o 
- 77 wt% AI2O3. The so l id - so lu t ion range of 
disordered muUi te extends t o - 83 wt°s AI2O3 

CML CAM 
Alumina Concentrahon -

Fig. 1. Stable SiO^-Al^Oj equi l ibr ium phase 
diagram is shown b y ' s o l i d l i n e s at top . Super- J 
imposed on s t ab l e equi l ibr ium diagram are poss ib le 
metastable phase diagrams for Si02-"ordered"-
mul l i t e and Si02-"disordered"-mul l i te systems. 
Immiscibil i ty region is from Ref. 2 of Itorn 3. 
This feature i s discussed in Item 3. Relation 
between concentra t ion p r o f i l e of a semi - in f in i t e 
fused s i l i ca -Al203 diffusion couple and s t ab l e 
phase equil ibrium diagram is drawn for 1753°C a t 
bottom; Cy corresponds to 100?. AI2O3. 

(XBL 7410-7523) 

with an est imated congruent melting temperature 
of - 1900°C. The exis tence of metastable systems 
is associa ted with superheating of mul l i t e above 
the incongruent melting temperature and with 
nucleat ion of alumina and mul l i t e in supercooled 
aluminum-sil icate l i qu id s . 

Hie Si02-Al?03 binary system is of prime 
importance in ceramic technology because of the 
widespread use of these components in ceramic 
porcelains and i n s u l a t o r s , refractories^ and g l a s s -
ceramics. 

Abstract from J . Am. Coram. Soc. 58_ [11-12], 
507-512 (1975). 
'Present address : Department of Metal lurgical 
lingineering, Middle Fast Technical Univers i ty , 
Ankara, Turkey. 
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2. I;H-H;TS OP C;IO ADDITIONS O\ unam-. PHASE 
EQUILIBRIA, SOLID SOLUTION AM) GROhTH RATIOS 

' i c t o r I'. Ur;i]M?T and Joseph A. lJask 

In view of the recent revis ion of the Al203-Si02 
s t ab l e phese diagram 1 ( a l so , see Item 1) , the 
question a r i s e s as to the t r u e locat ion of the 
mul l i t e -corundum (3Al203«2Si02-Al203) pha;,e 
boundary in the Al?O5-Ca0-SiO2 ternary system. 
The cu r ren t ly accepted bomrtary- was based on an 
e a r l i e r rev is ion of t he AI2O3-S1O? system.^ 

Aksay and Pask have predic ted a nuiiber of 
metastable phase diagrams within the Ai^f^-SUb 
system. Fai lure t o take t h i s me tas tab i l i ty into 
account has led to mis in te rp re ta t ions of the 
loca t ion of the mulli te-corundun boundary. The^ 
a lso showed tha t the s t a b l e mul l i t e so l id so lu t ion 
range coi'ld only be r e a l i s e d when mul l i t e was 
grov.ii by so l id s t a t e reac t ion in the presence of 
alumina. This was accomplished using a diffusion 
couple technique between end components of fused 
s i l i c a and s ing le c r y s t a l sapphire . 

This dif fusion couple technique i s being u t i l ­
ized to y ie ld information on the pos i t ion of the 
mullite-corundum s t ab l e phase boundary in the 
Al203-CaO-Si02 te rnary system. A number of 
compositions in the te rnary system have been 
prepared for react ion with s ing le c rys t a l sapphire . 
Analyses of the experiments should y ie ld the 
following information: 

1) pos i t ion of jnullite-corundam s t ab l e phase 
boundary 

2) temperature slope of the boundary 
3) so l id so lu t ion range of mul l i t e in the 

presence of CaO 

Additional experiments are Jeing conducted t o 
determine the extent of the metastable mul l i t e 
(nominally 2Al203«Si02) so l id so lu t ion range in 
the binary Al203-Si02 system and in the te rnary 
A i 2 ° 3 ~ C a 0 " s i ° 2 system and t o determine the ef fec t 
of CaO on the d i f fus ional growth of m u l l i t e . 

1. I . A. Aksay and J . A. Pisk, J . Am. Cer. Soc. 
58, 111-12) 507-512 (1975). 
2. Phase Diagrams for Ceramists, Fig. 630, (1964). 
Publ: Am. Cer. Soc. 
3. S. Aramaki and R. Roy, J . Am. Cer. Soc. 45_, 
[5] 229 (1962). 

3. METASTABILITY AND CRYSTALLIZATION IN THE 
S i 0 2 - A l 2 0 3 SYSTEM 

Subhash H. Risbud and Joseph A. Pask 

The c r y s t a l l i z a t i o n behavior and micros t ructure 
of glass-ceramic compositions can be s i g n i f i c a n t l y 
affected by p r io r l iqu id phase separa t ion 
occurring e i t h e r during cooling of the melt o r 
reheat ing of the g l a s s . Awareness of regions on 
the phase diagram tha t exh ib i t s t ab le o r metastable 
(subliquidus) immiscibi l i ty and t h e i r r e l a t i o n to 
the micros t rueture of c r y s t a l l i z e d melts and 

glasses i s thus nf va lu° . The exis tence of -
immiscibi l i ty ic the Si02-Al203 binary system is 
therefore of grea* interest". 

Experimental data presented by MacDowell and 
Beal l - suggests the exis tence of phase separated 
s t ruc tu res in con^.ositions between 7 and 55 mole 
alumina at a temperature of 1100°C with a consolute 
temperature of 1650'C. The metastable m i s c i b i l -
i t y gap proposed 'jy these authors has been ques­
tioned in phase e q u i l i b r i a s tud ies by Aksay and 
Pask 3 and by observations on rapidly cooled g lasses 
by Takamori and R o / . 3 Experimental d i f f i c u l t i e s 
in de l inea t ing i r a s c i b i l i t y regions in the 
S1O2-AI2O3 system include problems associa ted with 
quenching fro,- ;.u.Ji temperatures (about 2000''C) 
and the tendency "f compositions g rea te r than 
about 30 mole-0 u/jreina t o c r y s t a l l i z e r ead i ly . 
In view of the;-.? d i f f i c u l t i e s , a model based on 
regular so lu t ion thermodynamics has Deen used in 
t h i s work along with the phase diagram data to 
est imate l i qu id - l i qu id inuriiscibil i ty. The 
r e l a t ionsh ip of the ca lcula ted m i s c i b i l i t y gaps 
t o the microst ructure of c r y s t a l l i z e d melts and 
g lasses i s then examined by experimental s t u d i e s . 

Thermodynamic data on a c t i v i t i e s , a c t i v i t y 
c o e f f i c i e n t s , and free energies of mixing were 
obtained for s t ab l e and metastable binary phase 
diagrams between s i l i c a , alumina, and m u l l i t e . 1 

The procedures used required a knowledge of the 
heat of fusion and the p o s i t i o n of t he l iqu idus 
curve of the component under cons idera t ion . Such 
data for s i l i c a and alumina have been repor ted but 
the heat of fusion of mul l i t e was net a v a i l a b l e . 
An est imate of the heat of fusion of mul l i t e was 
made based on the p r inc ip le t ha t a t a fixed 
composition the a c t i v i t y values of s i l i c a calcu­
la ted from the s i l i c a and m u l l i t e l i q u i d i should 
be the same. A heat of fusion of - 27,000 cals/mole 
for mul l i t e was obtained by t h i s es t imat ion and 
used for the ca lcu la t ion of the thermodynamic da ta . 
The regions of i m n i s c i b i l i t y and spinodal curves 
r e su l t i ng from the computations are shown in 
Fig. 1. 

The ca lcu la ted m i s c i b i l i t y gap under the mul l i t e 
l iquidus extends from - 10 mole£ to ~ 52 molefc 
alumina a t a temperature of 1100"C. These l i m i t s 
c lose ly match the compositions observed to be 
phase separated by MacDowell and Bea l l . A 
represen ta t ive composition wi th in t he imraiscibi l i ty 
gap (~ 15 mole% AI2O3) was observed in the p resen t 
study by d i r e c t transmission e l ec t ron microscopy 
a f t e r quenching from above the l i qu idus . The 
r e su l t ing micros t r uc tu r e shows g l a s s - i n - g l a s s 
phase separa t ion (Fig. 2 ) . The temperature of 
the consolute poin t ca lcu la ted by the present 
approach, however, i s - 1540°C. One of t he 
l i m i t a t i o n s of the model used i n t h i s s t u d y 4 i s 
t h a t a narrower gap i s p red ic ted than i s exper i ­
mentally observed. The consolute temperature i s , 
however, f a i r l y accura te ly p red ic ted . The 
ca lcu la t ions thus agree with the compositions 
suggested by MacDowell and B e a l l 2 bu t suggest t ha t 
the consolute temperature should be "- 1540CC. 

A m i s c i b i l i t y gap was ca lcu la ted t o be present 
under the alumina l i qu idus , but i t i s very d i f f i ­
cu l t to ver i fy experimental ly. I t s exis tence i s , 
however, suggested by the considerable super-
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cooling observed^ in alumina-rich compositions 
prepared by l a s e r spin melt ing. For cxauple, a 
73 wt% alumina composition was observed to 
undercool to a tenperature of - 800°C before 
c r y s t a l l i z a t i o n , ' ibis temperature is very close 
to the boundary of the mi sc ib i l i t y gap ca lcu la ted 
in the present work, (ixperimental evidence for 
immiscibi l i ty in alumina-rich con^iositions should 
be sought in rapidly cooled glasses between ^ 55 
and 80 raolel. alumina, a f t e r annealing for long 
times in the temperature range 600-850°C. In view 
of the problems in obtaining d i r e c t experimental 
data for loca t ing inur i sc ib i l i ty the present 
es t imates may serve as a t l e a s t a useful f i r s t 
approximation for workers studying phase separated 
s t ruc tu re s and for those t e s t i n g unusual g lass -
forming compositions by exot ic quenching techni­
ques . 

In an attempt to experimentally c o r r e l a t e the 
ca lcu la ted immiscibi l i ty with micros t ructura l 
observat ions , melts of a nuniier of compositions 
in the s i l i ca -a lumina system were c r y s t a l l i z e d 
under cont ro l led condit ions in sealed molybdenum 
c r u c i b l e s . The microst ructure was affected by the 
heat treatment given the melt a f t e r i t was 
homogenized a t 21U0°C for 30 to 40 minutes. As 
i l l u s t r a t e d in Fig. 3, holding at temperatures of 
1200°C and 1860DC does not cause s ign i f i can t 

MELT 
Mwt* Alumina- Silica Comp. 

I860' 12»< MIc 
Fig. 1 . Calculated m i s c i b i l i t y gap i s shown c . ^ r -
imposed on the phase diagram of the SiC^-A^Oj 
system (Ref. 1J . This replaces the m i s c i b i l i t y 
gap proposed by Ref. 2 and shown in Fig. 1 of 
Item 1. (XBL 766-7008) 

Fig. 2 . Direct t ransmission e l ec t ron micrograph 
of phass separa t ion in an as-quenched 15 mole! 
alumina-85 mole! s i l i c a g l a s s . Scale of phase 
separated glassy drople t s (white) i s - 350 A. 
Diffract ion p a t t e r n from the drople ts shows 
diffuse ha lo c h a r a c t e r i s t i c of amorphous m a t e r i a l s . 

(XBB 7510-7485) 

Fig. 3 . Nomarski in te r ference cont ras t micrographs 
i l l u s t r a t i n g the e f fec t of a nuclea t ion step on 
the micres t ructure of a 60 wt$ alumina melt 
homogenized a t 2100°C. Hie 1860 and 1200 micro-
s t ruc tu re s are coarse while the 900 microstructi ire 
i s f ine . 'Ihe l a t t e r received an annealing step 
within the m i s c i b i l i t y gap ("Fig. 1) p r i o r to 
holding a t 1750°C. (XBB 7510-7487) 

va r i a t i on in the micros t ruc ture . A p r i o r nuclea­
t i on s t ep a t 900°C followed by holding a t 17S0°C 
r e s u l t s in a f i n e r mic res t ruc tu re . This suggests 
t ha t a phase separat ion s t ep which promotes 
nucleation i s e f fec t ive in developing a fine 
micros t ruc ture . Further work on c r y s t a l l i z a t i o n 
behavior in melts and metastaole reac t ions in 
powdered mixtures of s i l i c a and alumina i s continu­
ing. 

1. I . A. Aksay and .J. A. Pask, .J. Amor. Cer. Soc. 
54, [11-12], 507-512 (1975). 
2 . J . F. Macltowell and G. II. i e a l l , i b i d , 52 (1 ) , 
17-25 (1969). 
3. T. Takamori and R. Roy, i b id , 56 [12] , 639-644 
(1973). 
4 . R. H. Doremus, Glass Science, pp .57 , John 
Wiley and Sons, New York, (1973). 
5. R. A. Happe, Private Communication. 
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4. STUM1-S ON CRYSlAI.UZATION 0I : MUl.LITb* 

U'rolyn M. Kramer and Joscj>h A. Pask 

Aluminosi l icate alkoxy powders were found to 
be int imate mixtures with some in terna] s t r uc tu r e 
that form mul l i t e at temperatures g r ea t e r than 
1200°C. Hot p ress ing t edmiques produced dense 
t rans lucen t mul l i t e from amorphous alkoxy mul l i te 
pewder. A temperature cycle of l5UO°C/l/2-hr 
at 21130 kg/cm- developed 0.1 to 0.2 urn equiaxed 
mul l i te g r a i n s . S in te r ing a t 170u°C/30-hr 
increased the g r a i r s ize by an order of magnitude. 
The SI) powder tha t was hot pressed and annealed and 
the s in t e red 71.8* Al ->Q;, powder developed ac icu la r 
gra ins t ha t were a t t r i b u t e d to the presence of a 
free s i l i c e o u s phase. Course alkoxy powder granules 
a re precursors to inhoinogcneity and pores in the 
compacts. 

'Hie s t ab le and metastable so l id so lu t ions of 
mul l i t c were d is t inguished by p lo t t i ng the 
l a t t i c e parameter a 0 vs wt* alumina. Hie 
pre t reatments of the alkoxy powders when hot 
pressed and annealed changed the l a t t i c e parameters 
l i t t l e co l l a red t o the s c a t t e r observed for arc 
fusion sarqilcs. Both the metastable and s tab le 
mul l i t c had l a t t i c e parameters that increased 
with r i s i n g alumina content . Also V c vs c c or a 0 

indicated a general increase or pos i t i ve s lope . 
Additional s tud ies a rc necessary to pinpoint the 
functional r e l a t i o n s of x-ray parameters a° and c° 
with respect t o V c . Further work on the 
p e r s i s t e n - c of m e t a s t a b i l i t y in s i l i c a t e systems 
and the s e n s i t i v i t y of mul l i t e to heat t reatments 
which change the c r y s t a l l i z a t i o n of mul l i t c i s 
needed. 

Abstracted from LBI.-390S 
Present address : Sandia Corp. , I.ivermore, 

Cal i fornia 

s. nirnftMt.vvnoN or reiAsi- DIAGRAMS USING 
DIFFUSION TECIKIQUES* 

Joseph A. Pask and flhan A. Aksay 

Semi- inf in i te dif fusion couple arrangements 
between two condensed phases can be r ead i ly 
analyzed with the use of the e lec t ron beam micro-
probe analyzer t o determine the composition 
p ro f i l e s in the two end phases of the couple 
arrangement and in any intermediate phases that 
may grow between the end phases . Mien the 
reac t ions at the in te r faces a re diffusion 
con t ro l l ed , chemical equi l ibr ium e x i s t s a t each 
in t e r face and each i n t e r f a c i a l composition then 
corresponds t o e i t h e r a l iquidus or a so l idus 
composition. Those i n t e r f a c i a l composit ions, 
with the aid of micros t ruc tura l observa t ions , can 
he used in the cons t ruc t ion of the s t ab l e and/or 
meta'.>table equi l ibr ium phase diagrams involving 
t b " end phases of the dif fusion couple. This 
technique was applied to the study of phase 
e q u i l i b r i a in the SiCVr-A^L^ system. 

Abstract from Mass Transport Phenomena in 
Ceramics, Mater ia ls Science Research, Vol. 9 , 

ed i ted by A. K. Coooer and A. H. Heuer, Plenum 
Publishing Corp. , N ' . V . , 435-444 (1975). 

Present address : see Item 1. 

t>. 'niUM)I.iYNAMSCS AM) KINETICS OF SINTERING* 

Carl llogc' and -Joseph A. Pask 

Thermodynamic approaches t o s i n t e r i n g have r e ­
ceived l i t t l e t h e o r e t i c a l or experimental 
inves t iga t ion although a thorough understanding of 
thermedynamic factors i s required to accura te ly 
understand and p red ic t s i n t e r i n g phenomena. Since 
the basic dr iv ing force for s i n t e r i n g i s the 
reduction in the t o t a l i n t e r f a c i a l energy 
assoc ia ted with changes in the surface and grain 
boundary areas of powder compacts, the d i f f e r e n t i a l 
of the free energy, 6G, must remain negat ive for 
s i n t e r i ng to proceed. If SG becomes equal to zero , 
s i n t e r i n g ceases and poss ib le endpoint d e n s i t i e s 
l ess than t heo re t i c a l wi l l r e s u l t . 

A thermodynamic ana lys i s of so l id phase s in­
t e r i n g for several geometric assemblages has been 
performed. In t h i s a n a l y s i s , the sol id-vppor 
dihedral angle is r e l a t e d to c r i t i c a l r a t i o s of 
VssA'^v ( i . e . , gra in boundary onergy/surface 
energy) that determine endpoint d e n s i t i e s for 
each packing a r ray . The experimental d ihedral 
angle in a s i n t e r i n g compact i s a l so shown to 
influence the vacancy concentra t ions near in te rna l 
and external i n t e r f a c e s , and to determine the 
thermodynamic dr iv ing force for dens i f i c a t i on . 

Thcrmod}Tiamic analyses of grain boundary motion 
ind ica te that pores pin planar grain boundaries 
and that a c r i t i c a l grain boundary curvature is 
necessary for grain boundaries to sweep pas t pores 
leaving them iso 1 ."- " md that t h i s curvature 
is r e l a t i v e l y in.i . ' : * of the dihedral angle 
for most so l i d pi,.i :er ing systems. 

In order to compare theory with experiment, the 
s i n t e r i n g of MgC compacts was inves t iga ted . 
Results ind ica te tha t s i n t e r i ng r a t e s are 
dependent upon the thermodynamic d r iv ing force for 
dens i f i ca t ion and tha t poss ib le endpoint d e n s i t i e s 
l ess than t h e o r e t i c a l may be an inherent charac te r ­
i s t i c of MgO for c e r t a i n packing a r r ays . 

A thermodynamic ana lys i s was a l so performed for 
l iqu id phase s i n t e r i n g systems forming zero and 
nonzero s o l i d - l i q u i d dihedral angles . Resul ts 
ind ica te tha t c r i t i c a l r a t i o s of YstA'fcv e x i s t 
which are dependent on the magnitude of t he 
dihedral angle for the system and on the volume 
f rac t ion of l iqu id phase. 

Addi t iona l ly , k i n e t i c analyses a re performed 
using numerical in tegra t ion techniques which enable 
a more accurate descr ip t ion of l i qu id phase 
s i n t e r i n g ra t e s than have previously been discussed. 
These models a re described in .*:erms of p a r t i c l e 
s i ze d i f fe rences , in terms of magnitudes of d i ­
hedral angles , and in terms of volume of l iqu id 
phase in s i n t e r i ng compacts. From these ana lyses , 
dens i f i ca t ion parameters a re r e l a t ed t o time and 
to the i n i t i a l p a r t i c l e s i z e s . The models a re 



92 

then discussed in terms of ex i s t i ng experimental 
da ta . 

Abstracted from LBL-5116, LBL-3S46, and LBI-3563. 
'Present address : Bendix Research Lahs. , Bendix 
Center, Southf ie ld , Michigan, 

7. KINETICS AND MECHANISMS OF SINGLE PHASE SOLID 
STATE SINTERING* 

Boon Wong and Joseph A. Pask 

S in te r ing k i n e t i c models based on r a t e con t ro l ­
l ing mass t r anspor t mechanisms, un i f ied macroscopic 
viscous flow, and microscopic vacancy diffusion 
concepts were used t o develop equations for both 
the in termediate and f ina l s tages of s i n t e r i n g . 
Experimental s i n t e r i n g s tud ies on both undoped 
and CaO doped MgO powder compacts in s t a t i c a i r 
and flowing water vapor atmospheres were performed 
in the temperature range between 1280°C and 16O0°C. 
Corresponding micros t ruc tura l changes of s in t e red 
specimens during s i n t e r i ng were examined with a 
scanning e l ec t ron microscope. 

S in te r ing k ine t i c data obtained were subsequent­
ly analyzed in terms of the appropr ia te proposed 
models. The r a t e con t ro l l ing s tep for s i n t e r i ng 
in a i r was bulk diffusion due to the dr iv ing force 
t o e l imina te the surface reverse curvature r e s u l t ­
ing from neck formation. The r a t e con t ro l l ing step 
for s i n t e r i n g in flowing water vapor was grain 
boundary diffusion due t o the maintenance of a 
small nonequilibrium dihedral angle because of 
rap id surface dif fusion. 

Grain s i ze dependence of y ie ld s t r e s s e s (Fig. 1) 
indicated that y ie ld ing of medium-g mine J or 
coarse-grained specimens involved s t r e s s 
concentrat ions due to pi leup of d i s loca t ions at 
grain boundaries. There was, however, evidence 
of in te rgranular separat ion at the y ie ld ing s t ages . 
The e f fec t of grain boundary na tu re , per s e , was 
a lso indicated by the v a r i a b i l i t y of the y i e ld 
s t r e s s for the same grain s i ze as a function of 
p r i o r heat t rea tment . On the o ther hand, y ie ld ing 
of f ine-grained specimens (< 15 \xn) involved 
accomodation bv d i s loca t ion climb. 

DEFORMED AT !200"C 
t i - 1 -10 s s e c ') 

O Arretted ,n open 
• Annealed in pltuni 
0 <I00> Single crysu 
0 <«1> S.ngta cryKif 

(Gra.n size)"* ((*"*) 

Fig. 1. Grain size-dependence of yield stress (the 
numbers equa] annealing periods in hours). 

CXBL 755-4886"! 

Abstracted from LBL-3957 
Present address: Department of Mater ia ls Science 

and Engineering, Virginia Polytechnic I n s t i t u t e § 
S ta te Univers i ty , Blacksburg, Virginia . 

8. HIGH TEMPERATURE DEFORMATION OF SINGLE CRYSTAL 
AND POLYCRYSTALLINE MgO* 

Phi l ip C. Dokko and Joseph A. Pask 

This inves t iga t ion was d i rec ted toward under­
standing of t he ro l e s of p l a s t i c anisot ropy, grain 
bouidary and dif fusional processes in deformation 
of MgO a t e levated temperatures. Both s ing le 
c r y s t a l s (undoped c r y s t a l s in (100) , <110>, and 
<111> o r i en t a t i ons and Ni-doped c r y s t a l s in <100> 
or i en t a t ion ) and fu l ly dense po lycrys ta l s (with 
grain s i ze s ranging from 4 to 160 urn) were deformed 
in compression under s t r e s s - s t r a i n and creep 
t e s t i n g condit ions (thus covering s t r a i n r a t e s 
d i f f e r ing by 4 orders of magnitudes) a t 1200°C 
(0.48 T m) and 1400°C (0.55 T m ) . In genera l , no 
po lyc rys ta l s were harder than a <111> c r y s t a l , 
nor so f t e r than a <100> c r y s t a l , which represented 
d i s loca t ion g l ide on the more d i f f i c u l t and the 
l e s s d i f f i c u l t s l i p p lanes , r e spec t ive ly . 

As shown in Fig. 2, f ine-grained specimens were 
more d u c t i l e than medium-grained specimens, a l l 
of which yielded at the same s t r e s s as an < 111) 

Cittp al ffj • 10,0 00 pi-

I ) - ftdMOlM 01 I4D0*C 

(Groin H i d ' " * ( , ! ] - " ' 

Fig. 2. D u c t i l i t i e s as a function of grain s i ze 
at d i f fe ren t temperatures and s t r a i n r a t e s (the 
numbers equal annealing periods in hours ) . 

(XBL 755-4974 A) 
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s ing le c r y s t a l . Since a l l five s l i p systems would 
have heen a c t i v a t e d , the f a i l u r e to r e a l i z e a 
large d u c t i l i t y in the l a t t e r specimens was 
att i ibi ' ic-d primai i l y t o p l a s t i c an i sot ropy. In 
view of the a b i l i t y to deform a f t e r the loss of 
transparency, in te rgranula r separat ion was 
considered as a node of accommodation, although 
i t was accompanied by weakening e f f e c t s . 

Steady flow s t r e s s e s or steady creep ra tes were 
e s s e n t i a l l y independent of grain s ize as loni; as 
a d i s loca t ion mechanism was opera t ive . Poly-
c r y s t a l s tended to behave l i ke a M i l ) c rys t a l 
as temperature was increased and s t r a i n r a t e has 
decreased, i-ine-grained specimens exhibi ted a 
s t r a i n ra te s e n s i t i v i t v and were deformed by the 
Coble type of dif fusional mechanism when civpl 
under low s t r e s s e s at 140()aC. 

ft 

Abstracted fiar. I.Hl.-.%9~9. 

9. i.iTin' op IWIXSSJM; ON MiCRosTRumiKi: .wn 
MumNiai. BIHWIOK O\- Mgo* 

Tniet t B. Sweeting and .Joseph A. Pask 

Specimens of polycrysta l l ine MgO were fabricated 
from two powders by hot press ing in graphi te or 
alumina d i e s , followed by annealing in a i r , 
vacuum, or within the graph i te d ie in vacuum. 
Character parameters affected were dens i t y , grain 
s i z e , and visual appearajicc which was considered 
to be dependent on grain boundary s t r u c t u r e . 
Corre la t ions of the charac te r or micres t ruc ture 
of the specimens were made with t h e i r mechanic;.1! 
behavior in compression at a constant s t r a i n ra te 
at 120QDC. Specimens made from the purer powder 
showed higher d u c t i l i t y when annealed in a i r . The 
formation of a boundary l iqu id phase with the 
o the r type of powder tended to e l iminate the 
effec t of the processing v a r i a b l e s . All of these 
specimens had a lower y ie ld s t r e s s and less d u c t i l ­
i t y . 

Abstracted from LBh-370n 
'Present address : New York Sta te College of 
Ceramics, Alfred, N.V. 

10. lU-'l-HTl' OP Cr.,0- ON SINTERING ANN Mtt'ilAXICAL 
BEHAVIOR OP MgO ~ * 

Nicholas Cassens, J r . and Joseph A. Pask 

With increasing demands for higher temperature 
r e f r a c t o r i e s t o improve e f f i c i enc i e s in modern 
steelmaking, i t becomes very important t o under­
stand the e f f ec t s of add i t ives on the charac te r 
of r e f r a c t o r i e s and t h e i r mechanical behavior . 
Additions of C^Oj are used in MgO r e f r a c t o r i e s 

to improve s t rength and s lag corrosion r e s i s t ance . 
However, r e s u l t s are sometimes e r r a t i c and 
improvements arc marginal. 

Studies have been s t a r t ed to determine the 
effect of Cr»03 addi t ions on MgO. Two commercially 
ava i lab le calcined MgO powders of 99+1 and 951 
pur i ty wil l be used. In the fabr ica t ion of 
specimens factors being explored a re agglomeration, 
mixing, p ress ing , and s in t e r i ng under reducing 
and oxidizing atmospheres. Questions of" p a r t i c u l a r 
concern with respect to the us•..• of CrjO^ are i t s 
vaporization during s i n t e r i n g , spinel formation, 
and s c l i d so lu t ion . 

11. MICKOSTKllCPJKf- .WA1.YSIS AMI STRESS-STRAIN 
BEilWWK 01= A MOW-!. Ki:i:R.\CTOKY SYSTIW ^0-CaMgSiO * 

William E. Snowdcn and Joseph A. Pask 

A model system was developed *"o stud> the 
effect of the presence of a boundary phase on the 
high temperature mechanical behavior of MgO 
ma te r i a l s . Specimens of p o l y c r y s t a l l i n e Mrn con­
t a in ing up to 151- of a s i l i c a t e phase equivalent 
to t'aMgSiOj were fabricated by hot press ing or by 
hot press ing and annealing techniques . Phase 
diagram ana lys i s ar.d x-ray d i f f r a c t i o n indicated 
the presence of CMS ;ind suggested in addi t ion the 
presence of an amorphous phase in the houndarv 
ma te r i a l . 

The high temperature s t r e s s - s t r a i n behavior of 
these specimens was studied in compression over the 
temperature range 1200-1400°C. Behavior was 
found to be s t rongly dependent on the degree of 
con t inu i ty of the boundary phase. At 1200CC the 
s t r e s s - s t r a i n behavior was concluded t o be 
cont ro l led by the r e l a t i v e l y r ig id boundary phase, 
while a t 1400°C deformation was con t ro l l ed by the 
boundary phase only when the MgO gra in-gra in 
contact area was low. 

A t t r a c t e d from J . Am. Ceram. Soc. S8̂  311-314 
(i:>75), and LBL-5507 Rev. ( P a r t i a l l y supported by 
a Grant-in-Aid from the Refractor ies Divis ion, 
Kaiser Aluminum fi Chemical Corp. , Pleasanton, CA. 

Present address : Corning Glass Works, Corning, 
N.Y. 

12. CREUP BEHAVIOR OP A MODEL REFRACTORY SYSTrM 
MgO-CaMgSiOj* 

William E. Snowden and Joseph A. fask 

The high temperature creep behavior of MgO 
containing - S% CMS and a glassy phase d i s t r i b u t e d 
along MgO grain boundaries was s tudied in the 
range 1200-1450°C. Although uncer ta in ty in the 
shear modulus of t h i s composite system precluded 
comparison of observed s t r a i n r a t e s with pre-
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dictions of various models as is customary in 
analysis of creep data, realistic values for the 
stress exponent n and activation energy Q were 
obtained. These results indicated a change in the 
predominant mechanism controlling creep, consist­
ent with microstructure observations of deformed 
specimens. 

At 1200°C deformation was concluded to be 
controlled by a dislocation mechanism in the MgO 
framework, with n = 3.6 and Q = 194 kcal/mol. 
At higher temperatures creep was controlled by 
viscous deformation of the boundary region, with 
n ** 1; values for Q greater than 200 kcal/mol 
were measured. An increase in Q with temperature 
indicated that two or more mechanisms were contri­
buting to creep simultaneously. 

Attract from LBL-4122. 
Present address: 
N.Y. 

Corning Glass Works, Coming, 

13. REACTIONS AND WETTING BEHAVIOR IN THE MOLTEN 
ALUMINUM - FUSED SILICA SYSTEM* 

Chisato Marumo' and Joseph A. Pask 
The sessile drop technique was used to study the 

wetting behavior of fused silica by molten aluminum 
in the temperature range 800°C to 1000°C, and 
provided the specimens for the reaction studies. 

Contact angle between fused silica and molten 
aluminum decreased down to 90° mainly due to the 
contribution of the free energy of the reaction 

A l - S i 0 2 , OOO C IHR 
-At drop with Si (nciptates 

Fig. 1. Appearance at room temperature of cross-
section of sessile drop of aluminum on fused silica 
after heating at 1000°C for 1 hour in vacuum. 

(XBB 759-6822) 

(-)Ag to the s o l i d - l i q u i d i n t e r f a c i a l tens ion Y S 2, 
and due to the change of the surface tension y i v 

of molten aluminum which d i sso lves s i l i c o n as a 
r e s u l t of the r eac t ion . Below 90° the per iphery 
of the drop was in contact with the intermediate 
reac t ion l aye r . 

Three react ion l aye r s , 1 (adjoining tlu. d rop) , 
I I , III (adjoining SiO^J were formed. 7he main 
reac t ion layer I-b at 800°C i s iden t i ca l t o layer 
I-a at 900°C; and the th in layer at 800°C is 
iden t ica l to layers 11-a and 11 I-a at 900°C. Using 
an Al drop sa tura ted with Si a t 800°C, two react ion 
layers \\-c and I l l - c were formed; a layer 
equivalent t o I-a and I-b was not p resen t . A 
c ross - sec t ion of a specimen heated at 1000°C for 
1 hour i s shown in Fig. 1. 

At the t e s t temperature layer I i s assumed to be 
AlO which is s t a b i l i z e d by forating a s o l i d so lu t ion 
with SiO and A1?0, and layer I I I i s assumed t o 
form a spinel type s t r u c t u r e (xA10fl-x)SiO)Al2O3 
which is a l s o s t a b i l i z e d by so l id so l u t i on . 
Reactions then proceed by counterdiffusion of 
Al ions and Si ions through the reac t ion l a y e r s . 
On cooling to room temperature the reac t ion 
products d i s soc i a t e to form c r y s t a l l i n e AI2O3, 
Al and S i . 

Abstracted from LBI.-4123, P a r t i a l l y supported by 
a Grant-in-Aid from Kanebo, L td . , Osaka, Japan, 
Present address : Kancbo Research Center, Kanebo, 
L td . , Osaka, Japan. 

14. SODIUM BORATE GLASSES AND PLATINUM OR GOLD 
1VETTING AND REACTIONS* 

Glenn A. Holmquist and Joseph A. Fask 

Sess i l e drop experiments were competed to 
analyze the wet t ing c h a r a c t e r i s t i c s of molten B7O3 
and sodium bora te g lass on platinum and gold. 
For both platinum and gold in the absence of 
carbonaceous gases , the contact angle was small 
(6 ± 3°) and invar ien t over the ambient pressure 
range of 10~ 4 t o r r to one atmosphere (dry a i r ) 
a t temperatures of 700 to 1000°C. Adsorption of 
carbon a t t he metal surface decreased the s o l i d -
vapor surface energy and increased the contact 
angle on platinum to 68 ± 2° , as shown in Fig. 1, 

- . . . , 

1 i 8 8 1 1 

, , • : , : 

IOO AmlMnt P 

Fig. 1. Contact angle vs ambient air pressure for 
B20~̂  glass on platinum at 700 , 800°, 900° and 
]000°C. fXBL 754-6192) 
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and on gold to 48 * 2° . The carbon was removed 
by oxida t ion . On increasing the ambient pressure 
the angle dropped a t a sharply defined c r i t i c a l 
p re s su re . On decreasing the p res su re , a h y s t e r e s i s 
ef fec t was noted. The h y s t e r e s i s i s bel ieved to 
be due to the slow k i n e t i c s of carbon ads^ru t ion . 
The temperature dependence of the c r i t i c a l 
pressure for oxidat ion of the adsorbed carbon on 
platinum with increasing pressure i s shown in 
I'ig. 2. For gold t h i s data could not be accurate ly 
measured. 

Controlled atmosphere experiments were conducted 
in a fu??d s i l i c a tube furnace. For experiments 
designed for carbon contamination of the platinum 
cleaned sur faces , the cold t raps were not a c t i ­
vated, allowing the organic vapor evolved from 
the vacuum hose coupled with some backstreaming 
from the diffusion pump to e n t e r the c.jmber. 

When sodium bora te g lass was equ i l i b ra t ed with 
moist ambient a i r and remelted i t spread on e i t h e r 
s u b s t r a t e . Also, anhydrous molten g lass absorbed 
water and spread on platinum when i t was exposed 
to moist a i r . Such spreading i s the r e s u l t of the 
reduction of the i n t e r f a c i a l energy due to an 
i n t e r f a c i a l r e a c t i o n . 1 Development of adherence 
was assoc ia ted with spreading. The bonding between 
the g lass and the subs t ra te ind ica tes the develop­
ment of equil ibrium compositions at the in te r face 
due tn the i n t e r r a c i a l r e l a t i o n s . " The reac t ion 
products a re the oxides oi hydroxides of the 
subs t r a t e metals formed by react ions with the 
hydroxyl anions in the g l a s s . 

Thermodynamic data for the platinum anu gold 
compounds are not ax 'ai lable. Further experimental 

work i s necessary to a sce r t a in which reac t ion 
products occur. Whichever the reac t ion product , 
the formation cf and sa tu ra t ion of the in te r face 
with a cc-rpound of the subs t ra te i s cons i s ten t 
with the theory tha t the in te r face has t o be 
sa tura ted with a compound tha t i s mutually soluble 
in both the metal and the g l a s s . 2 I t i s pos tula ted 
that t h i s requirement for equil ibrium compositions 
at the in te r face has been rea l ized because of the 
low s o l u b i l i t i e s of platinum and gold ^umpounds 
in the g l a s se s . 

Abstracted from LBL-3905 and LEL-3967. P a r t i a l l y 
supported by s Grant-in-Aid from Corning Glass Co., 
Corning, N.Y. 

1. I . A. Aksav, C. M. lloge and J . A. Task, 
..'. Phys. Chem. 78, 1178-1183 (1974). 
2. J . A. Pask and R. M. Fulra th , . ' . Am. Ceram. 
Soc. 4S [12} S92-S96 (1962). 

15. RTSl-ARCH PLANS FOR CAI.FM1AR YEAR 1976 

Joseph A. Pask 

(a) Microstructure Development 

The need of low cost r e f r a c t o r i e s for furnaces 
used in coal gas i f i ca t ion and other high tempera­
t u r e prort 'sses has regenerated i n t e r e s t in 
mater ia ls containing n u l l i t e , nominally with a 
composition of 5Al203"2SiC>2. Despite the fact 
that Si02 and Al^Oj are the most abundant oxides 
in the e a r t h ' s c r u s t , d e t i i l e d knowledge of the 
SiO^-A^O? system and i t s compounds i s lacking . 
Design and r e a l i z a t i o n of micros t ruc tures 
requires understanding of nucleat ion and growth 
phenomena of mul i i t e and alumina in aluminum 
s i l i c a t e mel t s , and information on j-olid so lu t ion 
ranges of metastable mul l i t e and on the ef fec t of 
addi t ions of otner chides on sol id so lu t iun ranges 
and growth r a t e s of mu l l i t e . Such s tud ies have 
been undertaken. Developed p r i n r i p l e s should 
a l so be appl icable t o o ther systems. 

(b) Mechanical Behavior 

A c l a s s of r e f r ac to r i e s t ha t are used extensive­
ly in high temperature furnaces having basic 
corrosive condit ions are based on niagnesia. MgO 
mater ia l s a l so h?•• - other p o t e n t i a l i n d u s t r i a l 
a p p l i c a t i o n s . Cr^Os addi t ions have been used 
extensively to improve t h e i r p r o p e r t i e s , but t h e i r 
bas ic functional behavior i s not known. Studies 
are being undertakT!i t o determine the ro le :hat 
C r 2 ° 3 addi t ions to MgO play both in modifying grain 
boundaries and in a f fec t ing mechanical behavior at 
e levated temperatures . 

(c") Refractories f.ir Coal Gasif icat ion Processes 

This group has received support from the 
National Science Foundati- n for a p ro jec t e n t i t l e d 
"S t ruc tu re , Strength and Corrosive Resistance of 
Aluminum S i l i c a t e Mater ia l s" . Actual a c t i v i t y 
was s t a r t e d during the l a s t quar te r of 1974. A 
project object ive i s to evaluate the capab i l i t y ,:f 
mul l i te and mul l i te-conta ining compositions to 
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p o t e n t i a l l y r e s i s t corrosion and erosion environ­
mental condi t ions encountered in coal ga s i f i ca t i on 
processes . The s p e c i f i c research program i s 
divided into two p a r t s : high temperature mechani­
ca l behavior , and corrosion r e s i s t ance t o H2-
conta in ing atmospheres. Single c rys t a l information 
w i l l be u t i l i z e d t o evaluate behavior of poly-
c r y s t a l l i n e m u l l i t e , and mul l i t e compositions or 
"bodies" conta ining a second phase cons i s t ing of 
g l a s s or predominately g l a s s . This information 
w i l l be used t o design micros t ructures with 
unproved p r o p e r t i e s . 

(d) Nature of In \e r faces 

In te r faces between ceramics (glass or c r y s t a l ­
l i n e ) and metals a re c r i t i c a l in determining the 
behavior of composites, p r o t e c t e e coa t i ngs , t h in 
and th i ck f i lms in e l e c t r o n i c dev ices , and 
e l e c t r i c a l lead- throughs . Studies a re beins 
undertaken to a id in the understanding of amorphous 
semiconductor^device behavior . Metal ion 
d i f fus ion (Al- / f and Au +) in t he chalcogenide g lass 
s e r i e s As2 s 3 ' A s 2 S e 3 ' A s j ^ T e and As2SeTe2, and 
the e f f ec t c r the v a r i a t i o n of t he charge of the 
d i f fus ing ion w i l l be inves t iga ted . A fac tor 
t ha t w i l l be considered i s the i n t e r f a c i a l 
in t roduct ion of t he di f fus ing ion in to the 
d i f fus ion media. 

16. 1975 PUBLICATIONS AND REPORTS 

Joseph A. Pask and Associates 

Journals and Books 

1. Joseph A. Pask, Ceramic Process ing--
Charac te r iza t ion of S ta r t ing Mate r i a l s , in 
Process ing, Kinet ics and Proper t ies of Elec t ronic 
and Magnetic Ceramics, UTS. - Japan Seminar In" 
Basic Science of Ceramics, Hakone, Japan, 
June 23-27, 1975, 229-236 (1975). 

2 . William E. Snowden and Joseph A. Fask, 
Microstructure Analysis and S t r e s s -S t r a in Behavior 
of a Model Refractory System MgO-CaMgSi04, J . Am. 
Ceram. Soc. 58, 311-314, (1975) (LBL-3507 Rev. ) . 

3 . Joseph A. Pask and I lhan A. Aksay, Determina­
t i on of Phase Diagrams Using Diffusion Techniques, 
in Mass Transport Phenomena in Ceramics, Mater ia l s 
Science ResearCn, Vol. 9 , , ed i ted by A. R. Cooper, 
and A. H. Heuer, Plenum Publishing Corp. , N.Y., 
433-444 (1975) (LBL-2299). 

4 . Ilhan A. Aksay and Joseph A. Pask, Stable ami 
Metastable Equ i l i b r i a in t he S102-A1203 System, 
J . Am. Ceram. Soc. 58, S07-512, (1975) (LBL-2747). 

Invi ted Talks 

1. Joseph A. Pask, Thermodynamic Aspects of Solid 
S ta t e S in t e r i ng , un ive r s i t y Conference on 

Ceramic Science, Universi ty of Notre name, 
Notre Uame, Indiana, May 2*5-28, 1975. 

2. Joseph A. Pask, V i s i t i ng Professor of Ceramic 
Engineering, Tokyo I n s t i t u t e of "technology, 
sponsored by Japan Society for Promotion of 
Science, June 15-July 12, 1975. 

3. Joseph A. Pask, Member, U.S.-Japan Seminar op 
Basic .Science of Ceramics, liakone, Jaoan, June 
23-27, 1975. 

4. Joseph A. Pask, Vis i t ing S c i e n t i s t , Center of 
Nuclear Studies at Saclay, French Atomic Energy' 
Commission, October 13-December 12, 1975. 

LBL Reports 

1. Carl 'I. lioge, Thermodynamics and Kinetics of 
Sintering, (Ph.D. Thesis)'LBL-3116, Januar/ 1975. 
2. Truett B. Sweeting and Joseph A. Pas};, Effect 
of Processing on Microstructure and Mechanical 
Behavior of Magnesium Oxide, LBL-3700, January 
1975. 

3. Glenn A. Ifo.lmquist, Effect of Ambient 
Atmosphere on the Wetting of Platinum ano Gold 
by Borate Glass, (M.S. Thesis), LSL-3905, May 1975. 

4. Joseph A. Pask and Carl E. Hoge, Thermodynamic 
Aspects of Solid State Sintering, LBL-3563, June 
1975. 

5. Carclyn M. Kramer, Experiments on the 
Crystallization of Mullite, (M.S. Thesis), 
LBL-390S, June 1975. 

6. Boon Wong, Kinetics and Mechanisms of Single 
Phase Solid State Sintering, (Ph.D. Thesis), 
LBL-3957, August 1975. 

7. William E. Snowden and Joseph A. Pask, Creep 
Behavior of a Model Refractory System MgO-CaMgSiOi, 
LBL-4122, August 1975. 

8. Chisato Marumo, Reactions and Wetting Behavior 
in the Molten Aluminum--Fused Silica System, 
(M.S. Thesis), LBL-4123, August 1975. 

9. Carl E. Hoge and Joseph A. Pask, Thermodynamic 
Considerations of Solid State Sintering, 
LBL-3546 Rev., September 1975. 

10. Glenn A. Holmquist and Joseph A. Pask, Sodium 
Borate Glasses and Platinum or Gold-Wetting and 
Reactions, LBL-39b7, September 1975. 

11. Subhash H. Risbud and Joseph A. Pask, 
Thermodynamically Estimated Immiscibility in the 
Si0 2-Al20 5 System, LBL-4190, October 1975. 

12. Chung P. Dokko, High-Temperature Deformation 
of MgO, (D. Eng. Thesis), LBL-3979, November 1975. 
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c. High T«mp«rotur« Reactions 
Alan W. Searajt Principal Invectzgator 

Introduction. Research by this group is now 
centered in two related, but independently 
important, aroas of research: 

3. The kinetics ^nd thermodynamics of endo-
thermic decomposition reactions, with 
particular current emphasis on carbonate 
and sulfate decompositions. These reactions 
are the principal sources of lime, magnesia, 
and barium oxide for industry. The reverse 
of sulfate decompositions can be used to 
remove sulfur trioxide or sulfur dioxide 
plus oxygen from combustion products. 

2. The chemistry' of gas and vapor transport 
through porous solids. Equilibrated 
reactive flow, which was predicted and 
then demonstrated under this program in 
1974, has been shown to be a phenomenon 
of scientific value when physical or 
chemical properties of individual con­
stituents of complex gas or vapor mixtures 
are desired. Preliminary evidence suggests 
that high temperature preferential surface 
diffusion through porous solids may prove a 
valuable new means for commercial separation 
of gases and vapors. 

To further these studies, two of our existing 
pieces of apparatus were modified during 1975 to 
serve new functions, and a new apparatus was 
constructed for measurement of static carbon 
dioxide or sulfur trioxide. 

1. THE KINETICS OF VAPORIZATION OF Il-VT 
SEMICOItfWCTORS 

Alan K. Searcy and David J. Mciachi 
The II-VI semiconductors are of major interest 

to the electronic industry and their vaporization 
kinetics has been the subject cf considerable 
recent study. These solids characteristically 
vaporize by reactions of the form 

MY (s) + M Cg) + 1/2 Y 2Cg) CD 
where M is zinc or cadmium and Y is oxygen, sulfur, 
selenium, or telurium. Theoretical analyses of 
reaction CI) have been made by Somorjai and 
coworkers, by Hirth, Munir( and coworkers, and by 
Searcy, Meschi and coworkers, but none of these 
models has satisfactorily explained all the 
experimental observations. We have now developed 
a modification of our earlier rjodel that appears 
to do so. 

The critical feature of the new model is the 
evaluation of the two chemical compt ents of the 
reaction in the self-adsorption layer in terms of 
their activities in the surface. It is sho'vn that 
for one component the activities in these two 
regions will be essentially the same during steady 
state vaporization, while for the other component 
. ie activity in the self-adsorption layer will be 

reduced from the equilibrium value. Recognition 
that the rate limiting process is desorption of 
the gaseous products with one of the products at 
the reduced activity leads to prediction of kinetic 
behavior in agreement with the known apparent 
activation entropies and enthalpies, background 
pressure dependence, and other experimental 
observations. 

2. EQUILIBRATED FLOW OF SODIUM CHLORIDE VAPOR AND 
OF LITHIUM FLUORIDE VAPOR THROUGH NICKEL POWDER 
BEDS 

Pirooz Mohazzabi and M a n W. Searcy 
Weight loss and mass spectrometer measurements 

have been made of the effect of approximately 2 mm 
thick layers of nickel powder on ' he total mass 
flux and on the molecular coraposi .ions of sodium 
chloride vapor and on lithium fluoride vapor. 
Diameters of the pores through the bed of lightly 
sintered powder were estimated to average about 
50M and the porosity was of the order of 50$. 

The beds reduced the total mass fluxes of both 
vapors by a factor of 2 * 10"'-, with an uncertainty 
factor of about 3. These mass flux reductions are 
of the order predicted from the porosity on the 
assumption of Knudson flow, 3 >' 10 , also with 
an uncertainty of a factor of 2 or 3. 

Mass spectrometer peaks which arise from vapor 
dimer molecules were reduced in intensity at least 
an order of magnitude more than were peaks from 
monomers. From these peak intensities, from the 
relative cross sections measured under equilibrium 
conditions, and from the total mass flaxes measured 
through the barriers, values of (r m o n o me r)VCPdimer3 
were calculated for the exit vapors. For sodium 
chloride vapor 2.7 * 10"'' was calculated compared 
to the accepted equilibrium value 3.9 x 10" 4, and 
for lithium fluoride 3.4 x 10"** was calculated 
compared to the accepted value 2.7 * If-"-*. 
Equilibrated Khudsen flow, therefore, characterizes 
both of these halide vapors through the nickel 
powder beds. 

3. SONE EFFECTS OF MULTIPLE BARRIERS ON THE FTJW 
OF VAPORS 

David J. Meschi, Tushar K. Basu and A.'.an IV. Searcy 
In investigations of the flow of gase? and 

\rapors through porous media it is important to 
establish whether an orifice in a lid placed in 
contact with a porous disc satisfactorily defines 
the area of the disc which i? effective in trans­
mitting gases. Results ohxained for the effect of 
alumina barriers on the decomposition of calcite 
seemed to indicate that an area of the barrier 
larger than the area of the orifice was trans­
mitting significant fluxes of carbon dioxide. 
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To study this effect we undertook a series of 

experiments using sodium chloride, which is knovm 
to be an equilibrium source of vapor. Calcium 
carbonate is not an equilibrium source of carbon 
dioxide. Previous experiments have shown that 
SaCl vapors pass through porous alumina by 
Knudsen flow.1 

The NaCl was placed in a Khudsen cell that had 
a 0.2 mm thick porous disc placed immediately 
below the lid. The disc, of 44$ pcrosir.y, was 
similar to those described previously,1 Runs were 
made at 1137°K using orifices with diameters of 
0.4, 0.6, 1, 3, 4.7, and 10 ian. The quantities 
vaporized were measured by means of weight loss. 
Figure 1 shows the flux densities plotted against 
orifice diameters as open circles. There is a 
strong dependence of the flux density on orifice 
diameter, with the smallest orifice showing a 
value two orders of magnitude greater than the 
largest. 

Orifice diameter (cm) 
XBL 7642684 

Fi - 1. NaCl f lux densi ty as a function of 
o r i f i c e diameter . tXBL 764-2634) 

An attempt was made- to explain cl i s behavior on 
the bjjsis of a simple model in whvri. i t was assumed 
t ha t the porous d isc d iv ides the ce l l in to two 
chambers: a lower one cons i s tuv j '>'-'. the ce l l 
space containing the sample, and 'ar upper chamber 
formed by the narrow gap between t.--o l i d and porous 
d i s c . The flux dens i ty of the a a t t r i a l escaping 
from the c e l l would then be givon by the following 
rel i t i o n : 

(fere J i s the escaping flux dens i t y , J 0 i s the 
equi l ibr ium flux dens i ty in the lower chamber, 
f j i s the transmission coe f f i c i en t of tne d i s c , 
and f0 i s the transmission coef f i c ien t of the 
o r i f i c e , defined as the r a t i o of the o r i f i c e area 
t o the c ros s - sec t iona l area of the c e l l . 

The dashed l i ne in Fig. I showy the model to be 
q u a l i t a t i v e l y c o r r e c t . 

A more r e a l i s t i c model assumes t ha t a pressure 
gradient e x i s t s along the r ad i a l d i r ec t ion in the 
narrow gap between the l i d and porous d i s c . Vapor 
mole-.ules which pass througi- the por t ion of the 
d i s c under the l i d must d i f fuse via the gas phase 
t o t he o r i f i c e in order to escape. Solution of 
the equation for a pap of 20u between the l i d 
and d i s c gives the s-">ii<l l i n e of Fig. 1. The good 
agreement with the experimental po in t s sunports 
t h e t h e s i s t h a t the t r an spo r t proces.s involves 
the passage of vapor through the whole of the 
porous d i s c ; as a consequence, the vapor tha t 
escapes d i r e c t l y through the o r i f i c e i s augiiiented 
by vapor t ha t d i f fuses t o the o r i f i c e from the 
region, between the l i d and the d i s c . 

1. P. tohaazabi and A. W. Searcy, J . Chew. Phys, 
§1, 4358 (1974). 

4. THE EFFECT OF POROUS BARRIERS ON VAPOR 
TRANSPORT 

Chinhong Chen and Alan W, Searcy 

Mohazzabi and Searcy found tha t the r a t i o of 
monomer to dimer molecules in NaCl and LiF vapors 
can be markedly inc?'eased by effusion through 
porous b a r r i e r s . The e f fec t of porous b a r r i e r s 
i s here appl ied to study the vapor izat ion of 
cuprous iodide and s i l v e r c h l o r i d e . Cuproas 
iodide i s of i n t e r e s t because appearance po t en t i a l 
d a t a 2 suggested the p o s s i b i l i t y t ha t an unusual 
molecule, CU4I3, might be a neu t r a l species in the 
vapor. S i lve r ch lor ide i s of i n t e r e s t because 
e x i s t i n g d a t a 3 ind ica ted t h a t AgjClj d i f f e r s from 
any o the r known inorganic vapor molecules in having 
a temperature-dependent mass spectrometer frag­
mentation p a t t e r n . 

One Knudsen effusion run and three independent 
AI2O3 porous -ba r r i e r runs were made a t about 720°C. 
The f i r s t b a r r i e r run, showed much higher t o t a l 
fluxes than those found wi th sodium chlor ide in 
s imi l a r b a r r i e r s and showed non-equil ibrium among 
d i f fe ren t vapor spec i e s . In t h i s run, s i l v e r 
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chlor ide vapor species did not e q u i l i b r a t e in the 
aluminum oxide surfaces of the porous sol id and 
the polymers passed through the b a r r i e r by surface 
diffusion more readi ly than did the monomer. The 
fact that the ion i n t ens i t y r a t i o of '^R^2+ t 0 

Aj^Cl^* * a s independent of die change in the ion 
i n t e n s i t y r a t i o of the monomer to the tr imer 
ind ica tes that Ag^Clj i s a fragment ion of P ^ Q ^ ; 
the re fo re , Ag3Cl3 must have a temperature 
dependent mass spectrometer fragmentation p a t t e r n , 
as was reported e a r l i e r . ^ 

The second and t h i r d b a r r i e r runs s a w very 
d i f f e r en t r e s u l t s . Although the ion i n t e n s i t i e s 
of the monomers an? comparable to those found in 
the f i r s t b a r r i e r run, none of the polymers was 
present a t de te . utble l eve l s and mass fluxes were 
reduced to about i /40 th t ha t in the f i r s t run. 

These l a t t e r r e s u l t s arc of a i.ind expected 
from previous s tud ies with sodium chloride* and 
l i thium f l ' io r ide . The extent of surface diffusion 
must be s t rongly influenced by changes in surface 
impuri t ies o r by o the r as yet unident i f ied system 
v a r i a b l e s . Ufforts a re bein;i made to reproduce 
the f i r s t run because s e l e c t i v e surface diffusion 
i s of considerable theore t i ca l and possibly p r a c t i ­
cal i n t e r e s t . 

Lffusions of Cul a t temperatures of about 450°C 
from a Knudscn o r i f i c e , through n Cu-powder layer , 
and through an AI2O5 porous layer have been succes­
s ive ly s tud ied . The ion in t ens i ty r a t i o s of 
monomer t o Uiraer or tr imer species are the same 
for both the- Ui powder and the AI.2O3 even though 
the t o t a l fi JLYCS are reduced by a factor of 200 
by the b a r r i e r s . This r e s u l t i s cons i s ten t with 
the observat ion" that fragmentation of the t r imer 
is the pr inc ipa l source oi. Con 12* and Cul"1" ions. 

1. I1. Mohaziahi and A. IV. Scarcv, .J, Chcm. 
Phys. 6^, 435S f 197-1). 
2. T. 1:. .Jovce .;ind 1:. .1. Rol inski , .1. Phvs. Cnem. 
7b, 2310 (19721. 
3. I-. C Wagner and R. T. Grimley, .J. Phvs. Chtm. 
76, 2819 (1972). 

5. THU ni-Tixrr OF PRODUCT GAS PRESSURE ON THE RATI-: 
or w-coMPosrnoN REACTIONS 

Taghi Davroudi iinri Alan IV. Searcy 

It has always been supposed that the net r a t e 
of decomposition reac t ions would decrease l inea r ly 
with the product gas pressure as the gns pressure 
increases from zero to the equil ibrium d i s soc ia t ion 
p re s su re . Searcy and Beruto have shown, however, 
tha t the r a t e l imi t ing s t ep of the decomposition 
react ion may be one involving the so l id react ion 
product, [f such is the case , the net flux may 
decrease much imre rapidly with product gas 
pressures a t low pressures than would be expected 
from the l i n e a r p r e d i c t i o n , and be r e l a t i v e l y 

insens i t ive to product gas pressures near the 
equi l ibr ium value. 

he began in the summer of 1975 to modify and 
t e s t an apparatus for measurement of decomposition 
r a t e s under cont ro l led pressure of the product gas. 
The s tud ies a re being conducted in a new system 
in which weight changes of s ing le c r y s t a l s or 
powders can be followed continuously in e i t h e r 
a s t a t i c atmosphere or in an atmosphere maintained 
at a steady value by a balance of leak and pumping. 

At the end of the year the apparatus had been 
ca l ib ra t ed and t e s t ed by obtaining vacuum measure­
ments of decomposition r a t e s for c a l c i t e (CaC03) 
and barium carbonate; the r a t e s are in good agree­
ment with those obtained previously with o the r 
apparatuses . Measurements of barium carbonate 
decomposition r a t e s in the presence of background 
CO/ were found to l>e obscured by a reac t ion 
of carbon dioxide \\it\\ tantalum in the system. 
The tantalum i s being replaced by tungsten for 
future s t u d i e s . 

1. A. IV. Searcy and D. Beruto, J . Phvs. Chem. 80, 
425 f l 9 7 6 ) . 

6. THE SOLUTION CIIBIISTRY OF SOLID INORGANIC 
COMPOUNDS 

Rama Shukla and Alan W. Searcy 

It is known that partial molal thermodynamic 
properties and transport properties in any binary 
phase must be functions of composition, but few 
experimental studies of the functional relations 
have been reported for solid phases of narrow 
composition limits. As a result, solid phases kith 
composition ran^^s that are too narrow to measure 
by ordinary analytical techniques are usually 
treated as having chemical properties that are 
independent of composition. A recent study in 
our laboratory* of gallium sesquisulfide demon­
strates that the composition dependence for 
partial molal properties in phases of narrow com­
position ranges can differ in unexpected manners 
from those of familiar solutions. 

During 197S we constructed and completed 
preliminary tests with an apparatus for measure­
ment of partial pressure variations and rates of 
partial pressure change in phases of narroi. com­
position ranges. The kinetic measurements will 
be directed toward determining if the relatively 
high rates of decomposition which have been 
reported for early stages of some decomposition 
reactions may sometimes result from diffusion of 
the gaseous product from the interior of the 
reactant phase rather than from surface degassing, 
as has been supposed. At the end of the year we 
succeeded in measuring the release and reabsorption 
of carbon dioxide by calcite. 

1. James A. Roberts, Jr. ("Ph.D. Thesis) LBL-2507, 
Feb.,1974. 
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7. RESEARCH PLAKS FOR CALENDAR YEAR 1976 

Alan W. Searcy 
The effect of background pressures of carbon 

dioxide gas on the rate of decomposition of barium 
carbonate will be measured as a function of tem­
perature. Such measurements will later be extended 
to a second of the carbonates or to one of the 
sulfates for which we have already measured 
decomposition rates in vacuum. Similar measure­
ments on calcium carbonate are being made in a 
collaborative study at the University of Genoa 
under the direction of Dario Beruto. In that 
study particular emphasis is being placed on the 
influence of carbon dioxide pressure on the forma­
tion of the metastable form of calcium oxide, 
which was identified by Beruto and Searcy as a 
product of vacuum decomposition of calcite. The 
daxa from these experimental studies will be 
compared to a new theory by Searcy and Beruto. 
The new theory predicts that, depending on the 
nature of the rate limiting chemical step, some 
decomposition reactions will have rates which are 
much more sensitive to product gas pressures than 
others. 

A torsion-Langmuir and supporting torsion 
effusion study of the kinetics of decomposition of 
magnesium carbonate in vacuum will be carried out. 
Existing kinetic data for magnesium carbonate 
are conflicting, and equilibrium decomposition 
pressures are somewhat uncertain. The structure, 
particle size, and porosity of the magnesia 
produced will be characterized because of their 
probable importance in affecting the reactivity 
of the magnesia in later appplications. 

An effort will be made to prepare anhydrous 
alumimjn sulfate that has negligible porosity; it 
will be prepared from its hydrate- We will 
investigate with the mas* spectrometer the fluxes 
of SO3 and SC7 produced by decomposing the 
anhydrous sulfate in vacuum. The decomposition 
of aluminum sulfate is theoretically interesting 
because, under equilibrium conditions SO3 ?nd SO2 
fluxes should be nearly equal, but work in this 
laboratory on barium and strontium sulfate 
decomposition kinetics and especially unpublished 
studies by Hildenbrand and Cubicciotti at Stanford 
Research Institute on magnesium sulfate and calcium 
sulfate imply that SO2 vaporization from high 
density pellets of aluminum sulfate may be almost 
totally surpressed in vacuum. Particular attention 
will be given to characterizing the aluminum oxide 
product. Because the decomposition of aluminum 
sulfate occurs in two steps, both of which occur 
at relatively low temperatures, the aluminum oxide 
produced probably is of exceptionally small 
particle size. It is formed in a met?.stable, and 
therefore reactive modification. 

Theoretical and experimental studies of the 
kinetics of transport of gases and vapors through 
porous barriers will complement the studies of the 
kinetics of decomposition reactions. A mass 
spectrometer has been modified to permit studies 

of the effect of porous barriers on gases and on 
gas mixtures of known compositions over a much 
greater temperature range than has previously been 
studied. Permeabilities will be measured for bar­
riers formed from a variety of materials, eg. 
alumina, zeolites, nickel metal, and carbons, to 
gases and vapors that are prototype for substances 
that would be encountered in coal gasification. 
In regard to the latter, permeabilities will be 
measured for aliphatic and aromatic hydrocarbons, 
sulfur dioxide, hydrogen sulfide, carbon dioxide, 
and water. It is hoped that selecitve surface 
diffusion through porous solids will provide a 
practical means for separating relatively polar 
molecules such as sulfur dioxide and hydrogen 
sulfide from less polar and non-polar gas molecules. 

The apparatus that has been used for studies 
of the deflection of gas molecules which have 
unpaired electrons will be modified, if funds are 
available, for studies of the non-steady state 
transport of gases and vapors through porous 
barriers, Pending this modification, the 
apparatus is being applied to generating SeS gas 
from a metal sulfide plus metal selenide reaction 
in order to measure properties of SeS. This sub­
stance has never been observed, but con be shown 
on theoretical grounds to be the probable carrier 
of selenium iinpurities from many metal sulfides 
when they are decomposed in vacuum. 

8. 1975 PUBLICATIONS AND REPORTS 

Alan W. Searcy and Associates 
Journals 

1. Alfred Buchler and David J. Meschi, The 
Magnetic Moment of Se ?, J. Chem. Phys. 65, 3586 
(1975) (LBL-3761). c 

LBL Reports 
1. Pivooz Mohazzabi and A. W. Searcy, The 
Kinetics and Thermodynamics of Decomposition to 
Barium Sulfate, LBL-3773, April 1975. 

2. Pirooz Mohazzabi and Alan W. Searcy, The 
Effect of Porous Barriers on the Molecular 
Composition and Total Flux of a Reactive Gas 
Mixture, LBL-4120, Aug. 1975. 

3. T. K. Basu and A. W. Searcy, The Kinetics and 
Thermodynamics of Decomposition of Barium Carbonate, 
LBL-4150, Aug. 1975. 

4. Sheldon Chil Pin Lim, The Effect of a Porous 
Layer on the Kinetics of Decomposition of Calcite 
(M.S. Thesis) LBL-3578, Jan. 1975. 

5. Pirooz Mohazzabi, The Effect of Porous Barriers 
on the Molecular Compositions of Reactive Gas Mix­
tures, (Ph.D. Thesis) LBL-3565, Feb. 1975. 
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d- Relation of Microslructure lo Properties 
in Ceramics 

Richard M. "ulvjth, Principal investigator 

Introduct ion. The phys ica l , chemical, and 
mechanical p roper t i e s of ceramic mater ia ls arc 
determined by the composition and processing of the 
m a t e r i a l . Unlike many metals which can be t r ea t ed 
thermally, mechanically or by combinations of both 
to -signif icantly change t h e i r p r o p e r t i e s , the prop­
e r t i e s of processed ceramic mater ia ls a re e s s e n t i a l ­
ly unchanged by these processes . 'Iherefure, to 
optimize the p roper t i e s of e x i s t i n g ceramics and 
develop new mater ia ls for technological systems 
generated by raw mater ia l and energy shortages 
research r e l a t ed to processing and the r e l a t i on 
of processing to p roper t i e s i s e s s e n t i a l to the 
progress of ceramic sc ience . 

This research e f f o r t i s divided in to three 
a reas ; f i r s t , s tud ies of dens i f i ca t ion of powder 
compacts ( s in te r ing) with and without the presence 
of a l iqu id phase using the ^IRU-developed capabi l ­
i t i e s in hot stage scanning e lec t ron microscopy. 
Second, processing s tudies of important piezoelec­
t r i c ceramic mater ia ls whiJi find many appl ica t ions 
in e l e c t r o n i c devices , and t h i r d l y , research in the 
microstructure developed in processing of thick 
films used for conductors and r e s i s t o r s in e l e c ­
t ronic c i r c u i t s . Thick films are a s ign i f i can t 
user of precious metals . 

1. SOLID STATi; SI.VTHKINC STUDIES 

David N. K. Wang and Richard M. I 'ulrath 

Solid s t a t e s i n t e r i n g of powder compacts i s an 
important processing s tep in the production of 
ref rac tor) ' ceramic m a t e r i a l s . Linde-A alumina 
doped with a small amount of magnesium oxide 
(0,1 - 0.?5^ v.'t) has been one of the mojt niuci* 
used mater ia l s in studying so l id s t a t e s i n t e r i r g 
k i n e t i c s . Coble* and Bruch- s tudied MgO doped 
AI2O3 for t he l a t e r s tages of the s in t e r ing pro­
ces s . Jorgensen-* a lso s tudied the ef fec t of MgO 
dopant on the s i n t e r i n g k i n e t i c s of AI2O3. These 
previous s tud ies have concentrated on the use of 
isothermal techniques. A complete analys is of 
s i n t e r i n g k i n e t i c s i s una t ta inab le due to uncertain­
t i e s in the change of densi ty of the compact with 
temperature and time in the i n i t i a l heating per iod. 
The present work uses a constant heat ing r a t e 
technique to monitor the complete dens i f i ca t ion 
k i n e t i c s including the change of densi ty and 
dens i f i ca t ion ra te with temperature and time from 
the s t a r t to the completion of the s i n t e r i n g 
process . 

Powder compacts made by cold press ing submicron 
Linde-A AI2O3 undbped and doped with 0.1 wt% of MgO 
were used. The compacts having an i n i t i a l densi ty 
of 40£ of the theo re t i ca l densi ty were heated in 
the hot s tage of .1 scanning e lec t ron microscope a t 
various heat ing r i t e s . The scanning e lec t ron 
fractograph of t T .e green compact taken a t d i f ferent 
magnifications a re shown in Fig. 1. Agglomerates 
of about 20 urn in diameter r e s u l t i n g from the 
standard powder processing and forming techniques 

Fig. 1. Scanning e l ec t ron fractographs of the pre­
fixed alumina powder compact with an i n i t i a l 
densi ty of 40£ of the t h e o r e t i c a l densi ty a t 
various magnif icat ions. (XBB* 7510-7852) 

are shown in Fig. l a . Higher magnifications are 
shown in Figs, lb and l c . Figure l c shows t ha t in 
s p i t e of the presence of those large agglomerates 
in the powder compact there are numerous small 
c l u s t e r s formed by several individual p a r t i c l e s . 
These va r i a t i ons in the i n i t i a l p a r t i c l e packing 
and the assoc ia ted complexities conmonly present 
in the powder compact make an overs implif ied theory 
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inapplicable to describe the sintering behavior-. 
Experimental results obtained during last year 4 

have shown that the densification rate in accord­
ance with the change of density of the compact 
during the sintering process can be divided into 
two parts. In the first part, i.e., below a criti­
cal density of about 73%, the densification rate 
is not a function of density or heating rate but a 
function of temperature only. In the second part, 
i.e., from 731 density to nearly theoreticai 
density, the densification rate is not only a 
function of temperature but also a function of 
density. It was found that the sintering rate 
followed an exponential change of temperature with 
an effective activation energy of 57 kcal/nole. 
Therefore, the densification rate of the process 
can be described by the following relationship 
regardless of the deta; ed mass transport 
mechanisms and structural change of the compact: 

10 [_ 

dp 
Ht exp(" j^r) p'TkT 

where dp/d t and p a re the dens i f i ca t ion rat- 1 and 
densi ty a t any temperature r e spec t ive ly , Q i s the 
e f f ec t ive a c t i v a t i o n energy for t he s i n t e r i ng 
p rocess , m i s a cons tan t , R i s the gas constant , 
and T i s t h e s i n t e r i n g temperature (°K) a t which 
dp/dt and p are determined. With t he e f fec t ive 
a c t i v a t i o n energy being determined, which i s 57 
kca l /mole , one i s able t o ob ta in t he time dependence 
of the p rocess . This has been done in F ig . 2 by 
p l o t t i n g In dp/dt/exp(-Q/RT) versus p for the 
r e s u l t s obtained during l a s t yea r . The curve in 
t h i s f igure i s composed of a l l data po in ts calcu­
l a t e d e i t h e r from the constant r a t e of heat ing 
region or from the following isothermal s i n t e r i n g . 
Figure 3 shows, in accordance with the change of 
the po ros i ty of the compact, t he s i n t e r i n g process 
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of both MgO doped and undoped AI2O3 can be divided 
in to three s tages a f t e r an i n i t i a l change of 
dens i ty from 40S t o SOI of the theo re t i ca l 
dens i ty . Analysis of the data has shown the 
following e n p i r i c a l equation t o be app l icab le : 

V j T " K-rC-^Ht-V 

where p i s the f rac t iona l poros i ty a f t e r s i n t e r i n g , 
t is the s i n t e r i n g t i n e , p i and Cf a r e the 
poros i ty and time a t the beginning of each of the 
s t ages , T i s the isothermal s i n t e r i n g temperature, 
n and K are constants changing with the change of 



103 

s t a g e , and Q is the e f fec t ive ac t i va t ion energy 
for the p rocess . This equation has been tes ted by 
using Coble,* Jorgensen-* and Bruchs'2 da ta . A 
logari thmic p lo t of those data according to the 
equat ion has been made and are shown in Figs . 4-7 . 
Lines with slopes equ:il to one have been drawn for 
each se t of da ta . V. I:- ind ica tes the time 
dependence of the s i n t e r i n g process deduced from 
a nonisothermal study in the present work ca ri 
p r ec i s e ly descr ibe the behavior of the process a t 

an isothermal s i n t e r i n g t e n p e r a t u r e . 

1. R. L. Coble, J . Appl. Fhys. 32(5) , 793-99 
(1961). ~ 
2. C. A. Bruch, Bul l . Am. Ceram. Soc. 41(12), 
799-806 (1962). " 
3 . P. .J. Jorgensen, J . Amer. Ceram. Soc. 48(4) 
207-210 (1965). "~ 
4. D. N. IVang and R. M. Fu l ra th , LBL-3530, 203-205 
(1974). 

F ig . 4 . Detisification data by previous inves t iga­
to r s for Linde-A alumina with MgO dopant (Refs. 1, 
2 , 3 ) . (XBL 7511-7649) 

Fig. 6. Densif icat ion data by Jorgensen for 
Linde-A alumina (Ref. 3 ) . (XBL 7511-7648) 
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Fig. 5 . I tensif icat ion data by previous inves t iga­
t o r s for Linde-A alumina with MgO dopant (Refs. 1, 
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Fig. 7. Densif icat ion data bv Jorgensen for 
Linde-A alimina (Ref. 5 ) . ' (XBL 7511-9400) 
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2. SINTERING OF URANIUM DIOXIDE BY HOT STAGE 
SCANNING ELECTRON MICROSCOPY 

Daniel J . Mi l l e r and Richard M. Fulrath 

Uranium dioxide i s fuel mater ia l in t he majori ty 
of nuclear power reac tors in operat ion today. UO2 
is incorporated into the reactor in the form of 
pellets, produced by the densification of powder 
compacts. The efficiency and stability of these 
UO2 pellets in reactor environments is intimately 
dependent on the microstructure developed during 
this densification process. A full understanding 
of the sintering process of uranium dioxide is 
mandated by these considerations and the economics 
of optimizing this important processing step. 

The hot stage of the scanning electron microscope 
has proven to be a powerful tool in studying the 
sintering of almana. 1 This technique is now being 
used to study the densification of uranium dioxide 
powder compacts. The primary objective of this 
study is to obtain the sintering kinetics from the 
init ial compact density to nearly theoretical 
density. 

Specimens were supplied by the General Electric 
Company, Vallecitos, California, A submicron 
uranium dioxide powder, O/U ratio 2.15-2.20, was 
uniaxially pressed to 50$ TO (theoretical density) 
with no binder. Sintering kinetics of these 
compacts were correlated to linear shrinkage 
measurements taken under varied constant heating 
rates and isothermal heat treatjnents. Linear 
shrinkage was measured from the changes in separa­
tion distance of AI2O3 microspheres on the surface 
of the compact, constantly monitored using time-
lapsed photography. 

Figure 1 shows the change in relative density, 
calculated from linear shrinkage data, as a function 
of heating rate and tenperature. When densifica­
tion rate is determined from the data of Fig. 1 
and plotted as a f'jiction of density, an interesting 
observation can be made as seen in Fig. 2. The 
densification ratos goes through a maximum at 
approximately the same density of 660 TD independent 
of heating rate. This observation of a density 
critical to sintering kinetics has also been 
observed for AI2O3 powder compacts* and is further 
evidence of the'necessity of considering micro-
structure development in the densification process. 
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Fig. 2. Densification rate as a function of 
heating rate and relative density for IX.)-? powder 
compacts. ' (XBL"759-7380) 

A problem encountered in obtaining data to 
nearly theoretical density under constant heating 
rate conditions was the evolution of a gaseous 
uranium bearing species at temperatures above 
1300aC. The evolution of this gas, previously 
reported for non-stoichiometric UO2 in a similar 
vacuum environment,L resu l ted in the movement of 
the alumina microspheres on the surface of the 
compact. Shrinkage measurements a t these higher 
tenpera tures , were therefore, not pos s ib l e . Recent 
experiments using constant heat ing ra tes to 1000°C 
accompanied by isothermal temperature holds 
ind ica tes dens i t i e s near theore t i ca l can be 
obtained. The e f fec t s of deviat ion from stoichiom-
e t ry on s i n t e r i n g and dens i f i ca t ion p r o f i l e s to 
nearly t h e o r e t i c a l dens i t i e s w i l l be the next focus 
of a n a l y s i s . This data w i l l a s s i s t in developing 
a b e t t e r theory of s i n t e r i n g of uranium dioxide . 

1. D. N. K. Wang and R. M. Ful ra th , LBL-3530, 
p . 203-205 (May 1975). 
2 . 
Soc. 

T. Chapman and R. E. Meadows, J . Am. Ceram. 
47(12), 614-621 (1964). 

F ig . 1. The r e l a t i v e densi ty changes of UO2 powder 
compacts as a function of hea t ing r a t e and tempera­
t u r e . (XBL 759-7379) 

3. MICROSTRUCTURE DEVELOPMENT IN CONDUCTING THICK 
FILMS 

V. K. Nagesh and Richard M. Fulrath 

Conducting or r e s i s t i v e thick films a re conven­
t i o n a l l y a mixture of a metal or oxide powder com-
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bined with powdered glass which when suspended in 
an organic vehicle can be printed (painting or 
screen printed) onto a ceramic substrate and sub­
sequently fired to bond the film to the substrate 
and dew lop the required electrical properties. 
Because the firing is usually in an oxidising 
.itmosphere the conducting films use a precious 
metal (Ag, Au, Ft, or combinations of these metals 
with Pdj. The film thickness is usually on the 
order of a few mils' which distinguish them from 
thin fi 1ms (< 1 pm). 

Thick film circuits are widely used in hybrid 
integrated circuits , TV components, computer compo­
nents, e t c . , and are a significant user of precious 
metals because present commercial thick film 
conductor compositions use about 70 wt'» metal in 
the solids conposition. This research was under­
taken to provide a better understanding of the 
microstructure development and the electronic 
conduction process in thick films with the aim at 
reducing the precious metal content while s t i l l 
maintaining suitable electrical conduction. 

Because the glass component of the conductor 
system performs two functions in a thick film 
conductor system, 1J bonding the film to the 
ceramic substrate, and Z) holding the metallic 
particles together in the film, i t was obvious 
that the microstructure of the metal-glass system 
is important in developing a good conductor. The 
obvious structure for minimum metal content while 
s t i l l retaining electrical conductivity is one in 
which the metal forms a continuous film around 
each glass particle. 

In view of the above, research was directed to 
attaining the optimum microstructure by concentrat­
ing on the glass phase of a thick nlm conductor 
system. A simple glass coTnp<->c.ition consisting of 
PbO, BjO^ and 5:(V> which matched the thermal 
expansion of the AI2O3 substrate material was used 
as the base glass. The glass composition was 
melted then crushed to a particle size fraction 
between 20 and 44 urn. The glass particles were 
then mixed with a silver resinate to give the 
required weight per cent silver metal after 
decomposition of the metal-organic. Some glass 
particles were given a prior chemical treatment 
in HC1 before contacting with the silver resinate. 
In this chemical treatment i t was found that the 
reaction: 

Pb + +(solid soln. in glass) + 2H (acid) -+-

2H*(solid soln. in glass) + Fb+ (in acid soln.) 

took place. Subsequent reaction with the silver 
resinate caused the reaction: 

H (solid soln- in glass) + Ac; (in resinate) -* 

Ag (solid soln. in glass) + H (in resinate). 

Therefore, this chemical pretreatment placed silver 
metal ions on the activated glass surface, which on 
firing should form a continuous interconnected 
silver metal film around each glass particle and 
lead to maximum conduction with minimum silver 
content. Figure 1 shows the microstructure of a 
thick film with 25 wtS silver - 75 wtl glass formed 

by using a chemical pretreatment for the glass 
phase. Figure 2 shows the same system under identi­
cal processing conditions but without chemically 
activating the glass phase. This method of produc-

Fig. 1. Micrcstructure of a thicJt film conductor 
containing 25 wtl Ag fired at 600 C for 8 minutes 
using an activated glass. (XBB 7510-7557) 

Fig. 2. Microstructure of a thick film conductor 
identical to Fig. 1 except that a nonactivated 
glass was used. (XBB 7510-7556) 
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Table 1 . Sheet r e s i s t i v i t i e s of conducting thick 
f i lms. 

Oliver riT-iTio 
metal Surt«-e — t i r i n g Sheet 
content treatment Temp. Time r e s i s t i v i t y 

(wtt) (45 sec) feC) (min) (mfl/D) 

. n 0.2S N HCl 550 8 44 
4 U 0 . 2 5 N HCl 575 14 32 

0 . 0 1 N HCl 500 20 80 
0 . 0 1 N HCl 500 30 120 

30 0 . 0 1 N HCl 600 8 85 
0 . 0 1 N HCl 640 8 7G 
0 . 0 1 N HCl 700 8 80 
0 . 0 1 N HCl M>0 8 160 

25 0 . 0 1 N HCl 600 8 165 
0 . 0 1 N HCl 700 8 160 

20 0 . 0 1 N HCl 500 30 230 

ing optimum micros t iuc tu res was l a rge ly developed 
through previous research in g l a s s to metal bonding 
conducted i n t h i s l abora to ry .^ 

Typical sheet r e s i s t i v i t i e s developed with t h i s 
process a re given in Table 1. In a l l systems using 
the same g la s s and i d e n t i c a l process ing techniques 
except for t he surface a c t i v a t i o n there was no 
measurable conduction. 

1. T. M. Place , Proceedings of t he F i r s t Thick 
Film Symposium, ISHM, p.12-19 (1967). 
2. J . A. Pask and R. M. Fu l r a th , J . Am. Ceram. 
Soc. 45(12) , 592 (1962). 

4 . ELECTRICAL CONDUCTIVITY IN LEAD ZIRCONATE-
TITANATE CERAMICS 

Jiunn-Jye Din and Richard M. Fulrath 

Lead z i r c o n a t e - t i t a n a t e (PZT) i s an important 
ceramic mater ia l widely used for p i e z o e l e c t r i c 
dev ices . E l e c t r i c a l conduct ivi ty i s an important 
physical proper ty in p i e z o e l e c t r i c a p p l i c a t i o n s . 
Compositions t h a t are too conductive a re d i f f i c u l t 
to p o l e , tend to overheat in high power app l i ca t ions 
and have undesirably high d i e l e c t r i c l o s s . The 
mechanism of e l e c t r i c a l conduct iv i ty in PZT has not 
been c l e a r l y defined. The energy band s t r u c t u r e 
of PZT has not been descr ibed. The major problem 
in defining the e l e c t r i c a l p rope r t i e s of PZT i s the 
d i f f i c u l t y in con t ro l l i ng t he sample composition 
during s i n t e r i n g . I t i s well known tha t PZT loses 
PbO a t high temperature. In t h i s l abora to ry , a 
packing powder technique has been developed to 
cont ro l the mater ia l loss during f i r i n g . The pur­
pose of t h i s study was to determine the ac tual 
mechanism of e l e c t r i c a l conduction in po lyc rys t a l -
l i ne PZT with b e t t e r defined composition. The 
e f f ec t s of dopents and temperature on e l e c t r i c a l 
conduction behavior have been determined. 

In t h i s research , a PZT composition of 
Pb(Zr0.5110.5)03 was prepared from chemical com­
pounds. The raw mater ia l s used for the p r inc ip l e 
cons t i t uen t s were lead oxide powder, zirconium 
te t ra -bu tox ide l i qu id and t i tanium t e t r a -bu tox ide 
l i q u i d . Scandium oxide and niobium oxide powders 
were used as donent m a t e r i a l s . I t has been e s t ab ­
l i shed t h a t N b + S and S c + 3 s u b s t i t u t e for ( T i . Z r ) * 4 

and c rea t e lead vacancies and oxygen vacancies 
r e spec t ive ly . A flow char t ou t l i n ing the procedure 
of powder prepara t ion i s shown in Fig. 1. After 
cold p ress ing , the p e l l e t s were s i n t e r e d a t 1200°C 
for 16 hours . All the p e l l e t s were buried deep in 
a packing powder tha t would provide a known I'bO 
vapor pressure to control mater ial loss from the 
sample during s i n t e r i n g . Density of the undoped 
and niobium doped samples were above 98^ t h e o r e t i ­
cal densi ty a f t e r f i r i ng and tha t 01 scandium doped 
samples achieved 95%. X-ray d i f f r ac t i on of each 
sample showed typ ica l PZT p a t t e r n s . 

DC bulk r e s i s t i v i t y was measured by using a 
guard r ing methoa. Sputtered gold e lec t rodes were 
used to ensure int imate con tac t . The contact 
r e s i s t ance was found t o be n e g l i g i b l e . Most of the 
measurements were conducted in the temperature 
range 150-500°C. Thermoelectric power measurements 
were a l so performed to determine the type of charge 
c a r r i e r con t r ibu t ing to the conduction process . 

The inf luence of dopents and temperature on the 
r e s i s t i v i t y of PZT i s shown in Fig. 2. The r e s i s ­
t i v i t y always decreases with increas ing temperature 
and follows the simple theo re t i ca l expression ior 
semiconductor behavior; 0 = pQexp(B/RT), where p i s 
the r e s i s t i v i t y , po i s a cons tan t , I: i s the a c t i ­
vat ion energy, k i s the Boltzmann cons tan t , and T 
i s the absolute temperature. I t has been repor ted 
t ha t the e l e c t r i c a l conduction in P Z Q . 5 T 0 5 i s 
almost e n t i r e l y e l e c t r o n i c . M2asurements"of the 
thermoelec t r ic vol tage showed tha t hole conduction 
(p-type semiconductor) dominated in a l l the 
samples. I t suggests tha t e l e c t r i c a l conduction 
in PZT i s due to lead vacancies . 

The e f fec t of the i n t r i n s i c nonstoichiometr ic 
on e l e c t r i c conduct iv i ty i s shown in Fig. 3 . Two 
samples were s i n t e r ed in 1 atm oxygen with d i f fe ren t 
packing powders, i . e . , PZ + Z and PZT + Z + T. The 
PbO a c t i v i t y of PZ +Z i s h igher than t ha t of 
PZT + Z + T. Therefore, lowering the lead oxide 
a c t i v i t y , a t a fixed oxygen p re s su re , wi l l increase 
the lead vacancy concent ra t ion . I t was found that 
the r e s i s t i v i t y decreased with an increased lead 
vacancy concentra t ion formed by using a low a c t i v i t y 
packing powder. Consequently, the e l e c t r i c a l 
conduct iv i ty of undoped PZT i s due to lead 
vacancies . 

The lead vacancy concentra t ion increases with 
increas ing Nb205 content in the system. However, 
the experimental r e s u l t s showed t ha t t he conductiv­
i t y drops while more and more Nb2°5 w a s added. 
This i s explained as a compensation e f f e c t . Nb + S 

ions in the matrix can serve as donors of e l ec t rons 
which can decrease the hole concentra t ion due to 
the law of mass ac t i on . For scandium doped samples, 
the r e s i s t i v i t y drops with increas ing amounts of 
scandium because the S c * 3 can ac t as an e l ec t ron 
acceptor and increase the hole concen t i a t ion . The 
ac t i va t ion energy which can be co r re l a t ed with the 
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Fig. 1. Sample fabrication flow sheet for chemical­
ly prepared PIT samples. (XBL 759-7355) 
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l :ig. 2. Resistivity of doped and undoped PZT as 
a function of temperature. (XBL 759-7360) 

ionization energy was plotted against the amount 
of dopents as sho'.m in Fig. 4. Nb doped and undoped 
PZT has the same actii'ation energy of 1.41 eV. 
This indicates that their conduction mechanism is 
the same; hole migration associated with lead 
vacancies. Ihe activation energy for the scandium 
doped samples is only 1.1 eV. Therefore, electri­
cal conduction in Sc doped samples cannot be due 
to lead vacancies. It is probably due to Sc+^ ions 
severing as acceptors and increasing the charge 
carrier concentration. 

The effects of ball milling impurities on the 
electrical conductivity of PZT were investigated 
and are shown in Fig. 5. There is a clear differ­
ence between the activation energies of the two 
samples prepared from powders ground by different 
milling media (alumina balls and zirconia bal ls) . 
The activation energy is 1.05 eV for the sample 
using alumina balls as the grinding medium and 
1.41 eV for the sample using zirconia balls . I t is 
suggested that an Al*3 impurity ion from the 
milling media goes into solid solution in PZT and 
acts as an acceptor giving lower bulk resistivity 
and a lower activation energy similar to Sc + 3 . 

In studying the electrical conductivity of PZT 
over the temperature range 150~800°C, the activa­
tion energy above 650°C was found to be 5.6 eV. It 
is suggested that at temperatures higher than 650°C, 
intrinsic conduction prevails in PZT. 
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5 . KINETICS OF PEROiSKITE COMPOUND FORMATION IN 

Sudhir S. Chandratreya and Richard M. Fulrath 

The l i t e r a t u r e on PZT ceramics i s r ep le t e with 
repor t s r e l a t i n g the e l e c t r i c a l p rope r t i e s of the 
ceramic to i t s composition. I t i s now widely 
accepted t ha t the processing of the ceramics de te r ­
mines to a s i g n i f i c a n t extent i t s e l e c t r i c a l proper­
t i e s l ike d i e l e c t r i c cons tan t , d i e l e c t r i c energy 
loss and the coupling coe f f i c i en t . Thus the quest 
for an ideal high pe rmi t iv i ty ceramic l i ke PZT 
reduces t c the search of a proper process for 
manufacture. 

One of the f i r s t s teps involved in the process­
ing of PZT i s the synthesis of the compound i t s e l f . 
This i s done by heat ing the react tmt oxide powders 
of PbO, Z r 0 2 , and Ti02 to a temperature high enough 
to y i e l d the perovski te compound. This process i s 
ca l l ed c a l c i n a t i o n . Product powder i s then ground, 
compacted, and s in t e r ed to obta in a dense ceramic 
body. Unfortunately, most of the work reported on 
the p rope r t i e s of PZT has been conducted with l i t t l e 
understanding of the ca l c ina t ion process . I t has 
been assumed tha t ca l c in ing temperatures anywhere 
between 800°C to 1000°C and ca lc in ing times from a 
few minutes t o several hours i s enough to give 
uniform fu l ly reacted powder ready for s i n t e r i n g . 
Robinson and Joyce* were the f i r s t to repor t tha t 
even a t very high temperatures , as much as 3 mole % 
of t he p a r t i c i p a t i n g oxides may remain unreacted. 
Robinson and Luff^ simultaneously reported tha t 
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any unreacted PbO and, in particular, Zrt>2 can 
severely deteriorate the dielectric constant, the 
coupling coefficient and consequently the energy 
efficiency of the ceramics. It has been reported 
th^t in sintering of PZT, the final density is 
largely determined by the temperature of the 
calcination process.3«* 

Noting that from the point of vie* of sinter-
ability as well as electrical properties, calcina­
tion is an important process step in which the 
present study was undertaken to characterize the 
process. For this one must investigate the reac­
tions talcing place between various cf̂ ipono'--̂  ^^k.-. 
and devise simple metli. ^ at monitoring them. In 
the current investigations, various techniques like 
Differential Thermal Analysis (DTA), Dilatometric 
Expansion and X-ray Analysis were used. 

Five compositions were selected from _ne pseudo-
binary phase diagram of PbTiOj-PbZrOj system. 
They are as follows: 

DIFFERENTIAL THERMAL AfJALYSlS ( D T A ) 

Composition 
Male 
% R>0 

1 50 
2 50 
3 SO 
4 50 
5 50 

Mole 
I TiO_ 

fble 
% ZrO, 

17.5 
25.0 
32.5 
so.o 

32.5 
25.0 
17.5 

Raw materials used were all of high purity and 
known crystalline form. They were crushed to the 
micron size range and were then mixed intimately in 
the required proportions. The powder mixtures were 
hydrostatically pressed to 30,000 psi when required 
by the experiments. 

Initially, DTA was conducted using Al^O, as the 
standard. Results are shown in Fig. 1 for the 
compositions 2, 4 and 5. It was observed that the 
fixture of PbO and Ti02 reacts at 450°C exothermic-
ally while the mixture of PbO and ZrO reacts at a 
much higher temperature of 700DC endothermically. 
The reaction products on x-ray analysis proved to 
be PbTi03 (FT) and PbZi-03 (PZ) respectively. Ihe 
mixture of PbO, Ti02 and 3r02 shows two peaks simi­
lar to those above at the same ten|>eratures. The 
product was again a mixture of PZ and PZ without 
any trace of FZT. The same results were obtained 
for rutile (T1O2) as for anatase (TiQ?). 

For dilatometry, isostaticaUy pressed samples 
in the shape of cylindrical slugs 1 in. long and 
1/4 in. diameter were used. The temperature was 
raiFud at various rates (19G°C/hr, 260°C/hr, 
340°C/hr, and 490°C/hr) while the linear expansion 
was plotted directly against temperature as shown 
in Fig. 2. It is seen that the mixture of 
PbO + TJ.O2 s tar ts reacting at 450°C as indicated 
by the sharp expansion peak. Similarly a mixture 
of PbO and Z1O2 has an expansion peak starting at 
710°C. The mixture of PbO, Ti02 and Zr02 behaves 
like two separate mixtures of PbO + Ti02 and 
PbO + Zr02 were reacting independent of each other, 
resulting in two peaks. The beginning of both the 

200 400 600 600 IOOO 
TEMPERATURE \* C> 

Fig. 1. Differential thermal analvsis of mixture.'; 
of PbO, TiC2 and ZrO,. (XBL 756-6525) 

peaks is at the same temperatures as seen in DTA 
experiments. Results were invariant with change 
in heating rate or Zr02:Ti02 ratio in the mixtures. 

To identify the various phases formed during 
the course of reaction, samples were taken to 
various temperatures above: reaction-starting-
temperature and suddenly quenched. Resulting 
sample was subjected to x-ray analysis. In the 
case of the i"b0 + T1O2 mixture, only PT was 
observed above 600°C even at fast heating rate. 
On the other hand, reaction between PbO and ZrOi 
gi\i.ng PZ was seen to be incomplete even at 
temperatures as high as 1000°C with the slowest 
heating rate. The ternary mixtures show both PT 
and PZ along with unreacted oxides but no trace of 
PZT. This finding though directly contradictory 
to the one reported by Macsuo and Sasaki' earlier, 
is in agreement with the work of Ohno, Takahasi 
and Tsubouchi.° 

On the basis of the abov-5 experiments i t is 
clear that even at higher temperatures perovskits 
PZT solid solution may not :c>rm. PZ and PI* form 
independently of each other and in totally different 
temperature ranges. Such partially reacted powder 
containing PZ and PT but no P2T when used for sint­
ering will give a ceramic body with two phases 
instead of one. This is because counter-diffusion 
of Zr + 4 and T i + 4 to give PZT .hiring sintering is 
expected to be very slow and cifficult. A two 
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Fig. 2 . Di la tometr ic study of mixtures of PbO, 
T i 0 2 and ZrO,. (XBL 756-6424) 

phase system w i l l r e s u l t in poor s i n t e r a b i l i t y and 
e l e c t r i c a l p r o p e r t i e s . Endothermic formation of 
PZ in c o n t r a s t t o exothermic formation of PT, 
though chemical p rope r t i e s of Z1O2 and T1O2 are 
s i m i l a r , i s of i n t e r e s t . This could lead to 
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6. FRACTURE STRENGiH OF POROUS PGLYCRYSTALLINE 
CERMMCS 

Dipak R. Biswas and Richard M. Fulra th 

Most ceramic ma te r i a l s even a f t e r f i r i n g a r e 
l e f t wi th some amount of p o r o s i t y . This po ros i ty 
reduces t he mechanical s t r eng th considerably and i s 
extremely important in t he use of ceramics as 
s t r u c t u r a l m a t e r i a l s . However, over the p a c t few 
yea r s , a number of studies-^ have been perforated 
r e l a t i n g the f rac ture s t r eng th with poros i ty and 
general r e l a t i o n s h i p s a re beginning t o emerge. 
In the previous work the e f f ec t of s i z e and shape 
of pores on the f rac ture s t r eng th was not con­
s ide red . Therefore, an attempt has been made to 
perform a systematic study of f r ac tu re s t r eng th of 
a h ighly dense, we l l - cha rac te r i zed p o l y c r y s t a l l i n e 
ceramic conta in ing con t ro l l ed amounts of pores of 
d i f f e r en t s i z e s and shapes. 

The mater ia l used in t h i s study was lead 
z i r c o n a t e - t i t a n a t e (PZT) ceramic. The samples were 
f ine-gra ined (2-5u) p o l y c r y s t a l l i n e ceramics i n 
which the g ra in s i z e i s con t ro l l ed by doping with 
one mole percent ND2O5. The advantage of using 
t h i s mater ia l i s t h a t specimens are easy to f a b r i ­
ca te with good r ep roduc ib i l i t y and cont ro l of 
g ra in ? i ze from b~tch t o ba t ch . I t was found t h a t 
the add i t ion of 5.5 wtl excess PbO enhances t he 
ease of f ab r i ca t ing t h i s mater ia l by s i n t e r i n g , and 
d e n s i t i e s over 991 of t he t h e o r e t i c a l value can be 
obtained without d i f f i c u l t y . Spherical and a c i c u l a r 
pores were introduced i n t o t he specimen using 
organic mate r i a l s mixed with the PZT powder p r i o r 
t o s i n t e r i n g . 

The composition of the PZT-Nb doped ceramic 
(PNZT) was P b o . 9 9 l = b . O l U r 0 , 5 2 T i 0 # 4 6 N b 0 > 0 2 ) 0 3 , 
where Q i s the Pb-vacancy. The raw powders of PbO, 
ZrO, TiO and Nb 0 were mi l led i n a v ib ra to ry energy 
mi l l for 4 hours using isopropyl alcohol as a 
l i q u i d medium, then dr ied and ca lc ined a t 850CC 
for 4 hour s . The ca lc ined powders were then mixed 
with 5.5 wtl excess PbO and milled again for 4 
hours using isopropyl alcohol and polyvinyl alcohol 
(as a binder) in water and then a i r d r ied . The 
con t ro l l ed amount of poros i ty was introduced by 
doping with organic powders of cont ro l led s i z e and 
shape. The proper amount of PNZT-organic powders 
were cold pressed to 1.5 i n . diameter and 0.2 i n . 
th ick p e l l e t s . They were dr ied a t 250°C for 12 



I l l 

hours to decompose the organic mater ia l and f ina l ly 
s i n t e r ed a t 120O°C for 3 hours in a PbZr03 + ZrC-2 
packing powder and a t 1 atm. pressure of oxygen in 
order t o prevent PbO loss from the specimen. The 
d i s t r i b u t i o n of pores and grain s i ze s i s shown in 
F ig . 1 and Fig. 2. Specimens were cut from the 
s i n t e r ed d iscs using a diamond saw. The nominal 
dimensions were 0.05 i n . th ick and 0.2 i n . wide. 
The specimens were t e s t ed in a four-point bending 
i.iachine with a d is tance between supports of 0.75 i n . 
and a dis tance between the cen te r loading points 
of 0.25 i n . Actual dimensions var ied s l i g h t l y ; 
exact values were used in ca l cu l a t i ng t he f rac ture 
s t r e n g t h . 

The e f f e c t of spher ica l and a c i c u l a r poros i ty 
on t h e f racture s t reng th i s shown in Fig. 3 . The 
s t reng th decreases cor t inuously with increase in 
poros i ty and then l eve l s off . The gra in s i z e was 
very small compared to t he pore s i z e . The s t rength 
in the ac icu la r pores , however does show a rapid 
dec ease wi th low poros i ty This i s probably due 
to the h igher s t r e s s cone n t r a t i ons fcr ac i cu la r 

• * W I ,«:'>k 

't 
Fig. 1, Micrograph of con t ro l l ed poros i ty in a 
PNZT m?tr ix , a) 4.65 v/o spher ica l pores , 00-75u 
and, b) 4.65 v/o ac icu la r pores , 1 1 0 - 1 S 0 I J . 

(XBL 7512-9061) 

Fig. 2. Micrographs of a typ ica l micros t rue ture 
showing Lhe d i s t r i b u t i o n of g r a i n s . 

(XBE 7510-7-189) 

pores because the aspect ratio gives the pore an 
effective size larger than that of an eouivalent 
spherical pore. 

Considering the effect of stress concentration 
in general, on the average strength of brittle 
solids subjected to a tensile stress, it is always 
less than would be expected from the theoretical 
stress concentration factor. This observation can 
be explained qualitatively by noting that the 
brittle materials contain a distribution of 
inherent flaws of varyirg severity. It is quite 
clear from Fig. 3 that the strength of porous 
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Fig, 3. Plot of the uniaxia l bend s t r eng th agains t 
volume f rac t ion of poros i ty (spher ical and ac icu la r 
pores) when the pore s i ze s a re much l a r g e r than the 
grain s i ze in a po lyc rys t a l l i ne matr ix . 

(XBL 7512-10,007) 



c e r a m i o cannot be predic ted by divid ing tiie 
s t reng th of zero porosi ty material by the e f fec t ive 
s t r e s s concentra t ion fac tor . For t h i s reason, we 
turn to the Weibull p r o b a b i l i t i c approach to 
b r i t t l e s t rength which allows us to consider the 
e f fec t of the s t ressed volume, as well as the 
s t r e s s l e v e l , on the p robab i l i t y of f a i l u r e . The 
Weibull- ana lys i s i s based on the assumption that 
a large number of inheient flaws e x i s t throughout 
the s t r e s sed volume. The present i nves t iga t ing 
ma te r i a l , with i t s w r y f ine grain s i z e r e l a t i v e 
to the pore s i z e , i s probably very- c lose to t h i s 
i dea l , 

Varder and Finnie" appl ied U'eibull 's probabi l ­
i s t i c ^pnro-?c tn p r ed i c t the s t reng th of b r i t t l e 
so l i d s and showed t ha t reasonable p red ic t ion can b-? 
made for medium s t reng th of a ceramic containing 
poros i ty up to about 10%. The ana ly t i ca l so lu t ion 
for the medium s t rength agains t percent poros i ty i?. 
shown in Fig. 4 . To minimize computation, the 
median s t reng th is used in bending t e s t s ra ther 
than the mean. Since the specimen, having the same 
volume and value of Q (defined in Fig. 4) i s 
unchanged, the ord ina te in Fig. 4 may be used 
d i r e c t l y to es t imate the e f fec t of poros i ty on the 
median s t r e n g t h . Figure 5 shows the experimental 
r e s u l t s frora Fig. 3 and the p red ic t ion based on the 
Weibull approach. Also shown in Fig. 5 i s the 
p red ic t ion for r e l a t i v e s t r eng th obtained by con­
s ide r ing only t he decrease in c ros s - sec t i ona l area 
and t h a t obtained by combining the s t r e s s concen­
t r a t i o n fac tor with the decrease in c ross - sec t iona l 
are« due to pores . 

STRESS CONCENTRATION ond ARE a CHANGE 

V 43-60f* 

D IK>-ISOp 

VOLUME FRACTION OF POROSITY, p 

Fig. 5 . Predicted and observed r a t i o of median 
s t reng th with poros i ty to median s t r eng th with 
zero poros i ty . The pred ic t ion of Fig. 4 i s 
ext rapola ted for values over 10b poros i ty . 

(XBL 7512-9465) 

These r e s u l t s show tha t the ef fec t of poros i ty 
on bending s t reng th is predic ted q u i t e well by the 
Weibull approach. Other approaches which might be 
considered based on s t r e s s concentra t ion factors 
or e f fec t ive c ross - sec t iona l area are completely 
inadequate when the pore s i z e i s much l a rge r than 
the grain s ize of a p o l y c r y s t a l l i n e ceramic. 
Ke ibu l l ' s ana lys i s p r ed i c t s t ha t only the t o t a l 
poros i ty and not the pore diameter w i l l control 
the s t r eng th . 

v =0.3 
V «0.2 

Q * I SIMPLE TENSION 
Jl /2(m-H)- l / L m]' / f f i 

I (m+l)2 J 3 or 4 POINT 
BENDING 

4 G 8 10 
% POROSITY 

Fig . 4 . Predicted v a r i a t i o n of median s t rength as 
a function of poros i ty for values of the Weibull 
parameter m shown on curves. V i s the t o t a l 
volune of mater ia l containing pores loaded by a 
nominal s t r e s s S. (XBL 7512-9462) 
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7. VARIATIONS TN THE FERROELECTRIC AND PIEZO­
ELECTRIC PROPERTIES OF LEAD ZIRC0NA1E TITANATE 

John F. Dullea, J r . and Richard M. Fulrath 

P ; r - o e l e c t r i c i t y i s the r eve r s ib le conversion 
of e l e c t r i c a l to mechanical energy by s t r a i n i n g the 
l a t t i c e of a polar ized c r y s t a l . Po lycrys ta l l ine 
f e r r o e l e c t r i c lead z i rconate t i t a n a t e (PZT1 can be 
made p i e z o e l e c t r i c by c rea t ing a preferred o r i en t a ­
t i on of the spontaneously polar ized domains within 
each g ra in . The eff ic iency in energy conversion, 
as measured by the planar coupling coe f f i c i en t , kp, 
w i l l be determined by the effect iveness of t h i s 
pol ing. Domain realignment w i l l be influenced 
grea t ly by defect s t r uc tu r e which can be e x t r i n s -
i c a l l y a l t e r e d by the addi t ion of doping oxides . 
Several such oxides have been s tud ied . Takabashi 1 

s tudied the e f f ec t s of Cr203 on the e l e c t r i c a l 
p roper t ies of Pb(Zr_ 5 7,Ti ^ g ) 0 3 and found a strong 
dependence of kp on ' the pol ing temperature and the 
amount of (J-2O3 added as shown in Fig. 1. The lack 
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Fig. 1 . Var ia t ion of t he p lanar coupling coe f f i ­
c i e n t , kp, with Cr^Oj added in PbfZr 51,Ti 43)03. 

(XBL 761-2163) 

of material cha rac t e r i za t i on suggested a riore com­
prehensive study was needed t o define the e f fec t s 
of Cr20j on the e l e c t r i c a l p rope r t i e s of PZT 
because of the influence such factors ^ grain 
s i r e , dens i ty , and c r y s t a l s t r u c t u r e have en the 
e l e c t r i c a l p r o p e r t i e s . 

Single phase Pb(Zr 52* *'i.45)05 y a s prepared 
from high pu r i t y (> 99\<H) reagent grade powders. 
Cr-iO? was added in two concent ra t ions ; 0.05 w t l , 
ancl 0.20 w t l . The valence of Cr in Cr 2 03 i s +5 
and i t s ion ic radius i s 0.68 A, ind ica t ing i t s 
so lu t ion on B s i t e s in the PZT perovski te s t r u c t u r e 
and generat ing oxygen vacancies . The s to ich iomet r ic 
modifications would be : 

P b [ ( i r > 5 2 , T l 4 8 ) g 9 7 g C r > 0 0 2 Z ] O 2 - g g B g £ ' i 0 O 1 1 

id 

P b C Z r ^ T i 4 8 ) 0 3 + 0.20 wtl C r 9 0 3 •+ 

P b I ( Z r _ 5 2 , T j _ 4 8 ) _ 9 g i 2 C r 0 f l 8 8 ] O 2 _ g 9 5 6 n < 0 0 4 4 

where • denotes \ F acancies. Ihe appropr ia te weights 
of powders were mixed with d i s t i l l e d water for 24 
hours in a rubber l ined b a l l mil l using Teflon 
b a l l s , dr ied thoroughly, and calc ined a t 850°C for 
A hours . Ihe calc ined powder was milled with 
d i s t i l l e d water for 4 hours in a polyurethane l ined 
vibracory mill using high dens i ty Zr0 2 b a l l s . 
Before m i l l i n g , 1 wt" excess PbO was added to 
enhance s i n t e r i n g , and 0.5 wt% polyvinyl alcohol 
was added as a press ing a i d . After drying, the 

powder was s ized (-203 mesh) and pressed a t 10,000 
ps i in to 5 gram 1-in. diameter d i scs tha t were 
s in t e red in a lead z i rconate +1 wtl excess z i r con ia 
packing powder for lb hours a t 1200°C. This 
packing powder was chosen because previous s tud i e s 
in t h i s labora tory ind ica ted i t would give a s i n g l e 
phase material of con t ro l l ed s toichiometry. 

The 0.05 wtl Cr203 modified PZT showed the 
highest densi ty (99.9$) and f ines t g ra in s i ze 
C6.2 urn). The 0.20 wt% Cr?03 i x d i f i e d PZT showed 
the lowest densi ty and an intermediate g ra in s i z e . 
Grain growth was most ex tens ive in the unmodified 
PZT. This would suggest a so lu te segra t ion to 
the grain boundaries causing a reduced grain 
boundary m o b i l i t y . 2 The grain growth i n h i b i t i o n 
exhib i ted by the 0.05 wt% ^ 0 3 modified PZT, 
r e l a t i v e to the 0.05 wtl Cr 2 03 modified PZT i s 
s imi la r to t ha t repor ted by Atk in 3 and Ful ra th 
doping with N b + S , a lead vacancy genera to r , 
r e l a t i v e to A l + 3 f an oxygen vacancy genera tor , and 
suggests the so lu t ion of Cr as Cr + ° in the lower 
dopant l e v e l . Fe r roe l ec t r i c behavior of t:ie 0.05 
wtl Cr?05 modified PZT a l so ind ica ted t h i s 
p r o b a b i l i t y . 

The domain s t r u c t u r e wi th in the gra ins i s shown 
in Fig. 2 . As O2O3 i s added the domain s t r u c t u r e 
changes from one of e n t i r e l y Io0° domains in the 
unmodified material [Fig. 2a) to one of p r imar i ly 

F ig . 2 . Microstructure~ of unpoled PZT ceramics; 
a) unmodified, b) unmodified s i n t e r ed by an a l t e r ­
nate procedure, c) 0.05 wt% 0 2 0 3 irodified P2T, 
d) 0.20 wtl C r 2 0 3 modified P2T. (XBB 7512-9041) 
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90° domains in the 0.2 wtS modified PZT, s imi la r to 
doping with Al"*^.^ This ind ica tes the influence of 
oxygen vacancies on the formation of domains on 
spontaneous p o l a r i z a t i o n . The f e r r o e l e c t r i c prop­
e r t i e s of the mate r i a l s indica ted a domain wall 
pinning by the oxygen vacancies was ope ra t i ve . 

Samples were e lec t roded with a 1000 A th ick 
gold spu t te red on the su r face , and poled in a high 
d i e l e c t r i c s i l i c o n e o i l a t 3 kV/niiJ for 15 and 45 
minutes a t 100°C. Values of kp were determined by 
the resonance method 24 hours a f t e r pol ing in 
accordance with I .R.E. S t a n d a r d s . 4 The v a r i a t i o n 
in kp with the amount c f Cr203 added and the pol ing 
rime and temperature as determined in t h i s study 
are a l so shown in Fig. 1 (dashed l ? n e s ) . The 
difference in the dependence of kp and the amount 
of 0 2 0 5 in t he e a r l i e r s tudy was found to be a 
r e s u l t of poor s toichiometry cont ro l duilr.g s i n t e r ­
ing. The e f fec t was confirmed by s i n t e r i n g undoped 
samples by the method used by Takahashi. The 
average g ia in s i ze was increased and the number of 
90° domains increased g r ea t l y as observed by com­
par ing Fig, 2b t o 2a, The decrease in kp in a PVO 
d e f i c i e n t composition i s s ign i f i can t^ as in the 
samples s i n t e r e d by the procedure used in the 
e a r l i e r s tudy . 

The pol ing time and temperature dependence of 
kp r e s u l t s from the pinning of domain wal l s by 
oxgyen vacancies and the low vacancy diffusion 
which Is increased by pol ing a t 100°C. Poling and 
switching c h a r a c t e r i s t i c s a l s o exemplified these 
e f f e c t s . 

In sunmary, the dependence of kp on the amount 
of Cr205 added to an unmodified PZT composition 
r e s u l t s from the b iva len t s o l u t i o n of chromium, 
and the pol ing time and temperature dependence i s 
due t o a vacancy pinning of domain w a l l s . 

1. Marao Takahashi, Jap . J . Appl. Phys. 31(1), 
186 (1970). 
2 . P. J . Jorgensen, J . Am. Ceram. Soc. 48(4) , 207 
(1S65). ~~ 
3. R. B. Atkin and R. M. Fu l ra th , i b id 54(5) , 265 
(1971). 
4 . Proc. I .R.E. 49.(7), 1161 (1961). 
i.. A. H. Webster, T. B. Weston and N'.R.H. Br igh t , 
J . Am. Cerara. Soc. 50_(9), 490 (1967). 

8. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Richard M. Fulrath 

The study of dens i f i ca t ion of powder compacts 
using the >WRD-developed ho t s tage scanning e l ec t ron 
microscopy f a c i l i t y has been one of the most suc­
cessful techniques for s i n t e r i n g s t u d i e s . This 
work w i l l be expanded i n t o o the r systems of techno­
log ica l importance while cont inuing the work 
already s t a r t e d on AI2O3, \X>2, and TxC-Ni. Studies 
on micros t r uc tu r e development in th ick film 
conducting systems with the aim of reducing pre­
cious metal content and development of systems 
tha t do not use precious metals wi l l be pursued. 

Research on the k i n e t i c s of perovski te compound 
formation with the aim of producing b e t t e r p iezo­

e l e c t r i c ceramics wil l he continued alonj; u i t h 
s tud ies tu determine the equil ibrium Pbi> vapor 
pressure in the PbO-AljO- system. Ihis l a t t e r 
e f for t is important because ALiO^ r e f r ac to r i e s .ire 
extens ively used in processing lead n filiate : : i n i ­
tiate ceramics. 

I t is an t i c ipa t ed tha t during li)7o the present 
programs on the ef fec t of pore s u e and shape on 
the s t rength of po lyc rys t a l l i ne ceramic* and e lec ­
t r i c a l conductivi ty in l i thium f c r r i t c and lead 
z i rconate t i t i n a t e wi l l be completed. 

9. 19"5 PUBLICATIONS AMI REPORTS 

Richard M. Fulrath and Associates 
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e. Structure and Properties of Carbon Materials and Composite Materials 

Robert S. Bragg, Principal Investigator 

1. ELECTRICAL PROPERTIES OF GLASSY CARBON 

Ram Saxena and Robert H. Bragg 

Studies have been made of a s e r i e s of glassy 
carbon (GC) samples heat t r e a t e d at various temper­
a tu res above 1000°C in increments of 100°C for two 
hours a t each temperature. For a l l isochronals 
lno i s l i n e a r versus 1/T in the high temperature 
range, 200- 300°K, with an a c t i v a t i o n energy of 
about 2 - 4 MeV. At , the lowest temperatures lno is 
l i n e a r versus 1/T 1/ , in agreement with Mott 's 
t h e o r i e s . 1 The slope and in te rcep t of the l i n e a r 
region of the Ina versus 1/T p l o t s show l i t t l e 
change with heat treatment temperature (HTT), 
although our x-ray s t u d i e s 2 show tha t the s t r uc tu r e 
does change to a measurable ex t en t , in agreement 
with a recent ESP. study in which loca l ized and 
conduction e l ec t rons of comparable d e n s i t i e s were 
observed a t a l l KIT'S s tud ied . The micros t ruc tura l 
bas i s of t he loca l ized s t a t e s i s d i f f i c u l t to ascer­
t a i n for lower HTT mater ia l because of the extreme 
d isorder present in the m a t e r i a l . At higher HTT 
the two l i k e l y candidates a re voids and c r y s t a l l i t e 
boundaries where we be l ieve t ha t the carbon atont^ 
a re t c t r a h e d r a l l y bonded. 4 As yet no attempt has 
been made t o introduce void c h a r a c t e r i s t i c s in to 
our model. 

The magnetoresistance Ap/p increases with 
magnetic f i e l d at a given temperature, increases 
as t he measurement temperature T is lowered (Fig. 
1 ) , and follows a power law A p / p * H n . Some trends 
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Fig. 1. Magnetoresistance of glassy carbons heat 
t r ea t ed two hours . Magnetic f i e ld is SO KG. 

(XBL 761-6277) 

in the (OT-T dependence of the exponent n are 
as follows: 

Fig. 2. Magnotorcsistance of GC p l a t t ed according 
to Itelhacs, >. ad jus tab le . . (XBL 7t>I-(C"8) 

1) At a given HTT, n is c lose to 1 at the 
lowest temperature and increases toward 2 as the 
temperature is ra ised to room temperature . 

2) At a given T in the 2000- 2800°C HTT range, 
n decreases with increasing HTT. In the HTT range 
1000- 2000°C, not enough samples have been s tudied 
t o asLer ta in the t rends in n. 

The complete i n t e r p r e t a t i o n of negat ive magneto-
r e s i s t ance awaits t heo re t i c a l understanding of the 
proposed mechanisms;-*-'-' more than one a rc l i k e l y to 
he opera t ive in GC. Some important cons idera t ions 
a r e : 

1) With the small c r y s t a l l i t e s ize (^ 100 A) in 
GC the mean free path of conduction e lec t rons is 
most l i k e l y l imi ted by boundary s c a t t e r i n g . In a 
s impl i f ied ca lcu la t ion t h i s mechanism has been 
show ? to give negative magnetoresistance with 
Ap/p - H 2 , 

2) Following Delhaes et a? f l we have p lo t t ed 
l A p / c l 1 ' - versus In AB/T (^-adjustable parameter) 



and the resu l t i s shown in Fig. 2. This could be 
made to agree with Toyozawa's model of negative 
magnetoresistance, where free c a r r i e r s a re sca t t e red 
by local ized s t a t e s . 

5] Mott 8 has suggested tha t a local ized s t a t e 
would tend to order the surrounding s p i n s , thus 
increasing the hopping ac t iva t ion energy. A 
magnetic f i e ld would tend t o destroy t h i s order 
giving r i s e to negative i o / p . "Deta i l s of t h i s 
mechanism have not been worked out , hut we bel ieve 
i t may be most important in low-temperature conduc­
tion in amorphous ma te r i a l s " (Tlott p . 182). We arc 
cur ren t ly inves t iga t ing the temperature ranges of 
a p p l i c a b i l i t y of these mechanism.-, to GC. 

Reliable Hall effect measurements could not be 
made for a l l samples because of the extremely small 
s ignal* invc l tcd . Where poss ible they showed satu­
ra t ion with magnetic f ie ld and l i t t l e temperature 
dependence. The values obtained for the number c,f 
c a r r i e r s from the simple expression R = 1/ne were 
o{ the sane order of magnitude as reported in the 
ESR^ work on GC. 

1. N. F. Mott, Electronic Processes in Non-
Crys ta l l ine Ma te r i a l s , Oxford Press Q9 7 l " ) . 
2. R. Saxena and R. If. Bragg, IMJU' .Annual Report 
for 1974 fLBL-5530";, p . P 8 . 
5. S. Orzeszko and K. I . Vang, Carhon 12, 493 
(1974). — 
4. R. Saxena and R. H. Bragg, K-Hmission, Carbon 
12, 210 (1974). 
57 S. K. lias, Metal lurgical Engineering, Ph.P. 
Thesis , Universi ty of Michigan (1974). 
6. For a l i s t , see Delhaes et a l , Ph i l . Mag. 29, 
150 (1974). * ~" 
7. S. Tugita, Carbon 6 , ?4b (1968). 
8. Same as Ref. 1, p . 182. 

2. X-RAY STUDIES AND KINETICS OF ORDERING GUSSY 
CARBON 

Sudhangshu Bose, Ram Saxena and Robert H. Bragg 

Mr. Bose has joined the group and i s following 
up on the work on x-ray cha rac te r i za t ion begun by 
R. Saxena and R. II. Bragg. This wort involves the 
determination of the k i n e t i c s of order ing in glassy 
carbon (GC) by accurate measurement of the tempera­
ture dependence of the k i n e t i c s of the ' .n ter layer 
spacing, d, l002" While the experimental data a r c 
r e l a t i v e l y easy to obtain and can be in terpre ted 
without ambiguity in the case of g rap ' i i t i r ing 
carbons such as pyro ly t i c graphi te (PC*, the s i t u ­
a t ion i s very d i f ferent for glassy carbon. This 
problem is well i l l u s t r a t e d by the data in Fig. 1, 
which compares the d i f f r ac t ion pa t t e rn s of a r t i f i ­
c i a l g raph i t e , a highly or ien ted PG, and GC which 
has been heat t r ea ted to IIIOO^C. Clearly in GC the 
accurate locat ion of the 002 maximum is d i f f i c u l t , 
and the 004 maximum is so weak as t o be observable 
only with very tedious measurements. 

Strong in tens i ty below the 002 maximum has been 
ascribed by many workers to "unorganized carbon", 
but as yet i t has not been s a t i s f a c t o r i l y explained. 
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Fig, 1. Diffract ion pa t te rns of g raph i te , p y r o l i t i c 
craphi te (PGi, and glassv carbon (GC). (CnKa radia­
t i o n ) . (\M. "61-ti:"9f 

'Hiis i n t ens i t y decreases with increasing heat t r e a t ­
ment temperature, as shown in F i r . 2, but the excess 
in tens i ty does not j u s t i f y an explanation in terms 
of independent s c a t t e r i n g by N carbon atoms. I t 
was fe l t b>' our group that the excess i n t e n s i t y was 
due to double Bragg d i f f r ac t i on , and prel iminary 
experiments appeared to support th i s explanat ion . 

Fig. 2. Dif f rac t ion pa t t e rn s of GC heated ore hour 
at various temperatures (CUKQ r a d i a t i o n ) . 

(XBL 761-6280) 

However, more extensive experiments and some order-
of-magnitude ca l cu l a t i ons have el iminated t h i s 
p o s s i b i l i t y . By reducing the thickness of the 
specimen in an x-ray measurement, the r e l a t i v e 
magnitude of the component of doubly d i f f rac ted 
rad ia t ion should be reduced, b u t , as shown in 
Fig. 5, no such reduction is found. 

I t i s now c l ea r tha t the excess in t ens i ty i s 
due t o the svnai1 angle s c a t t e r i n g from the voids in 
GC. Analysis of the experiments in r e f l ec t i on and 
transmission show tha t in r e f l e c t i o n , the e f fec t ive 
i r r ad ia t ed volume va r i e s as 1 /s ine , and t h i s would 
accentuate the apparent small angle s c a t t e r i n g , 
whereas in transmission the i r r ad ia t ed volume var ies 
as 1/cose, which diminishes the importance of t he 
small angle component. 
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Fig . 5. Di f f rac t ion p a t t e r n s of GC from specimens 
of d i f f e r en t th ickensses (CuKa rad ia t ion ) 

(XBI. 761-^281) 
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Fig . 5. Dif f rac t ion data for glassy carbon taken 
in r e f l e c t i o n and t ransmission (CuKa r a d i a t i o n ) . 
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Fig . 4 . Typical small angle s c a t t e r i n g data 
obtained Bonse-Hart small angle s c a t t e r i n g apparatus 
(CuKa, r a d i a t i o n ) . fXllL 7M-62S2) 
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I t i s known that the general fea tures of accu­
r a t e small angle x-ray s c a t t e r i n g data a r e as shown 
in Fig. 4 , and data obtained in transmission with a 
conventional d i f f rac tometer should be s imi la r at 
small angles . Data obtained in r e f l ec t i on and 
t ransmiss ion using a Gl; XRD-3 dif f ractometer a re 
shown in Fig. 5. Idea l ly they would superimpose 
when cor rec ted by factors of sin6 and cose for 
r e f l ec t i on and transmission r e spec t ive ly . This 
discrepancy has f ina l ly been traced to the d iver ­
gence of t he incident beam, and when t h i s i s s u i t ­
ably reduced, data such as in Pip. 6 a re obta ined. 

Fig. 6. Diffract ion data obtaine-' in t ransmission 
using fine col l imat ion ahead of de tec to r (CuKa 
r a d i a t i o n ) . (\BI 761-6284) 

An iriportant finding is tha t in the r e f l ec t i on 
data the i n t ens i t y maximum i s displaced t o smal ler 
26, which leads to an overest imate of don?, but data 
taken in t ransmission are r e l a t i v e l y unaftected. 

A de t a i l ed q u a n t i t a t i v e demonstration of t h i s 
explanat ion has been s t a r t e d , and i t s implicat ions 
are already being used. 
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5. SMALL ANGLE SCATTERING BY GLASSY CARBON AND 
PVROLYTIC .3WPHJTE 

Sudhangshu Bose ^nd Robert li. Bragg 

A c a l c u l a t i o n t o p red ic t the small angle s c a t ­
t e r ing from a d i l u t e d ispers ion of non-randomly 
or iented e l l i p s o i d s of revolut ion was made to 
f a c i l i t a t e the analys is of the pore s t r u c t u r e of 
carbon ma te r i a l s . "y ro ly t i c graphi te (PG) provides 
a nearly ideal experimental vehic le to t e s t the 
va l i d i t y of t he c a l c u l a t i o n . The c a l c u l a t i o n 
p red ic t s that for e l l i p s o i d s of axes 2a, 2a and 2b 
having a fixed common o r i e n t a t i o n y between the 
axis of symmetry and the normal t o the d i r e c t beam 
and the plane of observat ion, the s c a t t e r i n g is 
equivalent t o t ha t of a "Guinier sphere" whose 
radius i s H = (a 2 sin ? -v + b 2 c o s 2 Y ) 1 ' 2 , H i s de te r ­
mined from the slope of Guinier p lo t s of In s c a t t e r ­
ed in t ens i ty versus h 2 ( h = 4TT/X s i n e ) . 

Measurements were made on specimens cut as 
shown in Fig. 1 from a spec i a l ly prepared block of 
pyro ly t ic g raph i te , about 2.5 cm t h i c k , supplied 

.CO** «e* 

Fig. 1. a) Block of pyrolytic graphite, b) Voids 
project as circles, c) Voids project as ellipses, 
d) Geometry of voids in scattering measurements. 

(XBL 761-6285) 

Fig. 2. Isotropic scattering from specimen cut 
parallel to the dependence surface; h=constant. 

(XBL 761-6286) 

200 400 
h2(|.78*l05), l~Z 

600 

by Pf izer , Inc. The mode of prepara t ion suggests 
t ha t the common a..is of r o t a l i o n b_ w i l l be normal 
to the deposi t ion su r face , and hence the s c a t t e r i n g 
from a specimen cut p i r a l l e l to i t should be inde­
pendent of t he angle of r o t a t i o n . This i s confirmed 
by the data of Fig. 2. 

Typical data obtained for the Guinier region are 
shown in Fig. 3 which show tha t the s c a t t e r i n g i s 
an i so t rop i c , i . e . , a function of y. The observed 
Y dependence of H i s shown in Fig. 4 along wit ' i the 
ca lcu la ted l e a s t square best f i t curve for 2a_= 228A, 
and 2b = 152A. The agreement between theory and 
experiment i s considered s a t i s f a c t o r y . 

Fig. 3 . Typical Guinier p l o t s for or iented pyro­
l y t i c g r aph i t e . (XBL 761-62871 

The experimental data in Fig. 4 a re based upon 
"edge-on" views of the e l l i p s e s , but a d i r e c t 
measurement of 2a was a l so made from the specimen 
used to obta in K g . 2 . Results obtained for t h i s 
o r i en t a t i on in which the e l l i p s e s a re projected as 
c i r c l e s of radius a gave a value 2a = 214A, in good 
agreement with the r e s u l t ob ta inedTor y = 90" in 
Fig. 4 . 

The foregoing affords strong confirmation of 
the model and the ca l cu la t ion . A second major 
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-#- OBSERVED 
- -O- CALCOL ATED 

(So- 32SA) 

Fig. 4. Dependence of "Guinier Sphere" radius on 
orientation. (XBL 76]'b28S) 

prediction is that in the Porod region curves of In 
intensity versus In h should be linear and have 
ordinates proportional to H"1*. Figure 5 shows 
typical data, which are in qualitative agreement, 
but the precision of the present data is inadequate 
for a quantitative comparison of H"1* versus y. 

100 
M 3 . 6 U I 0 2 l , A" 1 

Fig. S. Typical Porod p lo t s for o r ien ted pv ro ly t i c 
g r aph i t e . fXBL 761-r»289) 

These r e s u l t s make ava i l ab le a much improved 
theory for i n t e r p r e t i n g the s c a t t e r i n g from or ien ted 
non-spherical " p a r t i c l e s " in s o l i d s . In our work 
the " p a r t i c l e s " a r e the voids in carbons and graph­
i t e s such as those in f i b e r s , py ro ly t i c g r aph i t e , 
and p l a s t i c a l l y deformed glassy carbon. I'owever, 
t he present r e s u l t s do not prove tha t the vr ids in 

Pti a re e l l i p s o i d a l ; in fact the rnicrostructural 
evidence suggests that they a rc probably b e t t e r 
approximated by hal f e l l i p s o i d s nf dimensions 2a, 
2a and b_, and i t i s poss ib le that the s c a t t e r i n g 
"From c i r c u l a r d i scs oi~ radius a, 2a and thickness 
2b_ would a l so f i t the predicted" dependence of H on 
Y reasonably we l l . Tlii^ can be expected i n t u i t i v e l y 
s ince anu reasonable volume of revolut ion can be 
approximated by an e l l i p s o i d a l of revolu t ion . 

There is an addi t iona l in te rna l check poss ib le 
for consistency bevond that afforded by v e r i f i c a t i o n 
of the expected II"1* dependence of the i n t e n s i t y upon 
> in the Porod region. The theory for a monodis-
perse system pred ic t s an o rd ina te on the i n t ens i t y 
axis at h = 0 which can be used to c a l c u l a t e the 
t o t a l volume of vo ids . On the o ther hand, the void 
volume can be determined experimental ly from dens i ty 
measurements. Thus to complete the c h a r a c t e r i s a t i o n 
i t i s a l so nc-rcssary to use the s c a t t e r i n g data to 
p red ic t the observed void volume to ensure internal 
.ind externa 1 , consis tency of the da ta . 

I . F. M. Mamzch and K. II. Bragg, .I. Appl. Phvs. 
45, 3189 (1974); LB].-1 H~ i (August I973). 

4. LUiCTRICU ttliSISTIV'ITY OF Al-CUAl, HniXTIC 

Kwaku Danso and Robert H. Bragg. 

In a previous report s tud ies were repor ted on 
the e l e c t r i c a l r e s i s t i v i t y versus time of d i r e c -
t i o n a l l y s o l i d i f i e d A l - 5 . " Cufa) and Al-CuAl :(6) 
a l l o y s , which had been so lu t ion heat t r e a t e d and 
aged a t 25°C, 1 5 0 T , and 315'C. In a l l cases the 
r e s i s t i v i t y versus time curves of each showed a 
maximum ind ica t ing that the Al-5.7 Cu a l loy phase 
in the lamel lar e u t e c t i c micros t ruc tures ages 
independently of the adjoining e phase. However, 
the overaged a a l loys showed the expected 6 prec ip­
i t a t e s on {100} A]-planes at op t ica l magnificat ions 
whereas there was no c l ea r indica t ion of o r ien ted 
p r e c i p i t a t e s in t he a-phase of the e u t e c t i c . I n i t i a l 
at tempts a t e l ec t ron microscopic observat ion of 
or ien ted p r e c i p i t a t e s in the e u t c c t i c a l loy a t any 
stage of t he p r e c i p i t a t i o n were unsuccessful . Thus 
there i s a quest ion whether or not the microstruc-
tu res of the Al-5.7 Cu a l loy a r e iden t ica l whether 
grown and aged separa te ly or between lamellae of 9 
in the e u t e c t i c a l l o y . A second d i f f i c u l t y with 
i n t e r p r e t i n g t he r e s i s t i x i t y data in terms of any 
theory nf composite ma te r i a l s i s the absence of any 
information on the r e s i s t i v i t y of CuAl,(9}. Since 
t h i s material has a te tragonal unit c e l l , i t i s 
necessary t o know the r e s i s t i v i t y i*i the a and c 
d i r e c t i o n s t o permit any comparison with a theory 
of the p rope r t i e s of composite m a t e r i a l s . 

Because the r e s i s t i v i t y of the al igned e u t e c t i c 
depends upon both the micros t ruc ture of t he lamellae 
and the c rys ta l lograph ic o r i e n t a t i o n s within phases , 
i t i s necessary to determine both. Unfortunately, 
i t appears to be necessary to do t h i s for each 
specimen measured. There i s considerable confusion 
in the l i t e r a t u r e concerning the c rys t a l log raph ic 
r e l a t ionsh ips tha t occur in growth of the e u t e c t i c . 
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The most r e l i a b l e sc^ms to be tha t reported by 
Cantor and Chadwick,- which are as shown in the 
table below. 

Interphase 
o r i en ta t ion 
re la t ionsh ip 

(.rowtli 
d i rec t ion 

Interface 
facet> 

inn M a 
{111) C u M 2 

<]][»> Al / / 
<:i(i> CuAl. 

var ies witiiin ±8° froi;: 

{ in : - A I , 
(2HJ CuU. 

The growth d i rec t ion was reported as va r i ab l e , 
but was usual!)- between o 2 l > AJ , <21I> Al, and 
<510> Al. T>iis v a r i a b i l i t y does not appear to have 
been the subject of a systematic inves t iga t ion but 
seems l ike ly to be associated with k ine t i c factors 
of the growth process and anisotropy in the in te r -
facial ene rg i e s . However, the one approximate 
determination made in t h i s work ind ica t ing <i00> 
is almost c e r t a i n l y in e r r o r . 

With the s o l i d i f i c a t i o n apparatus used in the 
i n i t i a l phases of t h i s work i t was not poss ib le to 
obtain temperature g rad i en t s , G, a t the s o l i d - l i q u i d 
in te r face g rea te r than about 30°C/cm. However, when 
the work on the A3-Si e u t e c t i c was begun, a specia l 
c h i l l e r (Fig. 1) was designed by Dr. Stefan J u s t i 
with which gradients to 8u°C/cm are obta inable . 

1. Kwaku A. Danso, h l e c t r i c a l R e s i s t i v i t y Studies 
of Unid i rec t iona l lv So l id i f i ed Al-CuAl 3 Eutect ic 
Alloy, LBL-3547 (M.S. Thes i s , 1974). 

2. B. Cantor and G. A. Chadwitfc, J . Crvs. Growth 
23, 12 (1974). 

5. UNIDIRECTIONAL SOLIDIFICATION OF Al-Si EUTECTIC 

Stefan J u s t i 1 and Robert H. Bragg 

Al-Si a i loys were un id i r ec t i ona l ly frozen at 
r a t e R between fl.l and 47 an/hr in a hor izonta l 
r e s i s t ance heated furnace where t he temperature 
gradient G, ahead of the l iqu id so l id in te r face 
v:as kept f a i r l y constant a t about 78°C/cm. Typical 
op t ica l micrographs such as shown in F ig .1 indica te 

loniiiudmtl 

m'\ 

Fig. 1. So l id i f i ca t ion apparatus (de ta i l of the 
cooling end) . (XBL "512-92511 

A set of ingots cons i s t ing of two A l - S . 7 wt'e Cii 
a l l o y s , three Al-33.15 vt\ Cu a l l o y s , and two 
Al-33.30 vx.% Cu a l loys have been d i r ec t i ona l ly 
frozen at 4.7 cm/hr using the revised appara tus . 
All of ' he l a t t e r five ingots appear to have well 
aligned eu tec t i c micros tmctures although they 
d i f fe r s U g h t l y in chemical composition. Auxiliary 
experiments with nel ted buttons showed that the 
e u t e c t i c composition i s c lo se r t o Al-33.30 wU Cu 
than to Al - 33.1S wt% Cu, but possibly during the 
normal one-pass freezing the composition changes 
so that most of the frozen ingot has the e u t e ^ t i c 
composition in e i t h e r case . A s ingle c rys ta l of 
CuAlj has been obtained from Professor A. S. Yue, 
UCLA, for r e s i s t i v i t y measurements. This c ry s t a l 
wil l provide r e s i s t i v i t y data for CuAl2 from"which, 
with the ex i s t i ng data for t he a and 9 a l l oys , a 
comparison of theory with experiment can be made. 

K • 0 u m k i 

Fig. 1. Optical micrographs of un id i r ec t iona l ly 
so l i d i f i ed Al-Si e u t c c t i c grown at d i f ferent 
growth r a t e s . (̂ BB 761-lb) 



a definite alignment of the fibrous Si phase at 
lower growth rates. At growth rates greater than 
about S-0 cm/hr the microstructure is irregular 
and similar to that of chill-cast material, but some 
preferential orientation of the Si rods parallel to 
the growth direction can s t i l l be observed. 

Figure 2 shows a diagram of the solidification 
experiments in which the lines are drawn according 
to the classification of Day and Hellawell. 1 

According to these authors, the part of the diagram 
to the right of about R= 1.0 cm/hr represents the 
breakdown of the planar solid-liquid interface 
during solidification. The present results show 
that the division is not sharp; preferential align­
ment persists up to about R = 5.0 oti/hr. 

-t 3>- growth 
direction 

Fig. 3. Orientation directions for hardness 
measurements. (XBL 7512-925*1 

/ 
0 A o o 

r, / D 

t'C/tm] 

10 

R [cm/h] 

Fig. 2. Diagram of Al-Si unidirectional solidifi­
cation experiments. (XBL 7512-9498) 

Previous workers have shown thai; for this system 
an jnterdendritic spacing, \, of the Si fibers 
follows a law closely approximated by X2R = constant, 
at least for growth rates above about the 1.0 cm/hr. 
If X plays the role of grain size in this system, 
and the yield strength or hardness is plotted versus 

or alternatively R*' , then a straight line 
should be obtairxd. Vickers hardness tests fHVll 
were made on surfaces in three orthogonal directions 
as shown in Fig. 3. The results are shown in Fig. 4 
in which each point is the mean of 18 measurements. 
There appears to be a linear relationship and a 
slight orientation dependence, up to about 5.0 
an/hr, but at higher rates the hardness increases 
only slightly, and there is no indication of an 
orientation dependence. 

The point for R=0.25 cr 'hr appears anomalous, 
and the micrographs for thi^ alloy show a transverse 
banding phenomenon which ha- been reported by other 
investigators. Since banding was not observed for 
higher or lower growth rates i t is unrepresentative, 
The slightly higher hardnes? is explained as due to 
an excess of Si in these bai.Js. 

*g/mmz] 

I'4 Fig. 4. Vicker's hardness HVI vs growth rate, R 
(XBL 7512-94S.)) 

The solid bar at R = 0 indicates the range of 
hardness of the 1100 Al alloy whose chemical compo­
sition, and presumably mechanical properties are 
those of the Al matrix. The data appear to extrap­
olate into this region, and this suggests that even 
when frozen at the slowest rates, for which an 
aligned, coarse grained microstructure is obtained, 
the hardness of the -aut^ctic will be essentially 
that of the matrix phase .'lone. There is no indi­
cation of fiber composite strengthening. 

The dashed lines in Fig. 4 indicate the range 
of hardness values obtained from chill cast eutectic 
alloys. It appears that a higher hardness is 
obtained by direction.il solidification. F.xamination 
of the micrestruetures of the chill cast alloy 
shewed regions of Al dendrites which was not char­
acteristic of the directionally frozen alloys. 
These dendrite should impart a softening to the 
alloy and could explain the apparently anomalously 
lower hardness. The results suggest, however, that 
without additions of impurities for grain refinement 
the hardness of Al-Si alloys can be increased by 
directional solidification under controlled 
conditions. 

This work is presented more completely in LBL--1560 
and has been submitted for publication in Trans 
AIME. 
'Dr. Justi is a Max Kade Postdoctoral Research 
Fellow on leave from the Technical University of 
West Berlin. 

1. M. G. Day and A. H. Hellawell, Proc. Roy. Soc. 
A 305, 473 (1968). 

http://direction.il
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6. VI1-LI) STRKVGTU OF DIWrriONALLY SOLIDIFIB) 
Ai-si i-im-rnc 

Danny (i. Morrow ami Robert i'.. Bragg 

The ef fec t of d i rect ion;) ! s o l i d i f i c a t i o n on the 
y i e ld s t reng th and micres t ruc ture of the A]-Si 
cu tec tec has been inves t iga ted . F.utectic a l l oys 
(Al -12 .~wU Si) were d i r e c t i o n a l l y frozen through 
a temperature gradient of about 80°C/cm at r a t e s , 
R, hetween 0.097 and 4? cm/hr, The micros t ruc tures 
and c rys t a l l og raph ic r e l a t i onsh ips were charac te r ­
ized using op t i ca l microscopy and transmission Laue 
x-ray photography. As found by Day and HcUawe l l , 1 

for f reel ing r a t e s lower than approximately 1.0 
cm/hr, the Si c r y s t a l s exhibi ted a <100= f ibre 
tex ture within a matrix of pojycryr ta l l i .ne Al (sec 

t i t l e 5 above raid Fig. 1 ) . At hi,tfier growth r a t e s 
i r r e g u l a r micros t ruc tures s imi l a r to those of the 
a s - c a s t a l l oy wer found. Transmi-; s.ion Laue photo 
graphs show concentr ic Debye r ings (Fig. 2) due to 
the f ine d ispers ion or mul t iple twimed ilil) Si 
c r y s t a l s in a matrix of p o l y c r y s t a l l i n e Al. 

Linear t r ansver se measurements of the op t i ca l 
micrographs showed t h a t the " i n t e i d e n d i i t i c " spacing 
A between Si f ibres obeyed a A2R = cor.s"ant oejien-
dence for R g rea te r than 1,0 cm/hr (Fig. 3} but at 
slower growth r a t e s t h i s dependence i s not found. 
In the lower growth r a t e region transvsTsy bands 
r i ch in Si a r e observed, as reported by Da/ and 
Hel lawel l . But as yet no c o r r e l a t i o n between band 
spacing and growth r a t e has been made. 

(a) R = 0.25 cro/hr 
Arcs r e s u l t f rom <:!00> 
f i b e r t - t x t u r e of {111} 
c r y s t a l s . 

G row th D i r e c t i o n 

(b) R - 0.97 cm/hr 

Fig. 1. Transmission Laue photographs for loiv growth r a t e s (Ni Fi l te red CuKa r a d i a t i o n ) . XBB 75)2-9075 



Fig. 2. Transmission Laue photographs for R greater than 1.0 cni/.ir 
(Ni filtered Cuka radiation. (XBB 7512-9074) 
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Fig. 3. "Interdendritic" spacing from linear 
traverse measurements. (XBL 761-6290) 

Tensile tests were made using specimens fabri­
cated uarallel to the growth direction according to 
A5.TM-E8-69. Data oi; the 0.2% offset yield strength 

was obtained from these tests and plotted versus 
R ' (Fig- 4). For R greater than about 1.0 an/hr, 
Fig. 4 shows that the yield strength is proportional 
to P.*' . Using the above relationship between R 
and \, it follows that 

-1/2 
y.s. 

So, for the higher growth rates a Hall-Petch type 
relationship exists between the yield strength and 
the distance between the br i t t le Si crystals, How­
ever, contrary to the results implied by the hard­
ness data obtained by Justi and Bragg (see 5 above) 
the maximum yield strength obtained is below that 
of chill cast material. This reduction in yield 
strength from the as-cast alloy is most probably 
due to the greater ease of crack propagation along 
the {111} cleavage faces of the Si crystals due to 
a crystal size larger than in the as-cast material. 
In the lower growth rate region, where aligned 
microstructures are obtained, the yield strength 



125 

10 2.0 
R , / 4 , (CM/HR) I / 4 

Fig. 4 . Dependence of y i e ld s t reng th on growth r a t e . 
(XBL 761-6291) 

i s r e l a t i v e l y i n sens i t i ve to growth r a t e s and i s 
only s l i g h t l y higher than t h a t of t he Al matrix 
a lone . Examination, of t he f r ac tu re surfaces in 
t h i s region shows f l a t t r a n s v e r s e f rac tures a t the 
in te r faces of the S i - r ' c h i n s t a b i l i t y bands. 

For micros t rue tures al igned in a regu la r manner, 
a y i e l d s t r eng th independent o f growth r a t e would 
be expected." Also, s ince Si has a much higher 
modulus of e l a s t i c i t y than Al, a y i e l d s t reng th 
higher than t h a t of t h e ma t r ix , e s s e n t i a l l y 1100 Al , 
would be expected. Present r e s u l t s ind ica te t h a t 
a l igned f ibe r composite s t rengthening i s not ob ta in­
ed due t o the presence of the b r i t t l e Si bands lying 
normal t o t he growth d i r e c t i o n . 

1. M. G. Day and A. H. Hel lawel l , Proc. Roy. Soc. 
A. 305, 473 (1968). 
2 . "177 Bibr ing, Proc. of Conference on In -S i tu 
Composites Z, 12-15 (1975). 

7. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Robert H. Bragg 

The work on the k i n e t i c s o f changes in e l e c t r i ­
c a l p roper t i e s of heat t r e a t e d glassy carbon (GC) 
w i l l be completed by mid-1976, by Ram Saxena, and 
w i l l be extended by Showchia Ho t o the e f f ec t of 
neutron i r r a d i a t i o n on GC in order t o c l a r i f y the 
mechanisms responsible for negat ive magnetoresis-
taiice. Auxil iary measurements on or ien ted py ro ly t i c 
graphi te (PG) i r r ad i a t ed under s i m i l a r condi t ions 
w i l l be made. 

The x-ray s t t l ies of the k i n e t i c s of order ing 
ufeing d n 02 w ^ ^ a * s o ^ e completed by mid-1976. The 
explanation of non-organized carbon i s being t r e a t e d 
as a separate p ro j ec t , by S. Bose, but enough i s 
known so t h a t t he dnn? k i n e t i c data can be analyzed 
quan t i t a t i ve ly - Small angle s c a t t e r i n g w i l l be 
obtained by S. Bose from the e n t i r e s e r i e s of 

specimens used in the s tud ies of e l e c t r i c a l proper­
t i e s and wi l l be used in the f i r s t systematic study 
of the k i n e t i c s of void growth in GC. A small 
furnace wi l l be designed and b u i l t for shor t time 
heat t reatments a t high temperatures (> 1QQCC). 
The experimental t e s t of the equat ions derived t o 
cha rac t e r i ze the o r i e n t a t i o n dependence of s c a t t e r ­
ing by an i so t rop ic voids in mater ia ls wi l l be 
completed. 

The work on the e l e c t r i c a l p rope r t i e s of d i r e c -
t i o n a l l y s o l i d i f i e d Al-CitAl2 e u t e c t i c , begun by K. 
Danso (LBL-3547). wi l l be continued by D. Baker who 
w i l l i nves t iga t e the d i r e c t i o n a l dependence of t he 
thermal expansion of the a and 6 phases, and the 
e u t e c t i c . A s e r i e s of a l loys w i l l be grown a t 
d i f f e r en t r a t e s t o determine i f t he i n t e r l a m e l l a r 
spacing, A, p lays a ro l e in the e l e c t r i c a l and 
thermal p r o p e r t i e s . The d ia la tomet r i c inves t iga ­
t i on i s the major new th rus t in our research 
program for 1976. 

The work on the micros t rue ture of d i r e c t i o n a l l y 
s o l i d i f i e d Al-Si e u t e c t i c w i l l be completed by Dr. 
Stefan J u s t i (Max Kade Postdoctoral Fellow), but 
work on t e n s i l e p rope r t i e s w i l l be continued by D. 
Morrow, to determine i f the o r ien ted micros t ruc tures 
obtained a t low growth r a t e s have the expected high 
e l a s t i c modulus. He w i l l a l so begin t e n s i l e proper­
ty measurements on the d i r e c t i o n a l l y s o l i d i f i e d 
Al-CuAl £ e u t e c t i c . Professor R. H. Bragg w i l l be 
on sabba t ica l ( in residence) during the per iod 
April - June 1976. 

8. 1975 PUBLICATION'S AND REPORTS 

R. H. Bragg and Associates 

LBL Reports 

1. Kvaku A. Daiiso, E l e c t r i c a l R e s i s t i v i t y of Uni-
d i r e c t i o n a l l v So l id i f i ed Al-CuAl 2 Eu tec t i c Aliov, 
M.S. Thes i s . ' LBL-3547. 

2. Stefan J u s t i and Robert H. Bragg, Microstructure 
and Hardness of Di rec t iona l ly So l id i f i ed Al-Si 
E u t e c t i c , (submitted for pub l ica t ion in Trans. AIME). 
LBL-4560. 

Papers Presented 

1. S. J u s t i and R. H. Bragg, un id i rec t iona l So l id i ­
f i c a t i on of Al-Si E u t e c t i c , Third American Conf. on 
Crysta l Growth, Stanford Univers i ty , July 1975. 

2 . R. H. Bragg and R. Saxena, E l e c t r i c a l P roper t i es 
of Glassy Carbon, 12th Biennial Conf. on Carbon, 
P i t t sbu rgh , August 1975. 

Z. M. M. Biswal, S. Bose and R. H. Bragg, Void 
Growth iii Glassy Carbon, 12th Biennial Conf. on 
Carbon, P i t t sburgh , August 1975. 
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B. SOLID STATE PHYSICS 

1. EXPERIMENTAL RESEARCH 

a. Far Infrared Spectroscopy 

Paul L. Richards, Principal Investigator 

1. FAR INFRARED SPECTRA OF LIQUID ELFCTRON-HOLE 
DROPS IN GERMANIUM 

Richard L. Aurbach. Lawrence Eaves, Carsen D. 
J e f f r e y s , Robert S. Markiewicz, and Paul L. 
Richards. 

Droplets of e l ec t ron-ho le l i qu id a re known t o 
condense in He-temperature Ge t ha t i s o p t i c a l l y 
pumped with band gap r a d i a t i o n . This new form of 
matter i s being ac t i ve ly s tudied in many labo—i-
t o r i e s . In uns t ressed samples, a cloud of snnl l 
(a) d rop le t s i s formed having a r a d i a t i v e decay 
l i fe t ime of ~40 us . In nonuniformly s t r e s sed Ge 
a p o t e n t i a l well can be crea ted in which a s ingle 
l a rge (y) drop i s formed. These y-drops can have 
r a d i i as large as 400 urn and r a d i a t i v e l i f e t imes 
as long as 400 u s . 

The far inf rared a t t enua t ion in both a and y 
drops over the frequency range from 25 to 200 cm 
with a va r i e ty of s t r e s s o r i e n t a t i o n s i s shown 
in Fig. 1. Because of the remarkable s i m i l a r i t y 
of a l l of these curves , i t was necessary to ver i fy 
tha t y-drops had been formed. This was done in 
three d i f f e ren t ways. The y-drops were photo­
graphed before and a f t e r the far infrared spect ra 
were measured using an infrared vidicon which was 
s e n s i t i v e to the recombination r a d i a t i o n . The 

200 cmH 

Fig. I. The ratio of the transmitted intensity 
with (1^) and without (ID) optical pumping plotted 
as a function of frequency. The open symbols are 
for ydrops formed in Ge stressed with " II (110). 
The closed symbols are for T II (100). Two levels 
of pump power are shown in each case. The solid 
line is the spectrum of a-drops in unstressed Ge. 

(XBL 761-1234) 

recombination lifetimes were measured and micro­
wave Alfven-wave resonances were observed in the 
same stress conditions used for the far infrared 
experiments. 

Calculations based on Mitf scattering theory in 
the small drop limit show that the peak of the 
far infrared spectrum for a-drops is at uip//3\ 
where ojp i» the plasma frequency. A similar 
calculation carried out in the large drcp limit 
of the Mie theory shows that the peak is close 
to wp for ydrops. The spectra in Fig. 1 are 
therefore in agreement with a result deduced from 
other experiments, that the plasma density in the 
7-drops is a factor - 4 smaller than in the 
a-drops. The calculations show good agreement 
with the measured spectra of the >-drops. 

2. A MEASUREMENT OF THE SPF-CTRUM OF THE COSMIC 
BACKGROUND RADIATION 
David P. Woody, Norman S. Nishioka and Paul L. 
Richards 

We have made the first accurate direct measure­
ment of the submillimeter spectrum of the cosmic 
background radiation (CBR). The frequency range 
of our measurement includes "- 70% of the radiant 
energy in the universe. Previous ground-based 
measurements at frequencies below -w 3 cm"* support 
the idea that the CBR is isotropic and has a 
characteristic temperature of "• 3K. The peak in 
a 3K blackbody curve occurs at - 6 cm"!, and thus 
the Wien part uf the spectrum lies in the sub-
millimeter range where the atmospheric emission 
precludes a direct ground-based measurement of 
the CBR. We used a balloon-borne liquid-helium-
cooled spectrophotometer to measure the spectrum 
in the frequency range from 3 to 30 cm" 1. 

The instrument features a germanium bolometric 
detector, a polarizing interferometer for Fourier 
spectroscopy, and a cooled conical antenna. The 
development and characterization of the instru­
ment are described in the 1973 IMRD Annual Report. 

The data for our measurement were obtained 
during a successful balloon flight from Palestine, 
Texas on July 24, 1974. A description of the 
flight and a preliminary data analysis are given 
in the 1974 IMRD Annual Report. 

The experiment consisted of measuring the night 
sky emission spectrum at an altitude of 39 km and 
correcting for the emission from the residual 
atmosphere and other sources of contaminating 
radiation. The atmospheric radiation is dominated 
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Fig. 1. (a) Night sky emission spectrum; (b) cal­
culated best fit atmospheric spectrum; (c,d and e) 
CBR spectrum (residual of (a) - (b)) at three 
different resolutions. (XBL 759-7305) 

by the line emission from 1^0, O2, and O3 mole­
cules. Vie developed a model for the atmosphere Fig. 2. 
that had only two free parameters for the con­
centrations of H2O and O5. The concentration of 
O2 was determined from its known mixing ratio in 
the atmosphere. Figures 1(a) and (b) show the 
observed night sky emission spectrum and the 
calculated atmospheric emission respectively. The 
residual, which is shown in Figs. 1(c), (d) and (e) -
at three different resolutions, is the CBR. J 

Our flight data also allowed us to determine w 
the continuum radiation contributed by earthshine ^ 
diffracted into our antenna and emitted by the s 
instrument itself. This required a model for the T 
antenna pattern valid for large off-axis angles. -
We calculated a theoretical antenna pattern, using ; 
a technique based on geometrical optics, which c 
also includes diffraction effects. The cal- -t culated antenna pattern shown in Fig. 2 is in ; 
excellent agreement with t̂ he experimental data '* 
over the angular range fran 0 to 1 radian. This 
is the first time a broadband suhmillimeter 
antenna has been successfully measured and 
analyzed at large off-axis angles. 

The LdK spectrum deduced from our observations 
is shown in Fig. 3. The error limits include 
detector noise, measured limits on continuum ' 
contamination and possible errors in the atmospher­
ic emission model. This establishes the CBR Fig. 3. 
spectrum in the frequency range from 4 to 17 cm"* 

1.0 
Angle (Radians) 

Theoretical and measured antenr.a pattern. 
(XBL 757-6730) 

- 299 K Blockbody 

Frequency Icm"'l 

CBR spectrum with 951 confidence limits. 
(XBL 759-7300) 
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and clearly shows that it follows the Planck curve 
for a ^ 3K blackbody at frequencies beyond the 
peak. Our results vield a temperature for the 
blackbody of 2.99*-J7, K > 

Several changes to the apparatus have been 
made to improve the measurements. A composite 
bolometer has been fabricated which will increase 
our sensitivity by nearly an order of magnitude. 
This will allow us to obtain higher resolution 
spectra and thus improve our modeling of the 
atmospheric emission. The system has also been 
improved by the use of Winston light cones to 
define the geometrical optics beam and the addition 
of a flared horn tc further decrease the dif­
fraction sidelobes. These improvements will 
allow us to greatly reduce the error limits in 
our measurement. A new balloon flight is planned 
for the spring of i976. 

Using the improved apparatus it should be pos­
sible to detect stratospheric constituents at the 
level of 1 0 8 molecules/cm3. Plans are being made 
to test this capability to see if molecular 
species of importance to the catalysis of 
stratospheric 0 3 can be detected in this way. 

This program is being carried out in collabora­
tion with the Berkeley Space Sci-'nces Laboratory 
and has received support from NASA. 

3. DEVELOPMENT OF PURIFICATION METHODS FOR HIGH 
PURIiV GERMANIUM 

Eugene E. Haller, William L. Hansen and Paul L. 
Richards 

Far infrared photothermal ionization spectra 
of ultrapure Ge are being measured on a routine 
basis. These spectra provide detailed information 
on residual ionized impurities at the level of 
~ 10 8 atoms/cm 5. The technique used is described 
in detail in the 1974 IMRD Annual Report. 

The information gained from these studies has 
been used to identify non-segregating compounds 
of B and Al which are difficult to remove from 
Ge by the usual techniques. Information about 
residual impurities obtained from photothermal 
ionization spectroscopy and electrical measurements 
has permitted the development of techniques to 
consistently purify Ge to the 1 0 1 0 atoms/cm 3 range. 
This Ge is used primarily for radiation detectors. 

4. FAR INFRARED SEMICONDUCTING BOLOMETER 
DETECTORS 

Norman S. Nishioka and Paul L. Richards 

The use of heavily doped semiconductors as low 
temperature (T * 1.5KJ far infrared bolometer 
detectors has been common for many years. However, 
poor far infrared absorptivity and excess current-
dependent noise have prevented these detectors 
from reaching the theoretical limits of sensitivity. 
We have initiated F detector development program 
whose major goal is to improve the sensitivity 

of semiconducting bolometers. 

In spite of the detrimental effects of excess 
noise and low absorptivity, semiconducting 
bolometers are popular for several reasons. 
Primary among these are 1) the required electronics 
consist of a low noise preamplifier and a bias 
battery that are straightforward to construct and 
operate, 2) the dynamic range is large, often 
being in excess of 1 0 7 , and 3) it is unconditional­
ly thermally stable, that is, its thermal feedback 
is such that thermal runaway is impossible. 

Conventional semiconducting bolometers require 
the semiconductor to act as both the infrared 
absorber and the temperature sensing element. 
Our approach has been to separate these two 
functions, figure 1 shows how these "composite" 
bolometers are assembled. They consist of a thin 
sapphire substrate coated with a bismuth film of 
*" 200 Sl/O resistance as the infrared absorber 
and a - 1 * 1 * 0.2 mm slice of gallium-doped 
germanium as the temperature sensing element. 
The bismuth coated sapphire provides a far-infrared 
absorption of - 503.. The doped germanium thermo­
meter is glued to the sapphire substrate, which 
is suspended from a brass ring by four nylon 
threads. These threads provide a robust vibration-
free mounting for the detector. Electrical 
contact to the thermometer is made via a pair of 
wires soldered to opposite ends of the germanium. 
These wires also provide the dominant thermal 
conductance to the heat sink. Adjusting the size 
and composition of these wires allows us to alter 
the thermal conductance to the bolometer. 

Computer simulations of bolometer performance 
indicate a complicated relation between the 
optimum bolometer parameters and the amount of 
infrared background power loading present. Using 
these calculations as a guide we are now in the 

Fig. 1. Composite far infrared bolometer with a 
semiconducting thermometer. (XBB 7512-9203) 



process of constructing bolometers whose pcrfom 
mice is optimized for the background loading 
present in several different experiments. In 
many cases, the theoretical limits of sensiti­
vity have been achieved. 

Ln addition, our computer calculations imply 
that a significant improvement in sensitivity can 
">e acquired by using liquid 3He instead of liquid 
He as the coolant. Ke have recently begun a 
program to optimize the performance of these 
bolometers at the lower temperature (T - O.SK) 
provided by liquid -̂ He. 

5' 

Ihe absorbing element used in our composite 
far infrared bolometers is a conducting film of 
Bi on a substrate of AI1O3. The far infrared 
absorptivity of this structure has been evaluated 
experimentally and theoretically. The absorption 
is an oscillatory function of frequency for most 
values of resistance per square of the Bi film 
because of interference effects in the Al^Oj 
substrate. The maxima and minima of the inter­
ference pattern are plotted in Fi,>. 1 as a 
function of the normalized cor.Juctance of the film. 
These results show that a frequency independent 
absorption of 50? and a peak absorption of - 90S 
in a narrow frequency internal can be achieved 
with these composite bolometer structures. 

5. FAR IXFRAREJ) SUPERCONDUCTING BOLCMUTiiR 
ItfTBTIOKS 

.John Clarke, Gary I. Hoffer, Paul L. Richards, 
and Nan-Usiung Yeh 

A continuing program of development of composite 
far infrared bolometer detectors with supercon­
ducting thermometers has yielded a five-fold 
increase in sensitivity since our last annual 
report. Ihe noise in a bolometer which uses a 
superconducting Al thin film transition edge 
thermometer operated at 1.5K has been reduced to 
the fundamental Johnson noise limit. This gives 
a bolometer noise equivalent-power of 
NUP = JO* 1 5 W/4JZ which is the best ever reported 
for a 4He-temperature bolometer. Although they 
are not as full)' developed or as easy to use, these 
bolometers are more sensitive than the composite 
bolometers with Ge thermometers described above. 

Pig. 1. Theoretical absorptivity of a composite 
bolometer plotted as a function of the ratio of the 
free space impedance Z 0 to the product Rrj(n+1), 
where Rp is the film resistance and n is the index 
of refraction of the substrate. The lines give 
the values of absorptivity at the maxima and the 
minima of the interference pattern. The length 
of the bars gives the measured values of the same 
quantity. (XBL 756-6571) 

These bolometer detectors will be used in our 
measurements of the cosmic background radiation 
described above and the sky survey described below. 
If the balloon flights are successful, these 
bolometers will be used in the first two infrared 
astronomical satellites: the lar^e Space Telescope 
and the Infraied Explorer Satellite. 

•1. FAR INFRARED SKY SURVEY* 

Stephen. E. McBride, Norman S. Nishioka, Paul L. 
ichards and David P. Woody 
Aitronomy at far infrared frequencies is still 

in its infancy. One important reason for this 
lack of progress is the lack of sensitive far 
infrared detectors. The development of the new 
bolometers described above now makes very exciting 
astronomy possible. The next logical step in the 
development of far infrared astronomy is to survey 
the sky to see what sources can be found. 

Ke are constructing the one-meter Cassegrain 
balloon telescope shuwn in Fig. 1 to survey the 
northern hemisphere in seven frequency bands 
between 10 and 1000 cm"1-. The limiting flux 
sensitivity will be a few flux units (1 f.u. = 
10-26 \/;/m2 ^ 2 ) , which is orders of magnitude more 
sensitive than previous surveys. The angular 
resolution will be 11 arc min. 

Unusual features of the telescope include the 
use of diamond-machined metal optics (which were 
developed at the Lawrence Livermore Laboratory 
for the laser fusion program), Winston light 
concentrators (developed at the Argonne National 
Laboratory for particle detectors), and the 
composite bolometer detectors developed in our 
group. Great care has been taken to minimize *he 
infrared background radiation falling in the 
detectors, and to discriminate against all 
telluric signal sources. 

The design of the telescope is complete and 
fabrication is well advanced. Ihe first balloon 
flight is expected in mid-1976. 
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Fig. 1. Schematic diagram of the one meter 
Cassegrain balloon telescope. The telescope will 
be suspended at 45° to the zenith from a balloon 
at an altitude of - 100,000 ft. The rotation of 
the telescope at " 2 rpm combined with the 
rotation of the earth provides a scan of the 
northern sky in 24 hours of observing time. 

(XBI. 7510-7473) 

This project is partially supported by a grant 
from the Director of the LBL. 

7. SURFACE MAGNETIC RESONANCE IN 14iF, 

Robert B. Bailey and Paul L. Richards 

A sensitive magnetic resonance spectrometer 
employing a 100-kg superconducting solenoid has 
been constructed in an attempt to detect surface 
spin states in the widely studied antiferromagnet 
M n F r 

In zero field the bulk antiferromagnetic 
resonance (AFMR) frequency of 8.7 cm'l is deter­
mined by the anisotropy and by nearest neighbor 
exchange interactions in the crystal. Surface 
spins experience smaller exchange forces and 
should have lower resonant frequencies. A simple 
theoretical model predicts that the collective sur­
face excitations split off from the bulk mode by as 

much as 2.5 c m " . Ihosi1 surface modes should have 
penetration depths averaging fiyc atomic layers 
and involve approximately 4*-11M:I spins per enr of 
surface area. There has as yet been no experi­
mental verification of surface spin states in any 
material. 

Three different spectroscopic techniques have 
been used to study the MnF2 spectrum. Fourier 
spectroscopy has been limited by the power 
available at 8.7 cm"* from broadband thermal 
sources and by detector sensitivity. ;\ntiferro­
magnetic resonances with a minimum of b*l()l7 spins 
and linewidths less than the 0.1 cm"* instrumental 
resolution were observable in the frequency range 
6-9 cm"' . Single crystals showed only the bulk 
resonance while a powder sample ground from the 
same crystal and with an effective surface area 
of 3000 cm4- showed four additional modes between 
7.4 cnT* and 8.3 cm"*. Some of these modes have 
the intensiry expected of surface states. 
Positive identification can be made only on 
single crystal smaples where one surface at a time 
can be studied. 

Bulk and surface spin wave modes in MnF^ should 
both be split linearly with a g-factor of two 
in magnetic fields applied parallel to the c-axis 
of single crystal. We have studied the low 
frequency branch using field-swept microwave 
resonance techniques at 10 GHz and 150 GHz. At 
150 GHz simple transmission measurements were 
capable of detecting 2*10^4 spins in the bulk 
AFMR mode whose linewidth was 300 gauss. No 
additional resonances could be identified, sug­
gesting that the surface modes are cither 
substantially broadened, they penetrate fewer 
than five layers, or they lie very close to the 
bulk mode and cannot be distinguished from it. 

At 10 GHz a bridge sepctrometer has been built 
with an AFMR sensitivity of 2*10-- spins for the 
measured bulk linewidth of 100 gauss. Operation 
of a superheterodyne ::idge spectrometer at high 
microwave power levels, in fields up to 1.10 kg, 
and at modulation levels of several hundred gauss, 
places extreme demands on the mechanical stahility 
of the microwave components and the frequency 
stability of the klystrons. The required spectro­
meter performance has nearly been achieved. Its 
sensitivity will be sufficient to detect surface 
modes penetrating only one atomic layer if their 
lincwidthf. are no larger than a kilogauss. 

8. ELECTRON SURFACE STATES IN LIQUID HELIUM 

David !v. Lambert and Paul L. Richards 

A project has been initiated to study electrons 
trapped at the surface of liquid helium by a 
:ombination of electrostatic "image" attraction 
a.'irl short range "exchange" repulsion. Microwave 
stU'Hes of this system by others have yielded many 
new e cfects. These include the observation of 
transitions between the Stark-shifted energy levels, 
and electron cyclotron resonance. 

By extending these measurements to higher 
frequencies we expect to be able to study the 
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surface plasma at higher densities so as to 
observe interaction effects, and to extend the 
measurements to other materials such as super-
fluid helium films, liquid and solid lb and 
liquid .\e. 

-.>. SPPCTKOSCOPIC APPARATUS FOR THE INFRARJ.I) 

Robert B. Bailey, .lames 1.. Konomo, Ted S. (".. Chang, 
lugcnc B. Mailer, David K. Lambert and 
Paul L. Richards 

Hie tools available for infrared spectro:-op, 
arc being upgraded in several significant ways. 
1] A new far infrared polarising interferometer 
with a limiting resolution of 0.05 cm"' has been 
constructed and is now ready for use in the 
frequency range from 5 to 100 cm" . 2) A far 
infiared molecular waveguide laser that is pumped 
from a well stabilized CO-> laser is nearing 
completion. Mien finished this system wi11 provide 
coherent monochromatic radiation at hundreds of 
far infrared frequencies. 5j A commercial near 
infrared Fourier spectrometer has been purchased 
from the UXXM Corporation. This instrument will 
make possible high throughput Fourier spectroscopy 
at all infrared frequencies, with a limiting 
resolution of 0.0"* cm*'. An optical system has 
been designed for the interferometer that will 
allow it to be used for a wide variety of chemical 
and solid state physics problems. 

10. JOSIJHLSOX l-:i-I-"I:Cn MILLIMETER WAVE RECh 1VKRS* 

John C. Claassen, Paul L. Richards, Tak-Ming Shen, 
and Yuan Taur 

'J*hc usefulness of superconducting .Josephson 
junctions for low noise receivers of coherent 
millimeter wave radiation is being explored. 
Results of the program to date include: 11 the 
construction of a millimeter wave heterodyne mixer 
with the lowest noise yet achieved (T m = 54°K at 
3D GHz), 2J preliminary evaluation of a similar 
mixer at 140 GHz, and .*) operation of a Josephson 
junction parametric anqlificr at 36 C3Iz with a 
gain of 12 dB. In each of these devices, the 
active element is a single point contact Josephson 
junction. Projects have bzen initiated to evaluate 
the performance of series arrays of thin film 
microbridges and also thin film superconducting 
bolometers as active elements in heterodyne mixers. 

This program is totally supported by the Office 
of Naval Research. 

11. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Paul L. Richards 

Semiconductor Physics. Tne investigations of 
eiectron-hole drops in Ge will be extended to 
include magnetic field effects and a search for 

surface pi amnions on the y drops. J'hototherma 1 
ionization spectroscopy of ultrapure Ge will 
continue. 

Infrared Astrophysics and Bolometer Development. 
The improved cosmic background experiment will be 
flown to search for deviations from the black 
body spectra. The sky survey telescope will be 
flown for the first time and the first survey 
data analyzed. These flights will test the 
suitability of our new composite bolometer 
detectors for use in infrared satellites. Work 
will proceed on the development of optimized 
composite bolometers for operation a1- ^He 
temperatures. 

Resonance Spectroscopy. The new magnetic 
resonance spectrometer will be used to press the 
search for magnetic surface modes in MnF^. The 
new polarizing interferometer and the CCb pumped 
molecular laser will be used to observe resonance 
effects of electrons trapped on the surface of 
liquid Me. 

Millimeter Wave Mixer Development. The point 
contact mixer at 140 GMz and the array JJayem 
bridge mixer at 36 Qlr will be evaluated. 
Exploration of thermal mixers will continue. 

Infrared Spectroscopy. Tiie new E X 0 M Fourier 
spectrometer will permit a number of new projects 
to be initiated in collaboration with campus and 
LBL groups. The first of these will be ATR 
spectroscopy of surface films related to pollution 
studies, the arc spectra of molecules of interest 
to high temperature chemistry, and the near 
infrared absorption in ultrapure Ge. 
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Paul L. Richards and Associates 
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b. Exp«rimanlol Solid 5tot« Physics and Ouantum Electronics 

Y. Bon Shen, Principal Investigator 

1. STUDY OF SF.LF-FOCUSING 01-' LIGHT 

Uric G. Hanson* and Y. Ron Shen 

Self-focusing of l i gh t in Kerr l i qu ids has been 
extensively inves t iga ted , and the behavior in both 
the t r ans ien t and steady s t a t e l imi t s i s now well 
understood. In the quas i - s t eady - s t a t e l i m i t , 
the focusing behavior has been explained in d e t a i l 
by the moving focal spot model. 1 In the extreme 
t r ans i en t l i m i t , the e f fec t s are we". 1 explained 
by dynamic t rapping.^ In the intermediate range, 
de ta i l ed numerical ca l cu la t ions have been made. 
However, no experiments have yet been made to 
quan t i t a t ive ly check these p red i c t i ons . 

We have made a de ta i l ed inves t iga t ion of the 
behavior of se l f - focusing in t h i s intermediate 
range where the op t i ca l Kerr r e l axa t ion time i s 

comparable to the l a se r pulse length . Ke have 
used a n.ixture of a nematic l iqu id c r y s t a l and a 
normal l iqu id as our Kerr l iqu id sample. This 
sample has a re laxa t ion time which i s s i g n i f i c a n t l y 
longer than response time of our photodiode and 
s t reak camera d e t e c t o r s . This insures that we 
can res r lve the de ta i l ed time dependence of the 
focusing behavior . Furthermore, in t h i s l iqu id 
the re laxa t ion time va r i e s s t rongly with sample 
tempcrature--from more than 4 times to l e s s than 
1/15 as long as our 20-nsec, single-mode l a se r 
pu lse . Tliis allows us to inves t iga te the whole 
interr iediate range, from the nearly t r ans i en t 
l imit t o trie nearly s t eady - s t a t e l i m i t . Ke can 
do t h i s without changing the sample or the op t ica l 
imaging system, so we can q u a n t i t a t i v e l y compare 
the behavior with d i f fe ren t re laxa t ion t imes. 

Kith a long re laxa t ion t ime, we see a smooth 

Theory 
i P i 1 1 1 ' 

- puisewidth 
relax time" 

Experiment 

0 1.0 2.0 3.0 4.0 5.0 
psec 

-10 0 
nsec 

+10 

Fig, 1. Comparison between theory and experiment 
of the on-axis i n t ens i t y pulses of the self-focused 
beam a t various peak i n t e n s i t i e s Imax-
tXBL 764-2699) 
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horn-shaped pulse, in the intermediate range, 
;ve see a horn-shaped pulse containing fast 
intensity oscillations. These results are in good 
agreement with the predictions of numerical 
calculations (Fig. ] ) . In the short relaxation 
time limit, we see much more abrupt focusing, as 
expected for a moving focal region. 

linear optical measurements for a homologous 
series; partial results art' shown in Table 1. 
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2. NONLINEAR OPTICAL STUDY OF PRETRANSITIONAL 
BEHAVIOR OF NEMATIC COMPOUNDS* 

Eric G. Hanson and Y. Ron Shen 

We have shown by nonlinear optical measurements 
that liquid crystalline materials in their 
isotropic phase can have a large optica] Kerr 
constant with a long relaxation time. Such 
characteristics result from the pretransitional 
behavior of the materials. The measurements 
pi*o\ride a stringent test on the Landau phase 
transition model for liquid crystals. From these 
measurements, together with measurements on 
latent heat and anistropy in refractive indices, 
one can deduce values for a large number of 
characteristic material parameters aside from 
the measured ones. In order to understand how 
molecular structure affects the characteristics 
of liquid crystals, one would like to know these 
parameters for a group of compounds in a 
homologous series. We have made the first 
attempt to find these parameters from our non-

3. THEORETICAL INVESTIGATION OF NONLINEAR 
EXCITATION OF SURFACE POLARITONS 

Francesco De Martini and Y. Ron Shen 

Surface polaritons in solids have recently 
become a subject of great interest. These surface 
waves are usually studied optically by the 
attenuated total reflection method or by 
spontaneous Raman scattering. One would expect, 
however, that they could also be studied by 
nonlinear optical means. We have shown that by 
optically mixing two laser beams one can indeed 
generate surface polaritons ir. solids. In 
addition, we have worked out the first theory of 
nonlinear excitation of surface polaritons. This 
theory can be extended to other problems related 
to the interaction of surface and bulk waves and, 
therefore, is the basis of all calculations of 
nonlinear optics involving surface w;ivcs. 

The nonlinearly excited surface waves can be 
detected either by th? prism coupling method or 
by coherent light scattering. We have estimated 
in that GaP a surface polariton wave of about 
1 K at 580 cm"* can be generated by two 2 x 2-mm" 
dye laser beams of 40 fclV each. A 40-kK probe 
bear" can then yield a coherent scattering signal 
of 2 * 10"' W. We have also made numerical 
estimates of the nonlinear excitatien of surface 
exciton-polaritons and surface plasmons. In all 
cases, experiment appears to be feasible. 

Table I. Critical transition temperatures T c , orientational relaxation times T, and 
nonlinear susceptibilities :<,-/ for various nematic liquid crysialline 
compounds. ^ 

Compound T (°C) 

C 4H g- fC6H4J - CH:N - fC f iH 4) -R 

RO - (C,HJ - N,0 - (C,H,)-OR V'4 w 

T ' T - T ) XQ 
T . .» 

a i j 41.7 67 13.2 

C,H 5 67.6 21 7 . j 

a,. 130.7 8.5 IS 

c:2i.5 161.0 7.5 in.2 

c s"n 115.0 2*. 5.6 

c 6 » i 3 126.0 15 4.7 

c 7 » I S 121.3 15 5.4 
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A r n o l d J . Schmid t and Y. Hon Shen 

a • Simultaneous Two-Wavelength Output of a J)ve 
Laser 

For a number of a p p l i c a t i o n s , such as difference 
frequency generat ion, two-photon spectroscopy, and 
e x c i t e d - s t a t e spectroscopy, two tunable l a s e r s 
arc required. Mien both wavelengths are obtainable 
from the same Iasing dye, however, a nu;.iber of 
systems ex i s t that can be used to generate two 
frequencies in one l a se r , he want t o present a 
new method, which is extremely simple and easy to 
opera te , of generating two frequencies. 

Figure 1 shows the setup used, "flic \-»-laser 
pumped dye l a se r i s of the usual design, cons i s t ing 
of a p a r t i a l mirror , a t ransverse ly pumped dye c e l l , 
a t e l e scope , and a g ra t i ng . We place a rectangular 
g lass wedge between the beam-expanding te lescope 
and the g ra t ing ; the wedge is placed in such :t 
way t ' lat it i n t e r s e c t s amy the lower hal f of the 
beam. The angle of incidence is then d i f fe ren t 
for the upper and lower hal f of the gra t ing and 
the dye laser can operate on two wavelengths 
simultaneously. 

amplif ier i s pumped by a J ^ - l a s e r . The pulse 
length of an N? laser i s t yp ica l ly a few nano­
seconds and the fluorescence l i fe t ime of l a se r 
dyes is of the same order , or l e s s . Therefore, 
the ampl i f ier has gain only .'or a few nanoseconds. 
One can then arrange the r e l a t i v e timing of the 
NV l a s e r pulse with respect to the mod^-locked 
t r a i n so that only one pulse in the t r a in gets 
amplif ied. 

/ 

I N 2 • LASER 

0 n £i { /-
! | n PHOTO 
lj I LENS LA DIODE 

TELESCOPE AMPLIFIER 

^ ^ < ^ > -/- —w 

.rv r / * 

N 2 LOSER 

-..• / -I--** *̂ -—. •** ntrt TELESCOPE DYE CELL OUTPUT 
MIRROR 

Tig. 1. Schematic diagram of the se tup . 
{XB1. 753-59961 

MODE LOCKED DYE LASER 

X 6L 752-5846 

Fig. 2. Experimental setup for generation of a 
s ingle tunable picosecond p u l s e . 

Figure 2 showy d e t a i l s of the setup used. With 
an input mode-locked t r a i n of 2.$ -J per pu l se , we 
have obtain a s ing le -pu lse output of 100 J from 
the ampl i f ie r . The N2"laser-pumped amplif ier 
normally bad an output of 300 J in the o s c i l l a t o r 
mode. 

h - feneration of a_Single Tunable UUrashort Light 
I'ulse 

Single tunable u l t r a sho r t l ight pulses of high 
power arc useful in a large number of s c i e n t i f i c 
and technical app l i ca t i ons . Such pulses are 
t yp i ca l l y generated in or.p of two ways: 
(1) the mode-locked output of a vd- o r ruby l a s e r , 
i f necessary i t s second harmonic, pumps a dye 
laser of matching cavi ty length; or (J) a 
flashlamp-pumped, dye l a se r i s pass ive ly mode-
locked. One or more dye l a s e r ampl i f ie rs 
usual ly are used to obta in appreciable powers. 
If the use of a s ing le pulse i s de s i r ed , a 
l a se r - t r i gge red spark gap is commonly used to 
se l ec t one pulse from the t r a i n . In any case , 
the generation of such a pulse is a mul t is tage 
operat ion and keeping i t s performance a t an 
optimum i s troublesome. 

We constructed a system tha t can generate 
s i n g l e , high power, tunable picosecond-pulses 
in a simple and convenient way. The - a l s e t r a i n 
from a mode-locked, flashlamp-pumped, dye l a se r 
i s sent through a dye l a se r ampl i f ie r ; the 

5. NOXLI.VEAR OPTIGU. STUDIES WITH FIASHPUMP 
TU.WBLE DYE LASER 

Robert W. Smith and Y. Ron Shen 

Optical processes in so l ids have received a 
great deal of a t t en t i on over the l a s t decade 
since the adi'ent of the l a s e r , and espec ia l ly 
with the recent development of the tunable dye 
l a s e r . The dye l a s e r offer.* us a tunable source 
with a highly d i r e c t i o n a l betin, narrow bandwidth, 
and high average power whicn can be used t o 
probe both l i nea r and nonl inear op t i ca l p rocesses . 
Our e f fo r t s t h i s year have been d i rec ted toward 
acquiring these useful experimental t o o l s . 

Our p a r t i c u l a r i n t e r e s t s have been in obtaining 
a high average power flashlamp-pumped dye l a s e r 
(FL l a s e r ) . From experience we know t h i s type 
of dye l a s e r can be eas i ly tuned from 450 nm to 
640 ran using various organic dyes. The FL l a se r 
can a l so be frequency-doubled or used as a pimp 
for a parametric o s c i l l a t o r , thus extending t o near 
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in and near i r f requencies. The desired 
c h a r a c t e r i s t i c s of the v: . ; ible H. l a se r a r e : 
i 1 ' pulse width of 1 ;.set ; [Z) pulse energy o\~ 
30 a.' (narrow band); and [31 r e p e t i t i o n ra te of 
lo - :o pps. Such a laser then has a peak power 
of 30 kW and an average •ower of about 300 mW. 

!:: order to obtain su h an Fl. l aser system imd 
-?t acquire a thorough k iowledge of i t s operat ion 
and cons t ruc t ion , b u i l t uir own. We careful! ) ' 
examined the commerciall ava i l ab le u n i t s o( 
/hromatix and "ciss-Lamr a Physik ;md modeled ours 
a f t e r t h e i r s . At presen* our system is operat ional 
but not optimized. We v 11 continue to develop 
the laser while we begi- to use i t in the following 
experiments. 

The immediate use for the l a s e r wi l l be in an 
experiment deal ing with he nonl inear coupl ing- to-
surface po la r i tons in C, ; the experiment is to lie 
performed with P. Bethui . Another | iossiblc exper i ­
ment for the coming year is to look for induced 
absorption in I'uCW a t he ium temperatures . This 
typo of evperinient Ki l l requi re two synchronized 
laser pulses at d i f f e re r r frequencies. The 
generat ion of two such : Ises i s now being 
inves t iga ted . Beyond th s , there i s the 
p o s s i b i l i t y of using an I. l a se r to do Raman 
s c a t t e r i n g in the blue i gion of the spectrum. 
In conclusion, the high verage power FL l a se r 
i s opening up many exper nental p o s s i b i l i t i e s for 
us . 

6. INSTRUMENTATION <3F N -LASER-PUMPED PVH LASER 
SYSTEM 

Alex Jacobson and Y. Ror Shen 

1. Pulsed N? Laser 

Ke have spent a great deal of time on the 
design of the N7 l a s e r , rood nitrogen l a s e r s 
a re ava i l ab l e commercial v but dup l i ca t ing them is 
of i n t e r e s t from the poi t of view of saving 
money and of developing ;hc technological know-how 
of high speed gas discharge l a s e r s . 

We at f i r s t underest i lated the d i f f i c u l t i e s 
involved because i t i s q ; i te easy to bu i ld a 
1.5-mJ, 200-kW l a s e r operat ing at around 5 Hz. 
However much experience v as shown tha t t h i s c l a s s 
of simple l a s e r s i s not f much use experimental ly . 
We have upgraded our tec nical e f fo r t to dupl ica te 
and then modify the most powerful conmercial 
u n i t s . 

a. Scries Gas Discha gc N? Laser. This system 
i:> e s s e n t i a l l y Oil' same ab the Molectron ul'-luiiU \ j 
l a se r system. I t should de l ive r 1 mW, 10-nsec 
pulses a t 25 Hz, and 250 mlV average power at SO Hz. 
The l a s e r tube i s made of two aluminum bars with 
embedded s t a i n l e s s s t e e l knife edge e l e c t r o d e s . 
Epoxy f ibe rg lass i s used for insu la t ing top and 
bottom wa l l s . The output window is a V10 
quar tz f l a t and the mirror i s a A/4 uV enhanced 
mirror . The tube iz fed by a 100-cable t r ans ­
mission l i ne tha t ac t s as a low-inductance 
dumping capac i to r of c=0.05 pF, and Z = 148 ohms. 
The system is designed t o be dc charged to 30 kV 

rou t ine ly . A water-cooled, t h r ee - f l ee t rode spark 
gap discharges a 0.09 ,•!• capaci tor into the 
transmission l ine to the l a se r tube. 'Hie gap 
e l ec t rodes are made of a machinable tungsten-nickel 
a l l oy . Ihe gap can be pressur ized from fl-50 psig 
and the e lec t rode spacing is ad jus tab le . 

The design is based on the Molectron UV-1000 
design of Woodward and Sasvel t . It d i f f e r s only 
in that (I) the l a se r tube is watercooled, 
{Zi wo use a 0.09-pl' , 50-kY capaci tor which has 
perhaps more inductance than t h e i r 0.05-uF, 30-kV 
one, and (3) we use a spark gap ra ther than an 
HY5 or HY3202 thyra t ron . 

b . Traveling Wave discharge N^-l.ascr System. 
This system can produce 300-400 mtv' at 'd'O'lt and 
1 mW peak power at lower ren r a t e s . Based on the 
design of Fitzsimmons, the pr incipal feature i s 
an extremely compact, very low inductance 
capac i to r used a l so as a transmission l i n e . It 
i s in a sandwiched p a r a l l e l p l a t e conf igurat ion 
using mylar as the i n s u l a t o r , o i l as a corona 
a r r e s t i n g agent , and mechanical compression to 
maintain a uniform geometry. The value of the 
s torage capac i to r i s 0.05 ul : with an impedance 
of 0.04 ohms; the value of the transmission l ine 
impedance is 0.053 ohms. The matching of the 
s torage capac i to r impedance to the transmission 
l i ne and the low value of the impedance enables 
the system t o run at a voltage below 20 kV. 

The system uses a two-elect rede , water-cooled, 
pressur ized copper spark gap. It i s ac - resonan t ly 
charged and the l a s e r pulses at suhmultiples of 
the l i ne frequency chosen by an i c -con t ro l l cd SCR 
in the primary of the high vol tage t ransformer. 

The l a s e r tube i s water cooled, the copper 
cooling tubes being the e l ec t rodes themselves. 
The N2 gas is t r ansve r se ly flowed through small 
holes above and below the e l ec t iodes from low 
flow impedance input and output manifolds. The 
l a s e r tube i s e l e c t r o s t a t i c a l l y shielded from 
the ground planes running above and below i t . 

?.. Pye Laser System 

Using a pre l iminary N? l a s e r , o s c i l l a t o r -
ampl i f ie r systems of the"design of Wallenstein and 
Hansen, and of Lawler, Fitzsimmons, and Anderson 
can be b u i l t . Kith s u i t a b l e narrowing op t ics i t 
should be poss ib le t o produce two 25-kW beams 
with bandwidths of 0.001 A or less in t h i s way. 
Other mul t ip le beam arrangements are pos s ib l e . 
By using amp l i f i e r s , $% t o t a l conversion 
ef f ic iency should be poss ib le in the narrowest 
bandwidths. The system wi l l be even more 
v e r s a t i l e ii the mirror can be removed from the .\? 
laser without loss of power or beam q u a l i t y . 

Future Plans 

With the advent of powerful tunable l a se r s we 
should be able t o study tunable uv and i r genera­
t i o n , s t imulated e l e c t r o n i c Raman s c a t t e r i n g , 
fo.bidden s u s c e p t i b i l i t i e s a r i s i n g from quadrupole 
t r a n s i t i o n , and the e f f ec t s r e l a t ed t o e x c i t a t i o n 
to high Rydberg and continuum s t a t e s . 
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7. MLASUR]3H;\T 01 DISPERSION (IF NONLINEAR OPTICU 
SUSCEPTIBILITIES OF InAs, InSb, ANN GaAs IN THE 
VISIBLE REGION 

Don Bethune, Arnold .1. Schmidt, and Y. Ron Shen 

Many experimental and theo re t i ca l s tud ies have 
been made recent ly of the dispers ion of non­
l inear s u s c e p t i b i l i t i e s of semiconductors, <•• . . .c 
there i s the p o s s i b i l i t y of obtaining de ta i l ed 
information about t h e i r e l ec t ron ic s t ruc tu re from 
these s t u d i e s . In the case of second hirmonic 
generat ion, t h i s can be seen from the theore t i ca l 
expression of the second-order nonlinear susccpt i -
bi I in -

HARMONIC PHOTON ENERGY (2nco) ev 

- f d-\ y _V-'>c i Pc'v, 

(•7) 

A peak of >, corresj>onds, for example, to 
resonance of u.t or 2u, or both wi'.h c r i t i c a l point 
t r a n s i t i o n s . 

Using a flash-pumped dye lnse r i1- isec pu l se , 
2-kw peal; power) t o produce ref lec ted second 
harmonic l i g h t , we have measured X o ' , f ° r three 
semiconductors Ua-\s, InSb, (iaAs) "^ 
between 2.0 and 2.7 e\ , when.* a l l th ree c r y s t a l s 
absorb s t rongly at both u, and 2w. The r e s u l t s 
of these measurements are shown in Figs. ' - 3 , 
together with the values recent ly ca lcula ted from 
the empirical pseudopotenti.il model by Fong and 
Shen.,1 and the l i nea r s u s c e p t i b i l i t i e s previously 
measured for these c r y s t a l s . 

The observed s t ruc tu re s can be re la ted to some 
extent t o large jo in t dens i t i e s of s t a t e s 
iden t i f i ed before in r e f l e c t i v i t y measurements. 
Agreement with the computed values of Fong and 
Shen 1 i s f a i r . 

From our work, we r e a l i z e that there a re a 
number of d i f f i c u l t i e s with measuu-ments of t h i s 
type . The fact tha t both u and 2w are in the 
absorption region l imi t s the overal l conversion 
eff ic iency to very small values . On the other 
nand, using a fundamental l a se r beam of higher 
power or t i g h t e r focusing would cause local sample 
heat ing and surface damage. The low conversion 
r e s u l t s in small s igna ls with large s t a t i s t i c a l 
f l uc tua t ions . The signal was a l so found t o depend 
s t rongly on the l a s e r mode s t r u c t u r e . A high-power 
laser pulse with s t a b l e , s ing le t ransverse mode, 
incident on a la rge sample area i s probably 

Fig. 1. (aj Experimental values of r a t i o of non­
l i n e a r s u s c e p t i b i l i t i e s Ixi4*-2^ ( r nAs)/xi2 ^ 2^ (quartz)J 
a t 80 and 300 K. The l i gh t curve i s a rough f i t to 
the da ta , and the heavier curve i s the t heo re t i c a l 
ca lcu la t ion of Fong and Shen (Ref. 25) . Also shown 
are the values of M i l l e r ' s fl derived from the 
experimental data and the l i n e a r cons tan ts , 
(b) The imaginary d i e l e c t r i c constants EJ(W) = 
4HX]1, J ( u ) and ej(2m) = 4 n x i * l u 2 u ) for InAs. The 
features corresponding to the E\ and E2 peaks are 
ind ica ted . 

(XBL 751-5528) 
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Fig. 2 . (a) Experimental values of r a t i o of.non-
l i n e a r s u s c e p t i b i l i t i e s |x i / ' - • 'CInSb)/x^'- ^(quartz)| 
a t 80 and 300. The l i g h t curve i s a rough f i t t o 
the da t a , and the heavier curve i s the t h e o r e t i c a l 
c a l c u l a t i o n of Fong and Shen (Ref. 25 ) . Also 
shown are the values of M i l l e r ' s A derived f r o the 
experimental da ta and the l i n e a r cons t an t s , 
fb) The imaginary d i e l e c t r i c . c o n s t a n t s ejlV) = 
4Trx i f l J (u ) and E J ( 2 U ) = 4 n x i U J (2uO for InSb. T!<e 
feature corresponding to the E\ and E2 peaks are 
ind ica ted . ( X B L 751-551 J) 

Fig. 3 . (a) Experimental values of r a t i o , o f non­
l i n e a r s u s c e p t i b i l i t i e s | x i 4 ^ ( G a A s ) / X n '(quartz) I 
a t 80 and 300 K. The l i g h t curve i s a rough f i t t o 
the d a U , and the heavier curve i s the t h e o r e t i c a l 
ca lcu la t ion of Fong and Shen (Ref. 25 ) . Also 
shown are t he values of M i l l e r ' s A derived from the 
experimental data and the l i n e a r cons t an t s . 
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imaginary d i e l e c t r i c , c o n s t a n t s ei(w) = (b) 

fea tures corresponding to the E, and E- peaks a re 
ind ica ted . ( X B L 7 5 1 . 5 5 3 0 j 
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necessary for accurate and r e l i a b l e measurements. 
Single picosecond l a s e r pulses arc preferab le t o 
avoid the e f fec t s of srjnple hea t ing . 

now. As an example, we show in Tig. 1 the c a l ­
cula ted | x i 4 " H 2 w ) ] of InAs in comparison with 
the experimental r e s u l t s . 

1. C. Y. Fong and Y. R. Shen, Phys. Rev. BL2, 
•232S (1975). 

8. THEORETICAL STUDY OF DIS 'ERSTON OF NONLINEAR 
OPTICAL SUSCEPTIBILITIES OF i" 1ICGNDUCT0RS 

Ching Y. Fong and Y. Ron Shen 

Experunental r e s u l t s on dispers ion of nonl inear 
op t i ca l s u s c e p t i b i l i t i e s x*- ^ of semiconductors 
have become ava i l ab l e recen t ly with the advent of 
tunable l a s e r s . I t i s poss ib le t o c o r r e l a t e the 
j t r u j t u r e s in x ^ with the band s t r i c t u r e e f fec t , 

The micropcopic expression of x ^^n be 
obtained e a s i l y from the second-order per turba t ion 
theory. However, no r e a l i s t i c ca lcu la t ion of X \ T } \ 
for a so l i d has ever appeared in the l i t e r a t u r e . ' 
The major d i f f i c u l t i e s come from the lack of 
de t a i l ed information about the band s t r u c t u r e 
and the t r a n s i t i o n matrix elements. Recently, 
empirical pseudopotent ial band ca lcu la t ions have 
been very successful in reproducing the exper i ­
mental l i n e a r r e f l e c t i v i t i e s of s o l i d s , in 
p a r t i c u l a r the IV and I I I - V s e m i c o n d u c t o r s . 1 6 * 1 7 

The r e s u l t i n g band s t r u c t u r e and moirientum 
( t r a n s i t i o n ) matrix elements can then be used for 
c a l c u l a t i o n s of o ther p r o p e r t i e s . We have made 
c a l c u l s t i o n s of | x ] / 2 U 2 u ) ] with 0.0S ^ Jiu < 3.0eV 
for GaAs, InAs, ana InSb using the energies and 
the t r r - s i t i o n matrix elements d i r e c t l y obtained 
from t r ; empirical pseudopotent ial band calcula­
t i o n s . These r e s u l t s represent the .most r e a l i s t i c 
t reatment on t he d ispers ion of |x i4* ' (2w) | up to 
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9. EXCITATION OF DOMAIN PATTERN BY ACOUSTIC 
WAVES IN A NEMATIC FILM* 
Ken Miyano and Y. Ron Shen 

Study of acoustic wave propagation in a liquid 
crystal film is interesting in its own right as 
well as for its potential device applications. 
With sufficiently intense acoustic wave excitation, 
we have observed a domain pattern of induced 
molecular reorientation in a nematic film, as 
shown in Fig. la. 

We prepared the liquid crystal film homeo-
tropically aligned (optical axis perpendicular 
to the surface) between two glass plates. An 
interdigital surface wave transducer with a 
fundamental frequency of 12.3 MHz was evaporated 
on a Y-cut quartz plate. The surface wave 
generated by the transducer on the quartz plate 
was transferred to a glass plate through a water 
coupler and then propagated in*o the nematic film. 
The sound velocity in the film was measured by a 
Raman-Math type diffraction measurement as a 
function of the film thickness (19"-65 urn). Three 
modes were found in this thickness range. They 
agree with the theoretical prediction assuming the 
nematic liquid crystal was an isotropic low 
viscosity fluid. 
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Fig. 1. Comparison of |X14 
available experimental data. 
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(XBL 764-1167) 



140 

la) 400/"" 

I/I, Io 
1 -

0 " ' -

0 2 -

0" 3 _ 

1 1 

f\(\ 
1 1 

1 - 1 1 

A, ft, 

1 1 1 

n 
(b) MBBA 

32/im 

Fig. 1. (a) Stripes observed under crossed 
polarizers at the feeding edge. MBBA is homeo-
tropically aligned and 32 urn thick. The polarizer 
axes are at 45° with respect to the stripes, 
(b) Model calculat-on of the transmission coeffi• 
cient 1/I0 for (a). (XBB 7511-8140) 

A semi-periodic stripe pattern was observed 
[Fig. la) when the film was examined under crossed-
polarizer microscope. The sound propagation 
direction was perpendicular to the stripes and the 
axes of the polaroids were at 45° with respect to 
the stripes. The domain pattern was apparently 
due to semi-periodic optical birefringence induced 
by the acoustic wave. Flow vortices were observed 
in the film and therefore flow reorientation of 
molecules is believed to be the cause of the 
induced birefringence. We calculated (1) acoustic 
streaming produced by the mixing of the propagating 
acoustic modes with their measured characteristics, 
(2) the molecular reorientation induced by the 
streaming, and (3) the transmission of light as 
a function of distance. The calculated result 
(shown in Fig. lb) agrees very well with the 
experimental observation in Fig. la. 

Partially supported by a grant from the National 
Science Foundation. 

10. WAVELENGTH MODULATION SPECTROSCOPY 

Stanley E. Kohn, Jean-Paul Voitchovsky, 
.Jean Camassel, and Y. Ron Shen 

The Wavelength Modulation apparatus has been 
used in an extensive study of the optical 
properties of layer compounds. From a theoretical 
viewpoint, these compounds are of interest 
because of their apparent two dimensional nature. 
From an applied viewpoint, they are of interest 
because of observed Ovishinsky-type switching 
effects. Our interest has been focused on the 
GaS-GaSe alloy system. Together with the Solid 
State Theory group, we have made an extensive 
study of the electronic and optical properties 
of the GaS xSei_ x alloy system. 

The layer structure of GaSe (and of GaS) is 
formed by a chain of four atoms: Se-Ga-Ga-Se 
(or S-Ga-Ga-S). The binding between the layers, 
that is, between the Se (S) atoms is probably due 
to van der Waals interaction. The binding is so 
weak that the crystals can frequently be cleaved 
by peeling off layers with Scotch tape. 

The derivative reflectivity of GaSe and the 
theoretical spectrum calculated by M. Schluter 
and M. L. Cohen, are shown in Fig. 1. The peaks 
have been labeled either G, GS, or S. Experimental­
ly, we can divide the various structures into the 
following three classes on the basis of the 
magnitude of the energy shift of the structure 
with alloy composition: (1) type G structures, 
which have a small shift in energy (less than 
10 MeV) as the composition is changed from GaS to 
GaSe; (2) type S structures, which have a large 
energy shift (about 700 MeV); and (3) Type GS 
structures, which have an intermediate shift 
(about 400 MeV). Theoretically, the transitions 
in the Brillouin Zone can be divided into these 
same three classes on the basis of the origin of 
the transition. Type G transitions originate 
primarily from states associated with the Ga-Ga 
bond. Since the Ga-Ga bond should be little 
affected by the alloy composition, these transitions 
should have a very small energy shift. Transitions 
labeled type S are determined predominantly by 
states localized around the anion, and those labeled 
type GS correspond to mixed anion character. 

During the past year, progress has been made 
toward extending the wavelength modulation 
equipment to operate in the vacuum ultraviolet 
region of the spectrum from 1000 to 2000 A. This 
region is of great interest because most 11-VI 
and I-VII compounds have most of their valence to 
conduction band transitions in this wavelength 
region. To date, very little high-resolution, 
modulated optical spectroscopy work has been done 
in the vacuum ultraviolet. To extend our apparatus 
to work in this region, it is necessary to con­
struct a large vacuum system for the optical 
system, and to build a small, high-power continuum 
light source in the vacuum uv. The light source 
has been built by designing a special water-cooled, 
deuterium lamp with a lithium fluoride window. 
This lamp has promise of being one of the most 
intense, compact, continuous light sources in this 
spectral region. 
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Fig. 1. Experimental derivative spectrum (full 
line) and theoretical derivative spectrum (broken 
line) of GaSe. (XBL 764-1168) 

Yves Petroff, Peter Y. Yu, Y. Ron Shen, and 
Nabil M. Amer 

he have studied the photoluminescence spectrum 
of CU2O using a tunable dye laser. Ife found that 
most of the luminescence peaks can be identified 
as due to recombination of the Is yellow exci ton 
of Cu20 or i t s phonon replica. These phonon 
replicas showed asymmetric broadening with 
increase in temperature. A few of the lines 
showed very strong temperature dependence dis­

appearing rapidly at high temperature. The 
origins of these lines are s t i l l a matter of 
speculation. The luminescence excitation 
spectrum of Cu?0 is also presented and interpreted. 

We have studied the problem of distinction 
between RRS and hot luminescence by investigating 
the temperature dependence of the Iineshape of 
the r ; 2 (110 cm"1) mode when excited at the Is 
yellow exciton. We found that above 4°K, the 
mode appeared to have a narrow symmetric line 
superimposed on a broader asymmetric base. The 
asymmetric part is typical of a phonon-assisted 
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luminescence line while the symmetric part is 
mainly due to RRS. 

We have found two sharp luminescence lines at 
198 and 200 cm"1 below the Is yellow exciton line. 
These lines disappeared above 3°K. Their positions 
suggeft that they are due to emission of N ? • rig 
and 2rj-> phonons respectively in the recombination 
of the Is yellow exciton, but such luminescence 
processes are not allowed by symmetry. The 
luminescence (and/or RRS'i was quite efficient when 
the laser excitation was at resonance with the 
Is yellow exciton. Their intensities varied 
superlinearly with the laser intensity and 
saturated quickly. We believe that these lines 
are due to emission of r^2 + ^25 a n <^ -^l-* P n o n o n s 

respectively in the recombination of a weakly 
trapped Is yellow exciton. 

12. RESONANT RAMAN STUDIES IN Cu?0 NEAR THE PHONON-
ASSISTED EXCITONIC .ABSORPTION EDGE 

Peter Y. Yu and Y. Ron Shen 

Resonant Raman scattering in C m O has been 
studied at low temperature in the vicinity of its 
phonon-assisted Is yellow excitonic absorption 
edges using a cw continuously tunable dye laser. 
The multiphonon Raman modes which show resonance 
enhancement in this region are the following: 
TJ2 + P (where p is an odd-parity optical 
phonon); 2Fp + P (where P is an acoustic or odd-
parity optical phonon); ZV\? * ^LA; and W{i- Th_e 

Raman cross sections of these modes have been 
calculated using perturbation theory. To explain 
the dispersion in the experimental cross section 
it was found necessary to introduce a wave-vector-
dependent damping constant for the Is yellow 
exciton. A simple model proposed earlier by Yu, 
Shen, Petroff, and FaliroV was used to calculate 
this damping constant. Our result showed that 
the damping is predominantly due to intraband 
scattering via the longitudinal acoustic (LA.1 

phonon. Good agreement was found between 
experiment and theory. Our results also indicate 
that the resonant three- and four-phonon Raman 
processes in Cu?0 in this region involve cascading 
of the photoexcited Is yellow exciton with 
emission of phonon(s). The Raman frequencies of 
some of the modes of Cu20 were found to drpend 
on the incident laser frequency. The behavior 
of these dispersive Raman modes was found to be 
well explained within the above model and 
enabled us to determine directly the effective 
mass of the Is exciton to Se (3.0 ± O.Z)mg 
(where mp is the free mass of the electron), as 
previously reported. Relative magnitudes of 
various Is exciton-phonon interactions have also 
been obtained from our result. 

13. RESONANT RAMAN SCATTERING AND FLUORESCENCE IN 
Aim FERROMAGNETIC MnF 2 

Nabil M. Amer, Tai C. Chiang, and Y. Ron Shen 

We have made the first investigation of 
resonant Raman scattering and resonant fluorescence 

in a magnetically ordered crystal: MnP? in its 
antiferromagnetic phase. The experiment was done 
by using a dye laser to excite the crystal 
around two sharp excitonic absorption lines and 
their magnon sidebands. As expected, the two-
magnon line showed a resonance enhancement at the 
magnon sidebands but not at the exciton lines, 
while the phonon modes would show resonance 
enhancement only at the exciton lines. Physically, 
the two-magnon resonant Raman process can be 
considered as a process in which a magnon-assisted 
absorption to the magnon sideband is immediately 
followed by a magnon-assisted emission. This 
indicates that for a given excitation frequency 
u>£, only those magnons whose frequencies i^Ck) 
satisfy the relation 

are being scattered in the resonant Raman process, 
where i^ x and w s are the frequencies of the exciton 
and the scattered radiation respectively. Since 
the dispersion of "bOO is appreciable, the above 
equation suggests that the observed Raman shift 
u)£ - w s should vary with WJ». This is indeed what 
we have found experimentally. In the region where 
we is at resonance with two magnon sidebands 
simultaneously, we have even observed two two-
magnon lines for the above reason. The resonant 
scattering mechanism described here is clearly 
different from the nonresonant two-magnon 
scattering mechanism described earlier by other. 
A simple approximate derivation shows that, for 
a given u t , the two-magnon resonant Raman cross-
section is connected with the corresponding 
nonresonant one by: 

This agrees quite well with the experimental data. 
Our resonant fluorescence results suggest that 
the excited excitons have in fact reached thermal 
equilibrium before they are radiatively recombined. 

1, P. A. Fleurv and R. Loudon, Phys. Rev. 166, 
514 (1968). 

14. RESONANT RAMAN SCATTERING IN SbSI NEAR THE 
ABSORPTION EDGE 
Nabil M. Amer, Yves Petroff, Y. Ron Shen, and 
Peter Y. Yu 

In the literature there exists a controversy 
about the nature of the fundamental absorption 
edge. Some authors believe it is due to phonon-
assisted indirect transitions;1 others think it 
is due to strong interaction between electrons 
and - 210 cm" 1 phonons at the direct gap.2 We 
have performed studies of resonant Raman scattering 
(RRS) around the absorption edge. We expected 
that if the gap is indirect only the appropriate 
two-phonon modes will show resonant enhancement, 
while if the gap is direct all allowed phonon 
modes will show resonant enhancement. Our 
results with the sample at liquid nitrogen tempera-
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tune indica te that the l a t t e r i s t r u e . We have 
studied RRS with d i f fe ren t po la r i za t ion combina­
t i o n s for incident and sca t t e r ed rad ia t ion and 
compared our r e s u l t s with the simple RRS theory 
at a d i rec t gap. 

We have a l so inves t iga ted KKS in SbSI below 
and above the f e r r o e l e c t r i c phase t r a n s i t i o n . l\"c 
found no obvious change in the RRS of any phonon 
mode. This suggests that the nature of the 
fundamental gap remains e s s e n t i a l l y unchanged 
a t the phase t r a n s i t i o n , s ince otherwise some 
phonon modes would show d i f fe ren t resonant 
enhancement behavior. The r e s u l t s a re cons i s t en t 
with the band s t r uc tu r e ca l cu l a t i ons uliich show 
tha t the top valence band and the bottom conduction 
band mainly caitte from the p band of I and the s 
band of Sb, r e spec t ive ly . In the phase t r a n s i t i o n , 
the S aid Sb atoms are displaced but not the I 
atoms, and the band ordering around the gap remains 
the same. In the p a r a e l e c t r i c phase, the soft mode 
shows a somewhat s t ronger resonant enhancement. 

1. I*. I. Cerzanich, Sow Phys.-Sol ic S ta te 9, 
2558 (1968); V. M. Fr idkin , E. I . Cerzanich, 
1. 1. Groshik, and V. A. Lvakhovitskaya, JETP 
Le t t . 4_, 139 (1966). 
2 . A. Kh. Ze ina l ly , A. M. Mamedov, and Sh. M. 
Efendiev, Sov. Phys.--Semiconductors 7, 271 (1973); 
H. Kamimura, S. M. Shaniro, and M, BaTkanski, 
Phys. Le t t . 33A, 277 (1970). 

15. STUDY OF RESOttVrT RAMAN SCATTERING IN GaS 
Sej MIXED CRYSTALS 

Jean Camassel, Tai C. Chiang, V. Ron Shen, 
Jean-Paul Voitchovsky, and Nabil M. Amer 

Resonant Raman f e t t e r i n g (RRS) around extoni r 
t r a n s i t i o n s in so l ids has been a subject of 
extensive inves t iga t ions in recent years . Among 
var ious semiconductois, the layer compounds GaS x 

S e i - X seem to be p a r t i c u l a r l y worth s tudying. 
They have d i r ec t as h e l l as ind i rec t exc i ton 
s t a t e s . For su l fu r concentra t ion x < 0 . 3 , the 
exc i ton s t a t e s a t l i qu id ni t rogen temperature l i e 
wi thin the tuning range of a Rhodamine GG, 
Rhodamine 110, and Ccumarine 6 dye l a s e r s . This 
makes the RRS measurements r e l a t i v e l y easy. We 
have s tudied the rescnant enhancement of t he v a r i ­
ous phonon modes in these c r y s t a l s as a function 
of su l fu r concent ra t ion . In p a r t i c u l a r , RRS up 
to four phonons in pure GaSe and RRS up to two 
phonons in the mixed c r y s t a l s have been observed. 
We f ind the d i spers icn of t he RRS i s dominated 
by resonances with the exci ton s t a t e s and the 
r e s u l t s can be explained qu i t e s a t i s f a c t o r i l y by 
a sijnple cascade thec ry . 

16. RESEARCH PLANS TOR CALENDAR YEAR 1976 

Y. Hon Shen 

We shal l continue our study on se l f - focus ing 
of l i g h t . After completion of the measurements 

on se l f - focus ing from the s t e a d y - s t a t e to the 
t r ans i en t l i m i t , we wi l l sh i f t our emphasis t o the 
po la r i za t ion dependence of se l f - focusing and wil l 
s t a r t working on se l f - focus ing in ac t ive media. 
The l a t t e r problem is important t o r understanding 
high-power beam propagation in a l a s e r ampl i f ie r . 
We sha l l explore the p o s s i b i l i t y of using l i qu id 
c r y s t a l s as an opt ica l pulse shaper or mode-locker 
in l a se r app l i ca t i ons . Using tunable dye l a s e r s , 
we shal l t r y to exc i te surface po la r i tons in 
so l ids and evaluate the po t en t i a l of using t h i s 
method for surface s tudy. We sha l l continue our 
l a se r development and apply the pulsed tunable 
l a s e r s t o problems on nonl inear e x c i t a t i o n s in 
so l i d s and nonl inear op t i ca l spectroscopy in 
genera l . We plan to extend our o p t i c a l de r iva t ive 
spectroscopy technique to the far uv region where 
the op t i ca l p roper t i e s of so l i d s are genera l ly 
rnoTe complicated and more i n t e r e s t i n g . The 
p o s s i b i l i t y of using the technique t o study surface 
contamination and in te r face p rope r t i e s w i l l a l so 
be explored. Our program on resonant Raman 
s c a t t e r i n g and fluorescence wi l l a l so be continued 
with more emphasis on magnetic c r y s t a l and 
semiconductors, and on nonl inear o p t i c a l s c a t t e r i n g . 
A new program on study of l a s e r i n t e r a c t i o n with 
molecular beams w i l l be i n i t i a t e d in co l labora t ion 
with Yuan T. Lee 's group. Emphasis w i l l be on the 
understanding of the multiphcton molecular d i s so ­
c i a t i o n process appl ied to isotope separa t ion . 

17. 1975 PUBLICATIONS AND REPORTS 

Y. Ron Shen arid Associates 

Journals and Books 
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c. Research on Superconductors and Superconducting Devices 
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1. 1/f NOISH IS MliTAI. HI-MS 

John Clarke and Richard Y-. Voss 

The accuracy of most measurements a t low f re­
quencies i s l imited by " f l i cke r no i se" - noise 
whose power spectrum var ies approximately as 1/f, 
where f i s the frequency. Hius an understanding 
of the physical o r ig ins of 1/f noise i s not only 
of theore t ica l i n t e r e s t but i s of great p r a c t i c a l 
importance. Vi'o have made considerable progress in 
understanding the mechanism of t he noise in metal 
f i lms, and we can make q u a n t i t a t i v e p red ic t ions of 
i t s magnitude. The t heo re t i c a l model i s q u i t e 
genera l , and we have to be able to apply s u i t a b l e 
modifications of i t t o o ther systems. 

Our theory assumes tha t the noise a r i s e s from 
equi l ibr ium tempeu tu rc f luc tua t ions in the film.. 
These f luc tua t ions in turn produce r e s i s t ance f luc­
tuat ions provided tha t the temperature coef f i c ien t 
of r e s i s t a n c e , 6 - (l/RJdK/dT i s non-zero. When a 
steady current i s passed ?long the film, the r e s i s ­
tance f luc tua t ions give r i s e to voltage f luc tua t ions 
or "1 / f no i s e " . The mean square vol tage f luctua­
t i on i s thus given by 

i{h\')~> j\.{{)df = S 2V 2<(£T) 2> = B 2 V 2 k B T 2 / C v 

where V i s the mean voltage across the f i lm, C i s 
the heat capaci ty of t h e f i lm, and S ^ f ) i s th£ 
power spectrum of the voltage f l u c t u a t i o n s . The 
dependence of S v ( 0 on B~, V 2 and Cy has been 
experimentally demonstrated. The t ranspor t of heat 
in the film obeys a dif fusion equat ion, which 
introduces a frequency dependent c o r r e l a t i o n length 
A(f) * ( U / f ) 1 / - g where D i s the thermal d i f f u s i -
v i t y . As a consequence, the noise should be 
s p a t i a l l y co r re l a t ed over d is tances of order 
A(f) - 1 nm a t 1 Hz. This s p a t i a l c o r r e l a t i o n has 
been experimentally observed, and has the p red ic ted 
form. F ina l ly , by introducing a 1/f region in to 
S v ( f ) with appropr ia te cu t -of fs a t low arid high 
frequencies, we can p red i c t the absolute magnitude 
of the voltage noise power spectrum: 

s (0 * , 
vVkgT2 

: y [ 3 + 2ta"(ft1/fc"3)]f (1) 

where E.j and £3 are the maximum and minimum dimen­
s ions of the sample. Equation (1) i s in exce l len t 
agreement with the measured power spec t ra of a 
large number of metal samples. 

We have a l s o inves t iga ted both t h e o r e t i c a l l y and 
experimentally the na ture of t he temperature f luc­
t u a t i o n s . In the usual Brownian motion t reatment , 
the f luc tuat ions a re temporally and s p a t i a l l y 
uncorre la ted; however, t h i s model does not produce 
a 1/f power spectrum. We have found tha t a model 
in which the f luc tua t ions a re s p a t i a l l y co r r e l a t ed 
can produce a 1/f power spectrum of the appropr ia te 
magnitude. The two types of f luc tua t ions can be 
experimentally d i s t inguished by applying e i t h e r a 

d e l t a function or a s t ep function of power t o the 
sample and measuring the r e s u l t i n g change in r e s i s ­
tance with t ime. The Fourier transforms of t he 
responses to the de l t a and s t ep functions a re the 
power spect ra for the uncorrelated and co r r e l a t ed 
cases r e spec t ive ly . In Fig. 1 we p l o t l og l f ) S( f ) 
versus l o g o f f ) for the measured n o i s e , the s t ep 
function response, and the de l t a function response. 
"Ihe de l t a function response i s qu i t e d i f fe ren t from 
the measured power spectrum, while the s tep function 
response i s in exce l l en t agreemsnt with the measured 
power spectrum, with no f i t t e d parameters. 

The impl icat ions of t h i s measurement are being 
i nves t i ga t ed , and the extension of t he f luc tua t ion 
model to o ther systems i s being s tud ied . 
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Fig. 1. S(f) from cosine transform of temperature 
response to delta function ( ) and step function 
( ) . The measured power spectrum is also 
shown (O). (XBL 7S8-6842) 

2. 1/f NOISE IN AN EQUILIBRIUM SYSTEM 

John Clarice and Richard F. Voss 

In the pas t decade, a number of t heo r i e s of 1/f 
noise have implied t ha t the noise i s a non-
equi l ibr ium phenomenon. Thus one theory suggests 
t h a t the hea t ing of t he sample by the current 
passing through i t gives r i s e t o t h e n o i s e , while 
another suggests tha t the cur ren t produces a 
turbulence i n the e l ec t ron gas t ha t generates the 
n o i s e . On the o ther hand, our theory of 1/f noise 
i s an equi l ibr ium theory . The noise i s generated 
by the f luc tua t ions t ha t occur in a system in 
thermal equi l ibr ium. In the usual cur ren t -b iased 
ireasurement the cur ren t probes these equil ibrium 
f luc tua t ions but in no way generates them. I t i s 
therefore of great importance to d i s t ingu i sh 
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between these two types of theory. We have 
performed an experiment t ha t c l e a r l y ind ica tes 
tha t 1/f noise i s an equi l ibr ium phenomenon. Thus 
any theory t ha t i s inherent ly non-equilibrium i s 
i n c o r r e c t . 

The experiment measures the f luc tua t ions in the 
mean square Johnson noise voltage of a t iny br idge 
of InSb. In an equi l ibr ium model, the r e s i s t ance 
R of the bridge should f luc tua te with a 1/f power 
spectrum whether or not a current flows through i t . 
I f t h i s hypothesis i s c o r r e c t , the mean square 
vol tage <V"2> = 4kgTR6f should a l s o exh ib i t a 1/f 
spectrum even in the absence of a cur ren t (6f i s 
the bandwidth). In our experiment, the 1/f power 
spectrum was f i r s t measured in t he usual way by 
passing a cur ren t through the sample. The 
normalized spectrum Sy(f)/V- i s shown as a 
continuous l i ne in F ig . 1. The cur ren t was then 
turned off. The Johnson noise was amplif ied, 
passed through a band pass f i l t e r , and squared. 
The power spectrum of the squared voltage i s shown 
as a s e r i e s of open squares in F ig . 1. The agree­
ment between the two curves a t low frequencies i s 
e x c e l l e n t . As a check on the measurement appara tus , 
the br idge was replaced by a la rge metal film 
r e s i s t o r (of t he same res i s t ance ) in which the 
f luc tua t ions should be qu i t e n e g l i g i b l e . The 
r e s u l t a n t power spectrum was white down to 10*2 Hz. 

Similar results were obtained with a t h in metal 
f i lm. These experiments convincingly demonstrate 
t ha t 1/f no ise i s an equi l ibr ium e f f e c t . 

3 . 1/f NOISE IN THIN FILMS AT THE SUPERCONDUCTING 
TRANSITION 

John Clarke and Thomas Y. Hsiang 

In order to fu r the r t e s t the v a l i d i t y of our 
thermal f luc tua t ion model of 1/f n o i s e , we have 
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measured the power spec t ra of voltage f luc tua t ions 
in cur ren t -b ias t \ ! films at the superconducting 
t r a n s i t i o n . These experiments enable us to make 
large va r i a t ions in the relevant parameters . The 
r e s u l t s lend very s t rong support to the thermal 
f luc tua t ion theory. 

We f i r s t inves t iga ted the power spectra of t i n 
films evaporated on g lass s l i d e s . The samples were 
mounted in a vacuum can immersed in l iqu id helium. 
The power spectra were always 1/f. According to 
the theory, the power spect ra S v ( f ) should be 
proport ional to 3^V-/ft, where U i s the Ftuijile 
volume. We show in Fig. 1(a) the dependence of 
S v ( f ) on (dR/dT) 2 ; and in Fig. 1(c) the dependence 
of S v ( f ) on \ '2 . The value of dR/dT was var ied by 

°b 

(I0 7cm- 3) 

(b) ) = 10 Hz 

Eto$f> 

Fig. 1. 
Johnson 

I 0 " z I 10* 
f lHz l 

InSb br idge : Sv(f) /V 2 using dc b ias ( — ) ; 
noise measurement, S p ( f ) / P z (•) .(XB1. 755-6349) 

v 2(io- 8volt 2) 

Fig . 1. a) SyCD/V 2 versus p " 1 ; , 
b) S v (10) versus £dR/dTT; 
c) S (10) versus V 2 . fXBL 751-5427A) 



bias ing the films at d i f fe ren t points on the super­
conducting t r a n s i t i o n curve or by applying u^ ^ 
magnetic f i e ld , The sca l ing of S v f f ) with S*\'-/?. 
i s in good agreement with theory . We next made 
samples in which a 50 A film of aluminum was 
deposited on the subs t r a t e p r i o r to the t i n 
evapora t ion . The aluminum grea t ly enhanced the 
thermal coupling between the film and the s u b s t r a t e . 
As a r e su l t the power spect ra f la t tened a t low 
frequencies: the heat conduction i s no longer 
predominantly along the film but r a the r between 
the subs t ra te ;uid the fi lm. I t can be shown tha t 
as a r e s u l t the spectrum wi l l f l a t t en at low 
frequencies , and the observed f l a t t en ing fur ther 
supports the d i f fus ion mechanism. 

The thermal o r i g i n of the noise was fur ther 
demonstrated by the observat ion of s p a t i a l co r re la ­
t ion in the n o i s e . The c o r r e l a t i o n observed for 
samples without (cj and w'.th (#j an aluminum under­
lay i s shown in I-'ig. 2, and i s in exce l l en t agree­
ment with our expec t a t i ons . 

In the absence of the underlay, the observed 
spectrum i s q u a n t i t a t i v e l y predic ted by S v [ f ) = 
V f c 8 2 k B T 2 /C v lS + 2 Jtn(S,j/£ 5)]f. This i s a very-
convincing demonstration of t he v a l i d i t y of t h i s 
express ion. Men a t i n film i s cooled from room 
temperature to the mid-point of the superconducting 
t r a n s i t i o n , the value of S v ( f ) increases by about 
9 orders of magnitude, yet a t each temperature i s 
accura te ly predicted by the theory. 

We have demonstrated the v a l i d i t y of the thermal 
dif fusion model of 1/f noise a t low temperatures . 
This work has already re su l t ed in the development 
of a very s e n s i t i v e superconducting bolometer. 

Fig. 2 . Cff) versus f for t i n films without (O) 
and with (#) aluminum underlay. Inset shows 
experimental conf igura t ion . fXBL 751-S428A) 

4 . POWER SPECTRA OF FLUCTUATIONS OF PARTICLES IN 
BROWNIAN M3TION 

r e l a t i v e l y l i t t l e a t t en t i on has been paid un t i l 
recent ly to the quest ion of number f l uc tua t i ons . 
We have experimental ly s tudied the f luc tua t ions of 
the number of p a r t i c l e s in a small volume by d i r ec t 
measurement of the power spectrum. The r e s u l t s arc-
in good agreement with theory. 

In our experiment, a so lu t ion of polystyrene 
spheres in Erownian motion was confined between two 
microscope s l i d e s and i l luminated with a coll imated 
beam of l a s e r l i g h t . The f luc tua t ions in the 
i n t e n s i t y of the sca t t e r ed l igh t were measured 
with a photomultipLier, and t h e i r power spectrum 
t aken . ,Two typica l normalized power spect ra 
SjCf^/I (I i s the average sca t t e r ed i n t e n s i t y as 
shown in Fig. 1. In Fig. 1 (b ) , the slope i s -3/2 
over five decades of frequency, and the magnitude 
i s as pred ic ted by the theory of Brownian motion. 
In F ig . 1 ( a ) , the s c a t t e r i n g volume has been 
reduced by about four orders of magnitude. The 
r e l a t i v e power spectrum i s therefore l a r g e r by the 
same fac to r . In add i t i on , the spectrum f l a t t e n s 
a t frequencies below about 1 0 ' 2 Hz. This f l a t t e n ­
ing i s a l s o pred ic ted by the theory. 

These r e s u l t s represent the f i r s t de t a i l ed 
experimental v e r i f i c a t i o n of the number f luctua­
t ions p red ic t ed by Brownian motion theory . I t i s 
very important to r e a l i z e tha t the spectium. i s not 

John Clarke and Richard F. Voss 

Brownian motion has been extens ively s tud ied 
both t h e o r e t i c a l l y and exper imental ly . However, 

Fig. 1. Power spectrum S r ( f ) / I for l i gh t s c a t t e r ­
ed from two volumes of d i f f e ren t s i z e s : In (a) the 
volume i s about 1(T times smaller than in (b ) . 

CXBL 751-5679J 



i / f over any s i zeab le range of frequencies. This 
r e s u l t g raphica l ly demonstrates tha t the usual 
theory' of Brownian motion, in which the f luc tuat ion? 
are uncorre la ted in space and time, cannot account 
for 1/f noise in s o l i d s . 

5. IMPROVEMENTS IN dc SQUIDS* 

John Clarke , Wolfgang M. Goubau and Mark B. Ketchen 

The use of Superconducting Quantum Interference 
Devices (SQUIDS) for t he de tec t ion of extremely 
small changes in magnetic f i e l d i s cur ren t ly of 
i n t e r e s t in c e r t a i n areas of medical and geo­
physical research . We have made fur ther improve­
ments in the s e n s i t i v i t y and long term s t a b i l i t y 
of our t h i n film tunnel junc t ion dc SQUID tha t 
make i t the most s e n s i t i v e p resen t ly ava i l ab le 
Hie problems of low frequency noise and long ten.: 
d r i f t a r e of p a r t i c u l a r concern in geophysical 
a p p l i c a t i o n s , he have a l so s tudied the most 
e f f i c i e n t ways to couple s igna ls to the SQUID via 
coupling co i l - j . 

In many a p p l i c a t i o n s , i t i s des i r ab le to couple 
t he s igna l to the SQUID by means of a c o i l wound on 
to t he SQUID, and ve have analyzed in considerable 
d e t a i l the various paran-eters involved. As a 
r e s u l t , we have been able to achieve very e f f i c i e n t 
coupl ing. A convenient way to cha rac te r i ze t he 
s e n s i t i v i t y of a SQUID i s i n terms of t he parameter 
<C\">/2o"L, where (<$$"> i s the mean squaie flux 
noise of t he SQUID per •/Hz, a i s the coupling 
coe f f i c i en t between the c o i l and the SQUID, and L 
i s the SQUID inductance. The parameter < <f^*->/2a2L 
represents the energy reso lu t ion of the SQUID per 
u n i t bandwidth, and takes in to account the coupling 
e f f i c iency of the c o i l and SQUID. In Fig. 1 we 
p lo t t he no ise power spectrum of a typ ica l SQUID. 
The le f t -hand ax i s i s labeled in terms of <$$-) in 
un i t s of On 2, and the r ight -hand ax i s i s labeled 
in un i t s of < $$>/2a2L. In the white noise region, 
the rms noise i s 3 .5xl0~ 5 <t>0 H z - 1 ' 2 o r 8 x K T 3 0 J/Hz. 
The noise i s l imi ted by Johnson noise in the SQUID. 
This energy r e so lu t ion i s the bes t repor ted for 
any type of SQUID. At frequencies below 10~ 2 Hz, 
the power spectrum i s approximately 1/f. The 1/f 
no ise i s s i g n i f i c a n t l y lower than t ha t repor ted in 
o the r devices . 

The long term d r i f t ot the device over ;i period 
of 20_h is shown in Fig, 2. The d r i f t i s about 
2*10"^ £Q h / l , s i g n i f i c a n t l y less th;in o the r 
reported va lues . 

Fig. 2. Long term d r i f t of SQUID. [XBl. 753-hOibJ 

Work supported in pa r t by the U.S.G.S, 

6 . GL:OPHYSlG\L ML\SURUMEXTS KITH SQUIDS* 

John Clarke, Thomas Gamble and Wolfgang M. Goubau 

We have cons t ruc ted , c a l i b r a t e d , and f ie ld-
t e s t ed a 3-axis magnetometer. Three SQUIDS are 
mounted orthogonally in a l ightweight por table 
f iberg lass c r y o s t a t , with the e l e c t r o n i c s mounted 
on the top (Fig, l ) . The design of the e l e c t r o n i c s , 
has been optimized to give a dynamic range of ± 10"-5 

G, a frequency response of 0-5 kHz, and a slewing 
ra te of 3*1<T2 G s e c " 1 . 

In co l labora t ion with Professor H. G. Morrison 
and h i s s tudents we have used the magnetometer to 
record magneto- te l lu r ic da ta at numerous site.^ of 
gee-thermal explora t ion in Grass Valley, Nevada. 
In these measurements, we simultaneously record 
oTthogonal components of the natural f luc tuat ions 
in the magnetic and e l e c t r i c f i e lds a t the e a r t h ' s 
sur face . These f luc tua t ions o r ig ina te in the mag-
netosphere . From the data we obta in a measure of 
the e l e c t r i c a l conduct iv i ty of the ground below 
the sur face . The probing depth i s the skin depth 
a t the frequency of t he r a d i a t i o n , t yp i ca l l y 5 km 
a t 0.1 Hz. By searching for layers of anomalously 

I fJ* I I 0 2 

FREQUENCY (Hz) 
Fig. 1. 3-axis SQUID magnetometer in use in the 

Fig. 1, Power spectrum of SQUID. (XBL 7511-9432) f i e ld . (CBB 7512-9227) 
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high conductivi ty we hope to n c a t e sources of 
geothernwl a c t i v i t v . I'reliminarv analys is of our 
data Suggests th.'it such layers can be readi ly 
de tec ted . Huts thi-. t echn^m- may become an impor­
tant tool in locating goothemal sources. 

IVe a lso used our magnetometer in conjunction 
with a commercial SQUID to inves t iga te gradient 
f luc tuat ions in the e a r t h ' s magnetic f i e l d . The 
two cryostats. were pjaeea 1 7 0 m apart and the two 
outputs subtracted to give the difference between 
the f i e ld f luc tua t ions at the two loca t ions . U'e 
measured the f luc tua t ions between t).03 H: and 3 Hz. 
A saufilc of the gradient f luc tuat ions is shown in 
f i g . 2 . The nns f luc tuat ion of the subtracted 
s ignal was about 4 * l i r R G, corresponding to a 
gradient of 2.4*Wl~ C cm" 1 . Ifast of the gradient 
f luc tua t ions were at f r equences between 0,1 and 
0.2 Hz, This gradient measurement appears to be 
the most s ens i t i ve yet made with, such a short 
b a s e l i n e . 

F i j . 2 . Lower t r a c e s : magnetic f i e ld v a r i a t i o n s 
with time as measured by two SQUID magnetometers 
170 m a p a r t ; upper t ruce : Difference s i g n a l , 
represent ing gradient f l uc tua t i ons . 

fXBL 7^12-10145) 

Work supported in p a r t by the U.S.C.S. 

7. THEORY OF THE dc SQUID 

John Clarke and Claudia Tesche 

The dc SQUID is a very sens i t i ve detectoT of 
magnetic f i e l d s . In order to optimize i t s sens i ­
t i v i t y , a de ta i l ed knowledge of i t s operat ion and 
noise l imi ta t ions i s necessary. Since n e i t h e r the 
theory of operat ion nor the noise l imi t a t ions have 
previously been analyzed in d e t a i l , \*e have under­
taken such a s tudy. 

The dc SQUID cons i s t s of two Jo*,ephson junct ions 
mounted on a superconducting r i n g . When the 
junct ions a re biased a t a non-zero vol tage by a dc 
c u r r e n t , the c r i t i c a l current of the junct ions and 
hence the average voltage across them are pe r iod ic 
in the flux applied to the SQUID, with period «... 

A set of d i f f e r en t i a ] equations has been developed 
' inscribing the time development of the c i r c u l a t i n g 
current j around the SQUID and the voltage v across 
the SQUID as functions of SQUID inductance L, 
res i s tance H, c r i t i c a l current fc, bias current 
In, and applied flux •;. The self- induced flux 
generated by the c i r c u l a t i n g current was e x p l i c i t l y 
included. These equations cannot be- solved analyt ­
i ca l ly ; the IJiL 7000 computer was used to compute 
tlie average c i r c u l a t i n g current '- j> and average 
voltage < \/ for various values of the SQUID param­
e t e r s . I-Yom these r e s u l t s we computed the c r i t i c a l 
current and i u r r en t -vo l t age c h a r a c t e r i s t i c s for the 
SQUID as a fuict ion of applied flux. The va r i a t i on 
of c r i t i c a l current with applied flux for several 
values of L I C / $ Q * S shown in Fig. 1. 

Via have made preliminary ca lcu la t ions of the 
effects of Johnson noise in the junct ions on the 
SQUID by using a Gaussian random number generator 
to produce a s tep approximation t o Johnson n o i s e . 
The accuracy of t h i s procedure was checked by f i r s t 
applying i t to a s ing le r e s i s t i v e l y shunted junc­
t ion . The noise-rounded cur rent -vol tage charac te r ­
i s t i c s were in good agreement with a n a l y t i c a l 
r e s u l t s . The noise rounding of the SQUID charac te r ­
i s t i c s was then computed. The f inal s tep wi l l be 
the ca l cu l a t i on of the noise power spectrum of the 
voltage f luctuat ions across the SQUID as a function 
of $ and <v>. From these r e s u l t s and a knowledge 
of (3< v)/3«j0 as a function of < v > we w i l l be ab le 
to compute the optimum operat ing condit ions for 
the SQUID. 

FLUX (•„) 

Fig. 1. dc SQUID: c r i t i c a l current versus ap r l i ed 
flux for several values of LI / f y . (XBL 761-0115) 



8. FABRICATION" OF Nb-Nb JOSFFIiSON T1WL .JUNCTIONS 

John Clarke and Gilbert Hawkins 

For some appl ica t ions of the Josephson e f f e c t , 
for example to SQUU1S and t o standards of emf, i t 
i s highly des i rab le to use tunnel junct ions that 
can be s tored and thermally -cycled over long 
;-<oriods of tins-, and tha t a re mechanically very 
durable . Junctions made from niobium would meet 
these requirements, but in the past have proved 
d i f f i c u l t to fabr ica te because of the formation of 
microshorts between the niobium f i lms. We haw? 
developed a new technique for simply and reproduci-
bly making Nb-Nb junc t ions . Our junct ions have 
been s to red for periods of up to a year and 
recycled up to 50 times without s ign i f i can t 
d e t e r i o r a t i o n . 

A film of niobium, t y p i c a l l y 200 A th ick and 
200 urn wide is f i r s t spu t te red onto a g lass sub­
s t r a t e . The film i s thermally oxidized, and a very 
t h in film of copper (8 - 20 A thick) evaporated 
over the oxide. A cross s t r i p of niobium completes 
the junc t ion . For reasons t h a t are not completely 
understood, the copper film prevents the formation 
of microshorts between the two niobium e l e c t rode s . 
Tiie c r i t i c a l cur ren t of these junct ions i s a s t rong 
function of oxidat ion time and temperature and of 
copper th ickness , and i s reproducible to ± 20%. 
The va r i a t i on of c r i t i c a l cur ren t with copper 
thickness i s shown in Fig. I . 

These junct ions have proved v i r t u a l l y inde­
s t r u c t i b l e , lfe propose to incorporate them in 
future SQUIDS. 
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Fig . 1. C r i t i c a l cu r r en t versus copper thickness 
for an oxidat ion of 5 min a t 125°C, (XBL 758-691S) 

9. SUH:RU>.\ ' IU:T!\( ; FAR INTKARI.D BOLOMHTRS 

John Clarke, -.LT> I . H ^ f e r , Paul 1.. Richards and 
Nan-Hsiung Veh 

Munv measurements of broadband far infrared 
rad ia t ion in as t rophys ics and in the laboratory arv 
l imited by de tec to r no ise . It is therefore impor­
tant to J e w lop improved bolometers for these 
app l i ca t i ons , We have developed a superconducting 
bolometer wj^h a figure of, merit P* = ( a r o a J 1 ' - / M . r 
of about 10"M cm n~~ H- . This represents an 
order of magnitude improvement uvt*r the best semi­
conducting b o l o i v t e r s . 

Figure 1 shows the const ruct ion of the bolom­
e t e r . The temperature sensing element i s an alum­
inum film evaporated onto a sapphire s u b s t r a t e . 
A bismuth s t r i p is used as a hea te r to c a l i b r a t e 
the bolometer, 'flvo indium-coated nylon threads 
are pressed onto indium films evaporated on the 
corners of the subs t r a t e to provide mechanical 
support and e l e c t r i c a l connection t o t he aluminum 
and bismuth f i lms. A thin film of bismuth evaporat­
ed on the back of the *u!>. t r a t e i s vised as a far 
infrared absorber . 1he subs t r a t e i s connected via 
the nylon threads to a large copper r i ng , the 
whole assembly being mounted in a vacuum can. 'Hie 
aluminum film forms one arm of a low temperature 
Kheatstone bridge operated a t 1 kHz. The output 
vol tage from the br idge is matched with a cooled 
transformer to a room temperature p reampl i f i e r . 
Tht. s ignal i s then lock- in de tec ted . The output 
from the lock- in i s fed in to a hea te r mounted on 
the copper r ing to maintain i t s temperature near 
the mid-point of the aluminum t r a n s i t i o n . 

Current (usual ly at f requencies of 1 to 10 Hz) 
i s appl ied to the h e a t e r , and the r e s u l t i n g change 
in the temperature of the bolometer i s detected 
as a change in the output of the lock - in . Ihe 

-Sapphire substrate 

In-coatecM 
nylon threorj 

-Glue spot 

• Insulator 

Fig. 1. Superconducting bolometer. (XBL 757-fi819) 
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bes t MP achieved so far i s about 3*10" 1 S K H z ' 1 / 2 , 
corresponding to a ]>* of 9 * 1 0 1 3 cm h'" i i ; z J / - . The 
response time is 50 ms. The NKP i s cfase to the 
l i ia i t set by i n t r i n s i c thermal f luc tua t ions in the 
bolometer. Further improvements may decrease the 
NUP by a factor of 2 or 3 , •wi reduce the response 
t ine to 10 ms. In a separate s e r i e s of experiments 
we have made careful measurements of the absorption 
of the bismuth fi lm. Ke find an absorp t iv i ty of 
approximately 50* over a range from 10 to 300 cm"'. 

10. RESISTANCE OF SUPHKCONir ~OR-N0RM\I. METAI.-
SUPERCONDUCTOR SANDWJCHhS 

John Clarke and M. L. Rappaport 

Using a SQUID voltmeter , we hare measured the 
r e s i s t ances of superconductor-normal metal-
super coi^-jctor (SNS) sandwiches from 20 mK to the 
t r a n s i t i o n temperature (T c ) cf the superconductor 
in our d i l u t i o n r e f r i g e r a t o r . The res i s t ance 
increases rapidly with temperature near T c , and 
decreases as the temperature is lowered below about 
IK. These r e s u l t s provide two pieces of informa­
t i o n . 

Near T c» nrmy of t he normal e l ec t rons (quasi­
p a r t i c l e s ) in the normal metal have energies higher 
than the energy gap, a , of the superconductor. 
These quas ipa r t i c l e s are thus ab le t o propagate 
in to the superconductor. When a cur ren t i s passed 
through the SNS sandwich, i t i s c a r r i ed d i s s ipa -
t i ve ly by the quas ipa r t i c l e s in to the superconduc­
to r : t h i s d i s s ipa t ion gives r i s e to the observed 
increase in r e s i s t ance as the temperature i s 
r a i sed towards T c . As the quas ipa r t i c l e cur ren t 
flows in to t he superconductor, i t i s conv.. r ted i n t o 
a supercurrent over a c h a r a c t e r i s t i c length 

-1 r 
S n - I r - S n 

V T C 

Fig, 1 . Resistance of Sn-Ir-Sn sandwich versus 
reduced temperature: Experiment (o ) ; theory ( ) . 

(XBL 7511-7584) 

>3 - f ivf T 3 ) 1 / ' ^ ) where S. and Vf are the mean fres 
path and~fermi ve loc i ty of the superconductor, and 
T3 i s t h e "branch re l axa t ion" t ime. From the 
increase in r e s i s t a n c e , one can deduce a value for 
A3 and hence for T 3 . In Fig. 1 we show the change 
in res i s tance with temperature measured exper i ­
mentally, compared with several t heo re t i c a l models. 
An exce l l en t f i t i s obtained with 
13 = 6*10 ' 1 0 £(0) /&(T) . This time i s wi thin a 
factor of two of the value found previously oy a 
qui te d i f fe ren t technique. This measurement of -3 
i s important for two reasons. F i r s t , i t enables 
one to ca l cu la t e the d i s s ipa t i on in a super­
conductor when there i s an e l e c t r i c cur ren t 
car r ied by q u a s i p a r t i c l e s . Second, one can r e l a t e 
13 to the reconbinat.ion time of the q u a s i p a r c i c l e s . 

A superconducting energy gap i s induced i n t o 
the normal metal by the superconductors. As the 
temperature i s lowered, a non-zero energy gap 
propagates fur ther in to the normal metal , and as 
a r e s u l t , the r e s i s t ance drops. TTie f a l l - ff in 
t h i s r e s i s t ance i s re la ted to the BCS parameter 
N(0)V of the normal metal . We hare now co l lec ted 
a considerable amount of data on t h i s change in 
r e s i s t a n c e , and we are in the process of analysing 
i t to ob ta in es t imates of N(0)V in copper, s i l v e r , 
gold, and rhodium. 

11 . RESEARCH ON SEMICONDUCTORS 

ti. Dalven 

Research ca r r i ed out in 1975 was t h e o r e t i c a l 
in nature and was pr imari ly concerned with two 
problems, 'ihe f i r s t was the quest icn of t he p a r i t y 
assignments a t t he L point of t he band s t r u c t u r e 
of the lead s a l t semiconductors - The second was 
an inves t iga t ion of poss ib le experiments to realize 
and detect the three-dimensional Wigner e l e c t r o n 
l a t t i c e in s o l i d s . 

Concerning the f i r s t problem, i t i s well known 
t h a t the band edges in the lead s a l t semiconductors 

, PbS, PbSe, and PbTe are a t t he L po in t . I t has 
a l so been general ly agreed t ha t the conduction 
band (CB) edge i s an Lg~ s t a t e and the valence 
•?and (VB) edge i s an Lg + s t a t e . A recent paper by 
Glosser e t a l (PRL 35, 1027 (1974)) has suggested 
t ha t these p a r i t y assignments are i n c o r r e c t . My 
work examined t h i s suggestion in the l i g h t of 
interband momentum matr ix elements ca l cu l a t ed by 
M. Schluter . I t was concluded t h a t the values of 
these matrix elements support t he Glosser scheme 
of p a r i t y assignments. However, i t i s q u i t e c l e a r 
t ha t fun he r o p t i c a l experimental s t u d i e s , e s p e c i a l ­
l y on PbS and PbSe, by means o the r than e l e c t r o 
r e f l ec t ance , a r e necessary before the p resen t ly 
accepted p a r i t y assignments a t L can be c a l l e d 
i n t o ques t ion . 

The second problem inves t iga ted was the Wigner 
e lec t ron l a t t i c e i n s o l i d s . I t was proposed by 
Wigner t h a t , as the e lec t ron concentra t ion in a 
so l i d became smal ler , t he e l ec t rons would become 
loca l ized i n space and form a bec l a t t i c e . 
Possible means of experimentally r e a l i z i n g and 
detect ing t h i s l a t t i c e have been examined. I t was 
concluded tha t very pure germanium, doped with 
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antimony, may o f fe r the p o s s i b i l i t y of obtaining 
ext i - in^i r e l ec t ron d e n s i t i e s low enough to form 
the Wigner l a t t i c e . I t a l s o proposed tha t Bri l louir . 
s c a t t e r i n g of photons by the LA and TA modes of 
v i b r a t i o n of the e lec t ron l a t t i c e of fers a poss ib le 
method of experimental dt- tect ion. This i s because 
t h e s c a t t e r i n g spectrum of the e l ec t ron l a t t i c e 
i s an t i c i pa t ed to include s t r u c t u r e not found in 
the spectrum of t he e l ec t ron gas of the same dens i ty . 

12. RESEARCH PLANS FOR CALENDAR YEAR 1976 

John Clarke and Associates 

Our work on 1/f no ise w i l l f i r s t be d i r ec t ed to 
a t h e o r e t i c a l and microscopic understanding of the 
c o r r e l a t e d temperature f luc tua t ions t ha t produce 
the noise in meta l s . We w i l l make low temperature 
measurements of 1/f noise in paramagnetic s a l t s in 
which temperature f luc tua t ions produce f luc tua t ions 
in magnetic s u s c e p t i b i l i t y . We a l so propose to 
measure the 1/f noise in superconducting micro-
b r i d g e s . These devices have important device 
a p p l i c a t i o n s , and a study of t h e i r low frequency 
noise i s urgent ly needed. We plan to study noise 
in semiconductors: we w i l l measure t he noise in 
s p e c i a l l y fabr ica ted FETS in which four terminal 
measurements of t he noise a re p o s s i b l e , and a l s o 
study the noise in s ing le c ry s t a l semiconductors. 
I t i s hoped th~t a microscopic p i c tu re of 1/f 
noise in semiconductors w i l l emerge from t h i s work. 

We plan to continue t he magnetote l lur ic measure­
ments using our dc SQUID magnetometers. By using 
the very high s e n s i t i v i t y and low d r i f t inherent 
in these devices we w i l l be able to extend our 
measurements down t o 10"^ Hz, and thus probe the 
conduct iv i ty of t he e a r t h ' s c rus t down to d is tances 
of as much as 50 km. Much of t he work w i l l be 
ca r r i ed out a t geothermal s i t e s m Nevada, to 
c o r r e l a t e our measurements with known values of 
conduct iv i ty . We a l so plan to i n v e s t i g a t e magnetic 
f i e l d gradient f luc tua t ions in regions of high 
inhonogeneity, for example, along earthquake faul t 
l i n e s . The i n t e n s e , changing pressures along a 
f au l t ] ine a re known to produce local magnetic 
f i e ld f luc tua t ions via the piczomagnetic e f f e c t . 
I t would be of g rea t i n t e r e s t to see whether f-r not 
there are de tec tab le gradient Fluctuat ions . The 
observat ion of such e f fec t s may have important 
implicat ions in earthquake p r ed i c t i on . 

We w i l l cons t ruc t and t e s t a th in film gradio-
meter in which a dc SQUID is an in tegra l pa r t of 
the device. The complete gradiometer wi l l be 
const ructed by a s e r i e s of evaporations on a 
s ing le o p t i c a l l y polished s u b s t r a t e . As a r e s u l t , 
the gradiometer should be very s t ab l e and maintain 
i t s balance i n d e f i n i t e l y . Superconducting devices 
for the measurement of magnetic f i e ld gradients 
have important app l i ca t ions in medical physics 
and geophysics. 

Work on the theory of operat ion of dc SQUIDS 
and on t h e i r noise l im i t a t i ons wi l l be completed. 
The r e s u l t s of t h i s work w i l l enable us to optimize 
the s e n s i t i v i t y of these devices . 

The development of superconducting far infrared 
bolometers w i l l cont inue, and should be completed 
in the coming year . We hope to be able to 
exp lo i t the very high s e n s i t i v i t y of these devices 
both in laboratory far inf rared measurements, and 
in far in f ra red astronomy. 

We w i l l continue research on non-equil ibrium 
processes in superconductors, aimed a t a b e t t e r 
understanding of q u a s i p a r t i c l e d i s s i p a t i o n and 
re laxa t ion processes . Experimental work on the 
res i s tance of SNS sandwiches i s now complete, and 
we hope to complete the t h e o r e t i c a l ana lys i s of 
tho data in the near fu ture . From the data near 
T c we u i l l e x t r a c t values for the q u a s i p a r t i c l e 
branch re laxa t ion and recombintaion times in t i n 
and lead . From the low temperature data we wi l l 
obta in v.ilues for the BCS parameter N(0JV in 
copper, s i l v e r , gold, and rhodium. A new exper i ­
ment wi l l be s t a r t e d to explore the e f f ec t s of 
monochromatic phonons on svocrconducting 
q u a s i p a r t i c l e tunnel j unc t i ons . The phonon 
frequency w i l l l i e below the energy gap frequency 
of the superconductor. According to a theory of 
Eliashberg, the phonons should enhance the energy 
gap and hence the t r a n s i t i o n temperature of the 
superconductor, lie wi l l t e s t t h i s theory by making 
tunneling measurements of the energy gap as a 
function of ph/>non i n t ens i t y and frequency. We 
expect t h i s experiment to give considerable ins ight 
in to non-equil ibrium ef fec t s in superconductors. 
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John Clarke and Associates 
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2. THEORETICAL RESEARCH 

a. Theoretical Solid State Studies 

Marvin L. Cohent Principal Investigator 

Introduction. We used the empirical pseudo-
potential method (EPM) to calculate various elec­
tronic properties of a variety of materials. The 
method was extended to include localized configura­
tions such as surfaces, vacancies, and interfaces. 
This latter development added a new dimension to 
our calculational abilities. (All work jointly 
funded with NSF.) 

1. METHOD FOR LOCALIZED CONFIGURATIONS* 

Marvin L. Cohen 

We have developed a new method using pseudo-
potentials in a self-consistent manner to describe 
localized configurations. The method has been 
applied to an Si2 molecule, metal and semiconductor 
surfaces, an Si vacancy, a step on an Si surface, 
and metal-semiconductor interfaces. The surface 
and interface calculations will be discussed 
separately. 

The standard pseudopotential approach \o bulk 
properties of solids is difficult to extend to 
surface studies becnuse of the necessity for 
periodicity. In an attempt to circumvent this 
problem, we construct large cells which are 
repeated periodically. The large cells contain 
the configuration we are interested in and the 
electronic structure is treated self-consistently 
using Ilartree potentials (obtained using Poisson's 
equation) and Slater exchange potentials. For 
example, in the case of the diatomic molecule the 
structure is repeated infinitely and the charge 
density is calculated self-consistently to produce 
the energy spectrum and charge density for the 
molecules. This method, which is based on a 
plane-wave expansion, gives results that are 
accurate and agree quite well with Hartree-Fock 
calculations. 

The method was applied to a vacancy in Si. Three 
different structural models for the neutral vacancy 
were considered. Vacancy states were found to 
exist in the Si thermal gap for each structure. 
The character of these states is predominantly 
dangling-bond and p-like localized on the four 
atoms surrounding the vacancy. 

This new method can also be used to study 
impurities, finite change of atoms, adsorbates, and 
other localized configurations. 

This work is described in Journal (23) and 
LBL Reports (8,10) listed at the end of this 
section. 

2. SURFAOi STATLS ON SOLIDS* 

Marvin L. Cohen 

The method described above was used to calculate 
the electronic structure Si(lll) surface models 
(Figs. 1-3). The results for (1*1) unreconstructed, 
relaxed, and unrelated structures comjiare well with 
earlier calculations. A fully self-consistent 
calculation was then carried out for Haneman's 
(2*1) reconstructed surface model. This was the 
first calculation of this type and important 
experimental results can be understood using this 
model. In particular, results of the calculations 
bear on experiments measuring electron spin-
i?sonance, infrared absorption measurements, 
photoemission measurements, and angular-dependent 
photoemission measurements. 

The method was then applied to study the 
electronic structure of the (1111 surface of 
aluminum. Surface states were identified and the 
work function calculated. The behavior of the 
total charge density and the potential near the 
surface were computed and displayed. Self-
consistency was found to lie of crucial importance. 

Fig. 1. Perspective view of the Si crystal 
structure projected on a (110) plane. The (111] 
direction is vertical. The (111) surface is 
obtained by cutting the vertical bonds in a 
horizontal plane. 
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Si (111) SURFACE, UNRELAXED 
TOTAL VALENCE CHARGE 

Hg. 2. Total valence charge distribution for 
an unrelaxed Si( l l l ) surface (for geometry see 
Vif,. 1). The plotting area starts in the vacuum 
and extends 4-1/2 atomic layers into the crystal. 
The atomic positions and bond directions are 
indicated by dots and heavy lines respectively. 
The smoothing out of the charge around the cut 
dangling-bond charge a^d the "valley" which 
extends from the surface into the bulk (along 
which impurities probably migrate) is clearly 
displayed. (XBL 758-695U) 

The electronic structures of III-V and II-VI 
zincblende semiconductors were studied. Early 
calculations by our group using the tight-binding 
method were found to be quite helpful and indicated 
where surface states exist in these materials. 
However, charge density calculations and self-
consistency are not possible using standard tight 
binding schemes. Using our new method we were 
able to conpute the total valence charge densities 
and charge densities for individual states for 
both Gate and ZnSe which served as prototypes for 
the IJI-V and IJ-VI semiconductors. A local 
density of states was also calculated for anion 
and cation surfaces. 

The surface calculations on diamond and 
zincblende semiconductors and on metals using our 

Si (1)1) surface, relaxed 
states at +0.5 eV (Kd) 

Fig. 3. Giargc density plot to i l lustrate a 
surface state configuration. This state corre­
sponds to a dangling-bondstate on Si(l l l ) for 
a relaxed but nonreconstrueted model. 

(XBL 75S-69b8) 

new technique are among the most extensive avail­
able. They provide details related to the local 
density of states at the surface, and the charge 
density of the various surface states. It has 
even been possible to compute the surface states 
near a step on the (111) surface of silicon. This 
calculation yielded new edge-states which are 
responsible for added structure in the surface 
density of states. This structure appears to 
agree well with recent photoemission measurements. 

This work is described in Journals (5,6,14,15,21, 
25) and LBL Reports (2,4,5,10) listed at the end 
of this section. 



5. >fcTAl-SEMI CONDUCTOR INTERFACES* 

Marvin L. Cohen 

Hie e l ec t ron i c s t r uc tu r e of a je l l ium-Si 
in t e r face i s ca l cu la t ed with an assumed je l l imn 
dens i ty corresponding to aluminum and self-
cons i s t en t Si pseudopotent ia ls . This model of 
the metal-semiconductor in te r face was explored 
using the techniques described above. The 
c a l c u l a t i o n was done s e l f - c o n s i s t e n t l y and the 
Schottky b a r r i e r he ight was ca l cu l a t ed in exce l l en t 
agreement with experiment. I t was found t h a t a l l 
previous t heo r i e s of Schottky b a r r i e r s were 
incomplete. The s t a t e involved in pinning the 
Fermi leve l in the Schottky b a r r i e r i s composed of 
the t a i l s of the wavefunctions coming from the 
metal component of the junc t ion . These t a i l s 
concent ra te t h e i r charge on the dangling-bond 
s i l i c o n s t a t e s t h a t would be present i f the 
i n t e r f ace were Si-vacuum. We ca l l ed these s t a t e s 
metal-induced gap s t a t e s (MIGS). We have computed 
the t o t a l charge dens i ty for the n e t a l semiconductor 
in t e r face and have a l so ca lcu la ted the charge 
d e n s i t i e s of the (MIGS) s t a t e s . We a l s o find 
i n t e r f ace s t a t e s a t -8 .5 eV r e l a t i v e to the top 
of the Si valence band edge. 

AMORPHOUS ThTRAlUDIlAi. SYSTIMS* 

Marvin L. Cohen 

This work is described in Journal (18] and 
LBL Report (6) listed at the end of this section. 

4. NARROW GAP IV-VI SEMICONDUCTORS* 

Marvin L. Cohen 

We hiiV* Hen? a series of calculations on the 
electronic structure and properties of PbSe and 
PbTe. These calculations involve the use of the 
entpirical pseudopotential method (EPM) and included 
nonlocal corrections. Band structures, densities 
of states, effective masses, optical constants, 
charge densities, and pressure and temperature 
coefficients of band edges were all computed. The 
theoretical results were compared successfully in 
most cases with experiment. Some new interesting 
features of these calculations include the 
following. It was necessary to use nonlocal 
corrections to obtain agreement with optical data 
over an energy range from 0 to 26 eV. In 
analyzing the synchrotron radiation studies 
(18-20 eV) it was discovered that a shift of 
0.8 eV between photoemission and reflectivity 
studies existed. The calculation of the tempera­
ture dependence of energy levels in these materials 
revealed the necessity of using both Brooks-Yu 
and Fan formulations. The Fan contributions 
included intravalley and intervalley scattering. 

Generally the results of our detailed investiga­
tions of these materials revealed some interesting 
features and provided a theoretical picture of 
the electronic structure to explain the interesting 
physical properties of these materials which have 
been used for basic research and device applica­
tions. 

This work is described in Journals (3,4,12,16,17, 
22) listed at the end of this section. 

We continued our work on amorphous semiconduc­
tors. Emphasis was given to im ;it tempt to under­
stand the role of short range order and short 
range disorder in tetrahedral materials. We 
approached the problem using two methods that 
we developed in the past. One method was to use 
the EPM and tight-binding models to solve complex 
crystalline systems. The complex nature of these 
systems was related to the features expected in 
the amorphous semiconductors. Another method was 
the "Cluster-Bethe-Lattice" approach. The 
electronic structure and optical properties of 
homopolar and heteropolar systems were studied. 
In addition to tetrahedral semiconductors, 
amorphous Se and Te were also analyzed. 

This work is described in Journals (1,10,11) and 
LBL Report (3) listed at the end of this section. 

6. ELECTRONIC STRUCTURE OF CHAIN AM) LAYER 
MATERIALS, AND OF THE SUPERCONDUCTING POLYMER fSN) x* 

Marvin L. Cohen 

The electronic structure of chain and layer 
materials, (SN) X, and the electronic structure 
of trigonal and amorphous Se and Te were investi­
gated using the EPM. Charge density calculations 
and simple tight-binding models allowed interpreta­
tion of the photoemission experiments on these 
materials. 

For Se and Te, estimates of interchain bonding 
strengths were made using the charge density cal­
culations. The EPM results along with model 
calculations allowed an analysis of the effects 
of bond angle variations on chains and the presence 
of 6- and 8-fold rings of bonds. The relation 
between density of states structure and charge 
density was explored. The results allowed an 
identification of photoemission spectra with 
particular interchain and intrachain bonding 
states. 

The layer compounds GaSe and GaS and mixed 
crystals of these compounds were studied experi­
mentally and theoretically. The experimental 
work was done by Professor Shen's group. The 
theoretical analysis involved calculations of the 
band structure, reflectivity, and modulated 
reflectivity of these materials. The main 
structures in the optical response functions were 
identified in terms of their location in k-space 
and their atomic character. For example, the 
main structures in the optical spectra of GaSe 
were found to result from excitations of the 
Ga-Ga bond and from atomic s-like transitions 
between nonbonding Se p- and s-states. The 
alloy spectra can be decomposed into three 
classes of transitions which exhibit zero, 
intermediate, and strong energy sl.ifts with anion 
alloying. This observation can be explained 
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theoretically using charge concentration analysis 
of optical transitions. 

The polymer (SN) X is of interest because of its 
superconducting behavior. Using the EPM scheme 
we have calculated the baiid structure, density 
of states, Fermi surface, and optical spectrum. 
Using the results of our calculations we have 
estimated the electrc.vphonon coupling constant 
and have ana yzed the observed increase of the 
superconducting transition temperature with 
pressure. Ihe assumption of an electron-phonon 
mechanism for superconductivity in (S\) x is 
consistent K-th our results. Our calculations 
indicate that this material is probably a standard 
BCS superconductor, and it differs from other 
superconduct..ng materials in that the electrons 
at the Fermi surface are predominantly p-like. 

This work i:i described in Journals (1,7,19) and 
LBL Reports .7,10) listed at the end of this 
section. 

7. ELECTRONIC STRUCTURE: LOCAL FIELDS IN Si, 
CHARGE DENSITIES IS NOULIi METALS, TIGHT BINDING 
PARAMETERS FOR suircoNPUCTORs, AND CHARGE HENSITIES 
IN SEMICONDUCTORS* 
Marvin L. Cohen 

The question of the role of local fields on the 
optical spectra of semiconductors has arisen in 
the literature many times. In order to estimate 
the effects of local fields we calculated the 
dielectric function of silicon for zero warevector 
as a function of frequency. Contrary to recent 
calculations on diamond, local fields corrections 
do not shift the prominent peak positions. In 
addition to analyzing the optical spectrum of 
silicon, the calculated dielectric function was 
used to compute the energy loss spectra. Agreement 
with measured energy loss spectra is significantly 
better when local field effects are included. 

H? used our pseudopotential techniques to 
calculate the energy band structure of copper and 
silver, and the resultant wavefunctions were used 
to compute the charge density for these materials. 
The results illustrate the interesting features 
of d-electrons. In both silver and copper the 
total charge density for the occupied conduction 
band resembles a muffin-tin configuration. 

Using the- tight-binding method, the valence 
band structure and densities of states uf C, Si, 
Ge, GaAs, and ZnSe were calculated. Very good 
agreement was obtained with other calculations 
when all nearest and one-second-nearest neighbor 
interactions were included. The effects of the 
various interactions on the density of states were 
explored. Ilecause of the success of our tight-
binding model in producing valence band structures 
close to those computed using the 13PM, these 
models have been used extensively to explore the 
bonding nature and surface spates in diamond and 
zincblende semiconductors. 

Our previous success in determining the 
electronic charge density of silicon was extended 
to zincblende semiconductors. Recent x-ray data 
on InSb allows an assessment of the valence 
charge density provided by our calculations. It 
was found that our recent nonlocal pseudopotential 
calculations yielded good agreement with the 
x-ray results, and the nonlocal calculations were 
far superior to the calculations done without 
using the nonlocal potentials. 

This work is described in Journals (2,8,9,13) and 
LBL Reports (1,10) listed at the end of this 
section. 

8. RESEARCH PIANS FOR CALENDAR YEAR 1976 

Marvin L. Cohen 

He plan to extend our calculations of surface 
and interface states. In particular we will explore 
the role of ionicity in the properties of 
Schottky barriers. We also plan to examine the 
role of metal overlayers on semiconductor surfaces 
using realistic pseudopotentials for the metal. 
More detailed properties of semiconductor surfaces 
will be computed. Ke also plan to examine the 
properties of surface states on transition metals. 

Adsorbates on semiconductors, such as hydrogen 
on Si, will be explored. Recent experiments 
indicate some interesting properties. Iv'e will 
also continue to study layer compounds, diamond 
and zincblende semiconductors, and other semi­
conductors such as AgCl and Bil~. We plan to 
explore the role of electron-hole interactions on 
the d-core le\rels and III-V semiconductors by 
comparing our calculated one-electron spectra with 
results measured experimentally using synchrotron 
radiation. 

Other plans involve studies of the bulk properties 
and superconducting properties of transition metals 
and studies of the electronic structure of molecules. 

9. 1975 PUBLICATIONS AND REPORTS 

Marvin L. Cohen and Associates 

Journals 

1. J. D, Joannopoulos, M. Schluter, and 
M. L. Cohen, Electronic Densities of States of 
Amorphous and Trigonal Se and Te, 12th Internation­
al Conference on the Physics of Semiconductors, 
Stuttgart, Fed. Rep. Germany, (1974) p. 150-1 
(LBL-2790). 

2. S. G. Louie, J. R. Chelikowsky, and M. L. 
Cohen, Local Field Effects in the Optical Spectrum 
of Silicon, Phys. Rev. Letters 34, 155 (1975) 
(LBL-3539). ~~ 
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3. G. Martinez, M. Schliiter, and M. L. Cohen, 
The Electronic Structure of PbSe and PbTe, I. 
Band Structure, Densities of States and effective 
Masses, Phys. Rev. Ell., 651 (1975) (LBL-3536). 

4. G. Martinez, M. Schluter, and M. L. Cohen, 
The Electronic Structure of PbSe and PbTe, II. 
Optical Properties, Phys. Rev. BIT, 660 (1975) 
(LBL-3537). 

5. D. J. Chadi and M. L. Cchen, Intrinsic (111) 
Surface States of Ge, GaAs and ZnSe, Phvs. Rev. 
BU., 732 (1975) (LBL-3534). 

6. D. J. Chadi and M. L. Cohen, Tight-Binding 
Calculations of (111) Surface Densities of States 
of Ge and GaAs, Solid State Com. 16̂ , 691 (1975) 
(LBL-3132). 

7. J. D. Joannopoulos, M. Schluter, and M. L. 
Cohen, The Electronic Structure of Trigonal and 
Amorphous Se and Te, Phys. Rev. BIT, 2186 (1975) 
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Calculations of the Valence Bands of Diamond and 
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9. C. V. Fong, J. P. Walter, and M. L. Cohen, 
Comparison of Band Structures and Charge Distribu­
tions of Copper and Silver, Phys. Rev. B]_l, 2759 
(1975)(LBL-3535). 

10. F. Yndurain and J. D, Joannopoulos, The 
"Cluster-Bethe-Lattice" Method: The Electronic 
Density of States of Heteropolar Systems, Phys. 
Rev. Bll, 2957 (1975) (LBL-3567). 

11. J. D. Joannopoulos and F. Yndurain, Moments 
and Averages of the Electronic Density of States 
of Amorphous and Crystalline Homopolar Solids, 
Physics Lett. 5JA, 79 (1975) (LBL-3570). 

12. M. Schluter, G. Martinez, and M. L. Cohen, 
Electronic Charge Densities in PbSe and PbTe, 
Phys. Rev. BIT, 3808 (1975) (LBL-3S69). 

13. C. Y. Fong, D. J. Chadi, and M. L. Cohen, An 
Alternate Form of the Non-Local p-Potential in the 
Empirical Pseudopotential Method, Phys. Rev. ̂ 11, 
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(LBL-3540). 

14. M. Schluter, J. R. Chelikowsky, S. G. Louie, 
and M. L. Cohen, Self-Consistent Pseudopotential 
Calculations on Si (111) unreconstructed and (2x1) 
Reconstructed Surfaces, Phys. Rev. Lett. 34_, 1385 
(1975) (LBL-3767). 

15. M. Schluter, J. R. Chelikowsky, and M. L. 
Cohen, The Electronic Configuration of Si (111) 
(2*1) Reconstructed Surfaces, Phys. Lett. 53A, 
217 (1975) (LBL-3943). 
16. G. Martinez, M. Schluter, R. Pinchaux, 
?. Thiry, D. Dagneaux, Y. Petroff, and M. L. Cohen, 
Synchrotron Radiation Measurements and Calculation 
of Core - to Conduction Level Transitions in Lead 
Chalcogenides, Solid State Coma. 17, 5 (1975) 
(LBL-3538). 

17. M. Schluter, G. Martinez, and M. L. Cohen, 
Pressure and Temperature Dependence of Electronic 
Energ.- Levels in PbSe and I'bTc, Phys. Rev. B12, 
650 (1975) (LBL-3568). — 

18. S. G. Louie and M. L. Cohen, Self-Consistent 
Pseudopotential Ca]culation for a Metal-
Semiconductor Interface, Phys. Rev. Lett. 35, 866 
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19. M. Schluter, J. R. Chelikowsky, and M. L. 
Cohen, Electronic Properties of Polymeric Sulfur 
Nitride, Phys. Rev. Lett. 35, 869 (1975). 
Erratum I'RL 36_, 452 (1976). 

20. J. R. Chelikowsky, M. Schluter, S. G. Louie, 
and M. L. Cohen, Self=Consistent Pseudopotential 
Calculation for the (111) Surface of Aluminum, 
Solid State Coran. 17_, 1103 (1975) (LBL-376R). 

2). M. Schliiter, J. R. Chelikowsky, S. G. Louie, 
and M. L. Coh>?n, Self-Consistent Pseudopotential 
Calculations for Si(lll) Surfaces: Unreconstructed 
(1«1) and Reconstructed (2*1) Model Structures, 
Phys. Rev. iU_, 4200 (1975) (l.BL-3944). 

22. G. Martinez, M. L. Cohen, and M. Schluter, 
Energy-Level Parities at L in PbTe, Phys. Rev. 
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23. M. L. Cohen, M. Schliiter, J. R. Chelikowsky, 
and S. G. Louie, Sell-Consistent Pseudopotential 
Method for Localized Configurations: Molecules, 
Phys. Rev. B12_ 5575 (1575) (LBL-3766). 
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C. MATERIALS CHEMISTRY 

1. CHEMICAL STRUCTURE 

a. High Pressure Chemistry 

Jesrge .Jura, Friytsipzl Z^vestij^tci' 

1. HIGH PRESSURE GHHMISTRV 

K. V. Kim and George Jura 

The purpose of ''.iese experiments is the 
determination of the heat capacity of metals and 
alloys as a function of temperature and pressure. 
It also should be possible to determine a quantity 
that is proportional to the heat conductivity of 
the surrounding medium as a function of tempera­
ture and pressure. In the past we have developed 
electronic methods using a constant current pulse 
for the above determinations. Enticingly reason­
able results have been obtained in the past over 
a limited range, but there hja never been the 
feeling that they could be given unequivocal 
trust. 

To this last end, the apparatus and theory were 
reexamined, and both were fo-.-Jid to be lacking. 
The results had to have more precision than we 
had in the past to be certain that the simple 
theory was not applicable. 

The electronics of the constant current pulse 
and the switching circuit were redesigned and 
rebuilt. The result of the electronic changes has 
been to greatly increase the accuracy of the 
results. The average deviation of the results from 
a two parameter equation that relates the HMF vs 
time has been decreased by a factor of 5. The 
circuitry has also been modified so that a single 
individual rather than two can perform a heat 
capacity experiment. 

The increase in accuracy of the experiments 
has led to a necessity for improvement in the 

theory used to treat the data. If the sample is 
in vacuo or surrounded by as much as 1 atm of 
inert gas, the simple theory used in the past is 
satisfactory. However, when the method is used 
to study the heat capacity under high pressure, 
then the simple theory is no longer applicable. 
In the past, the- data were ncYcr sufficiently 
good to show that ;i more sophist icatcd theory is 
required. 

The simple theory states that, at zero time, 

dl./dt = l \ R'/C o p 

where I- is the voltage, t the time, I the current, 
Rq the resistance of the sample before the start 
of the pulse, )V the temperature coefficient of 
resistance. From the above equation, it is evident 
that a plot of dli/dt vs P should go through the 
origin. This condition is satisfied when the 
sample is not under pressure. Mien the sample 
is pressurized, there is a linear relationship 
between dE/dt and P , but this line docs not go 
through the origin. At the present time, we can 
show that what we observe is qualitatively 
correct, but we have not as yet been able to write 
.i quantitative correction so that we can compute 
the heat capacity and the heat conductivity of the 
surrounding medium, which is what we are trying 
to do. Progress is being made. At the pr^.-ent 
time, wc are redetermining the quantity R', so 
that we can be sure of our calculated results. 
This will be done better than we have in the p3st. 
At the present time, it appears that when a couple 
of minor problems are solved, we will be able to 
do what we started out to do. 
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b. Low Temperature Properties of Solids 

"rrrmzn £\ Phillips, Principal lYiVextiaatcr 

1. HEAT CAPACITY OF fee Tl-Pb-Bi ALLOYS 

F. Hermans, J. I). Boyer and Norman Ii. Phillips 

In recent years considerable attention has been 
directed to the relation between the superconduc­
ting critical temperature of a metal and its 
normal-state electronic properties and phonon 
spectrum. Most of the work in this area has been 
discussed in terms of a relation* developed by 
McMillan. McMillan1 also noted that for a number 
of transition metals the electron-phonon interac­
tion parameter \ seemed to be determined by an 
average phonon frequency and was largely independ­
ent of electronic properties. There have been 
several theoretical justifications of this cor­
relation, and it has been used in a number of 
cases to predict or to rationalize trends in T c. 
In this context, the fee alloys of Tl and Bi with 
Pb are of particular interest because (1) the 
relevant average phouon frequency is insensitive 
to composition,^ but T c increases by a factor of 4 
as the electron/atom ratio, z, changes from 3.2 to 
4.4, and (2) extensive electron-tunneling and 
neutron-scattering data have defined the phonon 
dispersion curves and the electron-phonon 
coupling in unusual detail. The available heat 
capacity data,3 however, are confined to the 
dilute alloy region (3.9 < z < 4.1} and are not 
sufficiently precise to detect the change in slope 
of the density of states vs z that would be 
expected on the basis of the X vs z data. To 
correct these shortcomings we have undertaken new 
measurements of the heat capacity of these alloys 
throughout the region of stability of the fee 
phase. The measurements will permit an unusually 
detailed comparison of band structure calculations 
w. th experiment, and will also be of interest in 
determining the extent to which the low-temperature 
lattice heat capacity reflects the features of 
the phonon spectrum that are important for 
superconductivity. 

To date, pure Pb and six binary alloys with 
3.91 < i < 4.12 have been studied. There is a well 
defined discontinuity of slope in Y vs z at pure 
lead that, when compared with recent tunneling 
data foT * vs z, is consistent with the rigid 
band model. It is also in approximate agreement 
with the calculated4 density of states at the 
Fermi surface, but not with the derivative of that 
quantity with respect to z. The peak in the 
average phonon frequency observed in tunneling 
experiments is at least qualitatively reflected 
in the T 3 term of the lattice heat capacity, but 
the data obtained so far do not permit a quantita­
tive comparison. 

2. HEAT CAPACITY OF He II 

Brent S. Krusor and Norman E. Phillips 

Several years ago temperature scale errors were 
discovered in the thermometer that was used for 
our earlier measurements on various phases of lie. 
Most of those data were published with corrections 
to the derived thermodynamic properties for the 
change in temperature scale, but for tv... r'e II 
data it seemed worthwhile to correct tJ • raw heat 
capacity data and repeat the later steps in data 
analysis. The first steps in this project have 
now been completed: The hear capacity data have 
been corrected and refit to expressions for the 
sum of phonon and roton heat capacities in the 
low-temperature region. No qualitative changes in 
the interpretation of the data are suggested--in 
particular the conclusion about anomalous phonon 
dispersion is unchanged--but a troublesome 
discrepancy between sound velocit> measurements 
and the calorimetric Debye temperature has been 
eliminated. 

Progress in the way of extending new measure­
ments to lower temperatures has been delayed by 
problems with design of the cell valve and by 
effort devoted to rechedung our temperature 
scale in the region below IK. 

HEAT CAPACITY OF uNd 
William E. Fogle and Norman E. Phillips 

Following the discovery that the large linear 
term in the heat capacity of B-Ce was magnetic 
field dependent, it seemed interesting to test 
the field dependence of other rare earth metals 
in which large "electronic" beat capacities had 
been observed. A sample of *"Nd was obtained 
[to minimize the hyperfine heat capacity which 
tends to obscure the linear term) and studied in 
magnetic fields to 38 kOe. These results were 
reported in our 1973 Annual Report, but measure­
ments in higher fields were prevented by the 
deterioration of the high-field superconducting 
solenoid. Since then a new solenoid has been 
obtained and the measurements have been extended 
to 65 kOe. The data hare not yet been completely 
analyzed, but it is clear that the heat capacity 
decreases approximately linearly with increasing 
field in the region below IK and in fields to 
65 IcOe. This further supports the idea that the 
linear term is not electronic in origin. 

1, W. I. McMillan, Phys. Rev. 167, 531 (1968). 
2, R. C. Dynes and J. M. RowelTTThys. Rev. Bll, 
1884 (1975). *~ 
3. L. C. Clime and B. A. Green, Phys. Rev. Bl, 
1459 (1970). 
4. J. R. Anderson and A. V. Gold, Phys. Rev. A13? 
1459 (1965). 

4. PROGRESS ON EXPERIMENTS BELOW 50 mK 
Gary E. Brodale, Erwin W. Homung, William E. 
Fogle, and Norman E. Phillips 

The earlier improvements in still design and 
increases in the capacity of the heat exchangers 
have improved the dilution refrigerator so that 
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i t now operates ; n steady s t a t e to 12 mK and to 
S mK in the one-shot mode. A dc, SQUIP-based 
s u s c e p t i b i l i t y thermometer has i -.'en made and 
p a r t i a l l y t e s t ed . I t uses cerium magnesium n i t r a t e 
as the magnetic m a t e r i a l , and should therefore 
give a good approximation to the thermodynamic 
temperature scale in the region access ib le with 
the d i l u t i o n r e f r i g e r a t o r . Apparatus for exper i ­
ments on -\He in the temperature region down to 
! . 5 ifiK has been p a r t i a l l y designed and b u i l t . 

5. RESEARCH PLANS FOR CUILNPAR Vr.-W 1B"d 

Norman E. P h i l l i p s and Associates 

The study of Tl-Pb-Bi a l loys wil l be extended 
to- lower and to higher e l ec t ron concen t ra t ions , 
and to "pseudo-Pb" a l loys ( T l x P b j - 2 x B i x ' • ^ 
data wi l l permit an unusually r igorous t e s t of 
band s t r u c t u r e c a l cu l a t i ons and wi l l determine the 
influence of s c a t t e r i n g centers on the low-
frequency par t of the phonon srx*' t r un . 

The r e -ana lys i s of the old heat capac i ty data 
on l iqu id ^He will be completed to obta in the 
entropy and various derived q u a n t i t i e s as functions 
of volume and temperature. New measurements, to 
approximately O.IK, w i l l he made in the new 
apparatus to obtain a more accurate cha rac t e r i za ­
t ion of the anomalous phonon d i spe rs ion . 

The design of h igh-pressure c e l l s for low-
temperature calorimetry wi l l be reconsidered with 
the aim of improving our capab i l i t y for such 
measurements. 

Several changes in p lans fcr the d i l u t i o n -
r e f r i g e r a t o r apparatus have been made. Various 
problems with dc and low-frequency ac nuclear 
s u s c e p t i b i l i t y measurements have led us to 
s u b s t i t u t e ceriim magnesium n i t r a t e ((JIN, for a 
metal containing magnetic nucle i in t he SQUID-
based s u s c e p t i b i l i t y thermometer to be used in 
heat capaci ty measurements to 12 mK. We regard 
t h i s s u b s t i t u t i o n as temporary, but the bes t way 
to obtain the necessary s e n s i t i v i t y and low-power 
d i s s i p a t i o n in a reasonable t ime. The plans to 
measure Kapitza r e s i s t ances between 3He and 
magnetic a l l oys have been abandoned in favor of 
proceeding immediately t o experiments on 3He in 
the region down t o approximately 1.5 mK. These 
temperatures wi l l be reached by two-stage ad iaba t i c 

demagnetization of (MN from 12 ink. l lus wil l 
permit the attainment of 1.5 mK with :\ r e l a t i v e ! " 
large -Tle/CMN r a t i o . The f i r s t goal wil l be the 
determination of the heat capaci ty of -Tie in the 
normal s t a t e a:- a function of pressure and tempera­
t u r e , 'flie data wil l he important as an independ­
ent t e s t of sp in - f luc tua t ion e f f e c t s , and in 
extending e a r l i e r mea^u resents t<» lower tempera­
tures and addi t ional p res su res . Preliminary data 
on the supcrf luid phases Will a lso he obtained. 
Another by-product of the measurements wil l lie the 
heat capacity o\ powdered OL\ and an independent 
determination of trie T*-T r e 1 at ion. 

(>. 19~5 PtJBLU:\T|ti\S AMI UT.IfiR'iS 

Norman 1, P h i l l i p s aiul \ s soc ia te^ 

• Journals 

1. M. IVun and Norman I . P h i l l i p s , Lou Temperature 
Specific Heat of Apienci \i Crease , t'.rvgenics-, 
36 (1375) (I.BL-51S5). 

2. S. P. Kadev, X. V.. P h i l l i p s , M. H. Maple, and 
C. A. Luengo, Heat Capacity of the Superconducting 
Kondo System (LaCe)Al?, Solid State Coinmun. l_d, 
1263 0975)fUM.-2744)~ 

3. M. T. Hirvoncn, T. i;. Ka t i l a , K. ,J. Risk] , 
M. A. Tcplov, B. 2. Malkin, N. t . P h i l l i p s , and 
Marilvn Wun, Magnetic Ordering in Terbium lithvl 
Sulphate , Phys. Rev. B U_t 4652 (1075) (LBI.-3'"501. 

4. S. D. Bader, Norman I:. P h i l l i p s , and I-;. S. 
F i she r , Low Temperature Heat Capacity of ci-Uranium 
and i t s Relation *.-? the Pressure Impendence of T c , 
Phys. Rev. B T2, -1929 (1975) (LBI--.T705). 

LSI, Report 

I. J . K. Hoffer, \1. R. Gardner, C. C. Waterf ield, 
and N. E. P h i l l i p s , Thermodynamic Proper t ies of 
4 He. I I . The bec Phase and the P-T and V-T 
Phase Diagrams Below 2K, LB1.-4116 (Aug. 1975). 

Paper Presented 

1. S. D. Bader, IV. E. Fogle, Norman L:. P h i l l i p s , 
M. S. Maple, and C. A. Luengo, Quatriene 
Conference In t e rna t iona le de Ihermodvnamique 
Chimique, Montpei icr , Aug. 1975 rLBL-3755). 
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a. Studies of the l.vents incur r ing a l (Jas-iivalving 
Hec t rodes 

Konald A, i \ i t t and Charles W. Tobias 

'Hit- physical events as: ocia ted with the evolution 
of hydrogen and oxygen at e lec t rode surfaces in 
concentrated su l fu r i c acid and potassi-sit hydroxide 
so lu t ions have been observed, and rec 'ded by 
i iash photography (.Fig. 11. A speciaJ technique 
for photographing the e lec t rode surface shor t ly 
a f te r current i n i t i a t i o n U3-3(W msecJ provided a 
view unobstructed by r i s ing gas bubbles (Fig. 2). 
Bubble growth r a t e , number dens i ty , and maximum 
bubble s i ze data were obtained for gas generat ion 
. j t e s in the range 3.5-14 cm-Vcm- min, correspond­
ing to current d e n s i t i e s for hydrogen evolution of 
0,5-J A/cm. The veloc i ty of the r i s i n g gas 
emulsion and degree of gas bubble coalescence 
within i t ivere a l so observed. 

Hie iiroiith c h a r a c t e r i s t i c s of bubhlcs depend 
strongly on the e l e c t r o l y t e ccijiosit ion, being 
d i f fe ren t for hydrogen and oxygen in the same 
e l e c t r o l y t e . In the range s tudied , increasing the 
g;is generat ion r a t e does not change the charac ter 
of tiie even t s , only tfie r a t e of t h e i r occur ranee. 
Bubble growth before separat ion involves r e l a t e d 
sequences of coalescences. 

Lorrparisun of est imates of the s izes that bubbles 
should reach under equi l ibr ium growth condit ions 
with those observed r e t e l l s tha t separat ion i s 
cont ro l led bv the dvnamics of bubble i n t e r ac t i ons . 

Writing vyy-. 
E l e c t r o d e ^ ''/A///A 

Fig. 1. Incipient nibble growth ce l l and 
elec t rode cons t ruc t ion . (XBL 759-7091) 

iv.-: vî '.t 
'• " • ' • ' • v i 

i ' ' ) ) ) > > 

Fig. 2. Incipient bubble growth photographic sequence: hydrogen bubbles in 5M electrolyte, 
7cm3/cm2 min (magnification 45*) arrows po».nt to coalescing bubbles. (XBL 758-6370) 



Alter ing the- surface - 'ondition of the e lec t rode 
showed that the microscopic roughness of a planar 
e lec t rode has l i t t l e ef fec t on the charac ter of gas 
ei'uIuMon. The e l e c t r o l y t e ve loc i ty generated 
by the r i - L •: gas bubble stream i s pr imari ly a 
function of gas. ^ - . ' ' r a t i o n r a t e and is not overly 
dependent on the eh.iTtcti.-i of gas evolu t ion . An 
extreme sweeping ac t . on , or : scavenging e f f ec t " , 
^f gas bubbles r i s i ng along the e i t ; . : uxle surface 
occurs extensively in su l fu r ic acid electr ' - Iv-te. 

1. R. A. Putt and C. W. Tobias, Physical Processes 
in h l e c t r o l v t i c Gas Evolution, 1MRP Annua' Report 
for 1974, LBL-5550, April 19?5, p . 3 7 . 
: . R. .A. Pu t t , Studies of the Events Oceurr.'ig 
at Gas-Evolving E l e c t r o n s (M.S. Thesis , Universitv 
of Ca l i fo rn i a ) , LBL-39S9, Oct. 19?5. 

b . Current Dis t r ibu t ion in Electrochemical 
Machining 

.James B. » iggs , Rolf H. Muller and Charles SV. 
Tobias 

In the present state of electrochemical 
machining (ECM) technology, which Is particularly 
effective in the shaping of high strength alloys, 
"trial and error" procedure is required for the 
design of the tool piece (cathode) shape that 
will yield the desired metal removal in the work-
piece. A mathematical model for ECM is being 
developed that will determine the proper tool 
piece geometry. This model is based upon a 
numerical solution of Laplace's equation* with 
the boundary conditions determined by the solution 
conductivity and the surface overpotential. The 
conductivity is modeled as a function of tempera­
ture, electrolyte concentration, and electrolyte 
gas content. The surface overpotential will be 
modeled considering the effects of reaction and 
activation overpotential and the effect of 
resistive films on the electrode surfaces. 2 

To advance the development of the theoretical 
model, experimental anode profiles obtained by 
anodic dissolution using a tube shaped cathode 
(Fig. 1 ) , are compared to calculated profiles. 

Fig. 1. Cross section of wo.kpiece and tool piece 
for "pipe shaped" tool piece used for hole sinking. 
Arrows indicate flow of electrolyte. (XBL 764-2690) 

Figures 2 and 3 show the effect of tool piece ffed 
rate and cf applied voJtage on the peak height 
(Fig. 1) in the cutting i r copper using KNO3 
electrolyte. The calculated point* were obtained 
assuming no current-dependent surface over-
potential. The deviation between calculated and 

0.6 T~ ~r ~r T 

o Experimental 

o Calculated by model 

25 30 35 4 0 
Tool piece feed rote (mife/min) 

Fig. 2. Effect of tt.ol piece feed ra te on peak 
he igh t . ' (XBL 7o4-268S| 

0.9 

i« 38.5 A / c m 2 

Feed rati! * 31 mils/min 

o Experimental 

a Calculated by model 

15 16 17 16 
Applied voltage 

19 20 

Fig. 3. 
height. 

Effect of applied voltage on peak 
(XBL 764 ?.tm) 
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experimental curves is in par t explained by the 
formation of a r e s i s t i v e film observed on the 
cathode surface . 

best represented by 

- 0.067 R e 0 - 7 S S c 1 / 3 ( d h / x ) ( l - 3 

1. K. N. Fleck, 1). S. Hanson and C. K. Tobias, 
Numerical Lvaluation of Current P i s t r i b u t i o n in 
Electrochemical Systems, UCRL-H612, Sept . 1964. 
Z. Kimio Kinoshita , Studies on The Anodic 
Dissulut ion of Copper at High Current Densi t ies 
(Ph . i . Thesis , I toiversi ty of Ca l i fo rn ia , Berkelev), 
IX:HL-.9051, Sept . 1969. 

c . Mash Transport and Current IHstribution_on 
Rough Electrodes in^TnanneTTTow 

Uziel Landau, Andrew Kindler and Charles K. Tobias 

Corre la t ion of l imi t ing current data obtained 
in the e^ecuou. 'pr-si t ion oi copper in the t u r ' - ' c n t 
regime shows tha t tivi entrai .ee s ec t ion , Xe is 
independent of the Schmidt number. 

KJ&\ 756 Re 
-0.57 

where dj, i s the hydraulic uia-ncter. In t h i s 
sect ion Slig. 1) the loa i l t ransport r a t e s arc 

V f t . -D fMFNS'ONUSS DISTANCE W M LEADING EDGE 

20 3 0 
- DISTANCE f f iOM L-EADING EDGE (CM) 

Fig . 1. Dis t r ibut ion of local mass t ranspor t r a t e s 
along the e lec t rode in turbulent flow, fXBL 744-6012) 

At flow r a t e s exceeding the c r i t i c a l t r a n s i t i o n 
Reynolds number the mass t r anspor t r a t e s for 
rough surfaces become approximately propor t iona l 
t o the Re number: 

Sh L = 0.0039 R e 1 * 0 6 ^ 1 / 2 ( e / d h ) " - 2 1 

where e is the height of the roughness element. 
The dependence of the transition Re numbers and 
of the rate increases on the Sc number indicates 
th.it the relative height of the roughness elenents 
to thv diffusion layer thickness (rather than to 
the hydrodynamic boundary layer thickness) is 
the dominant parameter. 

Extensive corrosion o£ metal parts, loss of 
good electric contacts, air leaks, and deposits 
of organic impurities required part by part 
overhauling of the channel flow apparatus, which 7 „ 
was in continuous uss over the past seven yearr.*"'^ 

1. Uziel Landau and Charles IV. Tobias, Distribu­
tion of Mass Transjrart Rates Along Parallel Plane 
Flectrodes in Forced Convection, 1974 JMRfl .Annual 
Report, LB1.-3530, April, 1975, p.55. 
2. Jan Selroan and Charles K. Tobias, Current and 
Potential Distribution in Forced and Free Connective 
Mass Transfer at Plane Electrodes, IMRD Annual 
Report 1965, Feb. 1966, p.46. 
3. Uziel Landau and Charles IV. Tobias, Flow Circuit 
for Ionic Mass Transfer Studies at High Flow 
Rates, JMR1> Annual Report 1970, April, 1971, p..*-.£. 

2. EU-CmXUftllSTRY IN NONAQUEOUS S0L\T:NTS 

*'J• An Ambient Temperature Prncess _for Reduction 
of Potassium Metal 

Radoslav Atanasoski, Henry Law and Charles W. 
Tobias 

The effectiveness of a simplified method for 
electrolyte preparation, and the achievement of 
high current efficiencies, indicate that a process 
for the recover)' of potassium metal from solutions 
of its salts in propylene carbonate may be 
economically attractive. Cyclic voltametry appears 
to offer a convenient means for monitoring 
impurity concentrations in the electrolyte. 

The tedious and complicated electrolyte purifi­
cation procedure* employed so far has been simpli­
fied by the use of potassium tetraehloraluminate, 
KA1C14, synthesized in this laboratory.- The 
salt KAICI4 dissolves readily in propylene 
cirbonate and lias a saturation concentration of 
1.6 M at 25°C. Large quantities of electrolyte 
can now be prepared in a straightforward manner. 
Prolonged electrolysis 3t a temperature (70-85°C) 
slightly higher than the melting temperature of 

http://entrai.ee
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the potassium demonstrates the electrolyte is 
stable. Hie good quality of molten potassium 
deposi* is shown in Fig. 1. 

Fig. 1. Deposit of potassium on platinum in liquid 
form: ~85°C; 0.2-2.0 mA/cm2; duration of electroly­
sis -- 3 days. (XBB 763-2974) 

rig. 2. The effect of the addition of 1 ppm H2O 
in 0.] M KAIQ4 in propylene carbonate: working 
electrode, stainless steel cylinder, diameter 
i).74 cm, J cm-; cuuntcrelectrode, potassium 
deposited on platinum screen; reference electrode, 
potassium in the same solutinn; scanning rate, 
JFi.ft mV/sec. Cyclic voltanunogram 
*j before the addition of water. 
si _ . — 7tf, Cycle after adding 1 ppm of water 
BT; 25th cycle after the addition of water 

(XBI. "64-2697) 

For any practical process, it is imperative 
that one be able to monitor the impurity concentra­
tion. Cyclic voltammetry was found to be an 
excellent rcchnique for water determination in 
the 0.1 to 1 ppm range. The effect of the addition 
of 1 ppm water to the electrolyte is shown by the 
voltammograms in Fig. 2. Comparison of curves 1 
and 2 demonstrates that the water content is far 
below 1 ppm. Curve 3 illustrates the self-
cleaning aspect of this cyclic nrcicess. 

The current efficiency for the potassium 
deposition has been found to be greater than 95*. 
Since it was not possible to remove the potassium 
covered cathode from the electrolyte without 
leaving seme loose particles of potassium behind, 
it is believed that the cause of the deviation from 
100'i current efficiency is mechanical loss of 
potassium rather than any side reaction. 

1. Oscar Chacon, Carhodic Reduction of Potassium 
in Propylene Carbonate lilectrolytcs fM.S. Thesis, 
University of California, Berkeley), LRL-3542, 
1974. 
2 . J. Kendall, et al., -I. Am. Chem. See. 43, 
963-9% [1923). 

3. EVALUATION 01 NEK l^fcCTKOQllMlCAL PROCESS!^ 
a- I'/b̂ id U'- ctrulysis-Thermal Cycle for Hydrogen 

David H. Munger, Rolf H. Muller and Charles IV. 
Tobias 

A search for a practical hybrid electrolysis-
thermal cycle for the generation of hydrogen has 
been undertaken. Of particular interest is an 
anodic process in which a solid metal oxide is 
formed at potentials lower than that required for 
oxygen evolution. ' The ">xide is removed from 
the electrolytic cell and the anode substrate is 
subsequently regenerated by thermal dissociation. 
The anodic reaction involves either a metaiymctal-
oxide couple or a lower/higher oxide couple 
The thermal reduction phase is thus described as 
MO r s-x + x/2 0- (e.g CO. 

Following establishing favorable equilibrium 
behavior, the kinetics of the anodic process is 
of greatest importance. M"ter a favorable kinetic 
behavior is demonstrated, the investigation will 
turn to the other features relevant to the chosen 
process. These include oxide coherence (minimize 
degradation of substrate upon cycling), oxide layer 
thickness (maximization of oxide to substrate 
weight ratio), oxide layer conductivity (ionic and 
electronic), and thermal reduction parameters. 

The objective of this research is to define a 
scheme that improves the energy efficiency of 
hydiogen production by the reduction of electrode 
overpotentials, reduction of cell uhmic drop 
accomplished by the elimination of customary 
separation diaphrams, etc.), and by improved use 
of reactor heat by waste heat utilization. 



1. J. W. Diggle, Ed., Oxides and Oxide Films, 
Marcel Dekker, Inc., New York, Volime 1, 1972. 
2, L. Young, Anodic Oxide Films, Academic Press, 
New York, 1961. 

4. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Charles V!. Tobias 

Research on the fundamentals of transport 
phenomena in electrochemical reactors wi l l be 
focused on the e luc ida t ion of the dynamics of 
fomiation of m e t a l l i c and of gas phases at 
e l ec t rode surfaces in nigh rate processes: 

a) Experimental prototype c u t t i n g of metal 
p r o f i l e s by anodic d i s so lu t ion (ECM) under broad 
ranges of current d e n s i t i e s , solv.u'.'.t compositions 
and flow r a t e s , wi l l serve to evo;-." a p r a c t i c a l 
t h e o r e t i c a l model by which cathode geometries 
appropr ia te for obtaining predetermined anode 
shapes may be designed. 

b) The surface memory e f fec t wi l l be mode^d, 
and experimental ly t e s t ed to e s t a b l i s h methods 
for the p red ic t ion of micro- and macro-geometries 
of electroformed (thict:) me ta l l i c depos i t s . 

c) ExperLitents w i l l be i n i t i a t e d for the 
determination of supersaturation at gas evolving 
electrodes under condi t ions c h a r a c t e r i s t i c of 
p r a c t i c a l e l e c t r o l y s i s , to advance new approaches 
in the design of more efficient electrolytic gas 
generation equipment. 

The p ro jec t d i rec ted toward innovations in 
electrochemical synthesis and energy anoersion^ 
involving energe t ic r eac t an t s or products ( e . g . , 
a l k a l i metals) in propylene carbonate as ionizing 
solvent wi l l be continued in the following 
d i r e c t i o n s : 

a) Solvent s t a b i l i t y s tud ies wi l l be conducted 
exploring the rang-? of possible reactions at the 
positiv? electrode. Spec i f i ca l ly the use of 
s e c r i f i c i a l metals ( e . g . , Al , Mg) and of halogen 
e lec t rodes (Cl2,Bi"2) w i l l be evaluated for use in 
electrowinning and in galvanic cells. 

b) Thermodynamic and k ine t i c c r i t e r i a of the 
separation of alkali metils by s e l e c t i v e reduction 
from solutions of their mixed salts w i l l be 
examined. 

Exploratory work on an electrolysis-thermal 
hybrid cycle for the efficient production of 
hydrogen w i l l be completed. Two reac t ion schemes 
w i l l be evaluated: 

a) Oxidation of a lower-to-higher metal oxide 
in a c e l l where hydrogen i s evolved a t the cathode, 
followed by thermal d i s soc ia t ion of the higher 
metal oxide t o the lower oxide and oxygen, e t c . 

b) Oxidation of a metal in an electrochemical 
c e l l , followed by chemical reduction of the oxide 
a t medium high t e r ^ r a t u r e ( e . g . , by carbon 
monoxide). 

5. 1975 PUBLICATIONS AND REPORTS 

Charles VI. Tobias and Associates 

Journals 

1. F. R. McLarnon, R. H. Muller and C. W. Tobias, 
Light-Deflection Errors in the Interferons t r y of 
Electrochemical Mass Transfe. Boundary Layers, 
J . Electrochem. Soc. 122, 59-64 (1975) 
(LBL-2240 Rev.) . 

2. Jacob Jorne" and Charles IV. Tobias, Thermo­
dynamic Proper t ies of the Alkali Metals in 
Aluminum Chloride-Propylene Carbonate Solut ion, 
J . Electrochem. Soc. 122, 624-632 (1975) 
(LBL-11U Rev. 4 ) . 

3. J . £. A. John, C. W. Tobias e t a l . , 
Emissions Control of Engine Systems, Consultant 
Report t o the Comm. on Moter Vehicle Emissions, 
Commission on Sociotechnical Svstems National 
Research Council, (Sept . , 1974)(Published by EPA). 

4. F. R. McLarnon, R. H. Muller and C. IV. Tobias, 
Derivation of One-Dimensional Refractive-Index 
Prof i les from Interferograms, J. of the Optical 
Soc. of Amer. 9, 1011-1018 (1975)(LBL-3141). 

5. J . Jom£ and C. W. Tobias, Electrodeposi t ion 
of the Alkal i Metals from Propylene Carbonate, 
J . Appl. Electrochem. 5, 279 (1975)(LBl-1111 Rev. 6 ) . 

6. F. R. McLamon, R. H. Muller and C. W. Tobias, 
Reflection Effects in Interferometry, Applied 
Optics 14, 2468 (1975) (LBL-3140), 
7. J. IV. Bjerklie, E. J. Cairns, C. IV. Tobias and 
D. G. Wilson, An Evaluation of Alternative Power 
Sources for Low Emission Automobiles, Automative 
Engineering, SAE 750930, Oct. 1975. 

8. J. R. Selman and C. W. Tobias, Unsteady State 
Effects in Limiting Current Measurements, J. 
Electroanal. Chem. 65, 67-85 (1975)(LBL-20557 Rev.). 
9. J. Jome" and C. IV. Tobias, Potential Differences 
between the Alkali Metals and their Amalgams 122, 
1485 (1975)(LBL-1111 Rei. 5). 

Papers Presented and Invited Lectures 

*1. C. W. Tobias, Trends in Electrochemical 
Technology, Lockheed Palo Alto Research Laboratory, 
March 6, 1975. 
*2. C. W. Tobiari, Electrolysis at Very High Rates, 
university of Wisconsin, Madison, April 23, 1975, 
5. J. F. Cooper, R. H. Muller, C. W. Tobias, 
Periodic Phenomena during the High Current Density 
Dissolution of Copper, 147th Meeting of The 
Electrochemical Society, Toronto, Canada, May 12, 
1975. 

*4. C. W, Tobias, Instruction in Electrochemical 
Engineering at Berkeley, 147th Meeting of The 
Electrochemical Society, Toronto, Canada, May 14, 
1975. 
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*5. C. K. iobias, Corrosion, and Instruction in 
Electrochemical Engineering at Berkeley, 
University of Ves;prem, September 11, 1975. 

*6. C. K. Tobias, Incentives and Prospects for 
the Electric Automobile, Hungarian Academy of 
Sciences, Budapest, Hungary, September 16, 1975. 

*7. C. Vi. Tobias, Chemical Engineering Education 
at Berkeley, University of Technical Sciences, 
Budapest, Hungary, September 17, 1975. 

*8. C. K. Tobias, Mass Transfer and Current 
Distribution in Electrochemical Systems, 
Hungarian Chemical Society, Budapest, Hungary, 
September 18, 1975. 

9. C. K. Tobias, Cathodic Reduction of Potassium 
in Propylene Carbonate, 26th Meeting of the 
International Society of Electrochemistry, 
Baden, Austria, September 25, 1975. 

ID. J, .Jorno' and C. K. Tolnas, Electrodenosition 
of the Alkali Metals in Propylene Carbonate, 2b th 
Meeting of the International Society of Electro­
chemistry, Baden, Austria, September 25, 1975. 

*11. C. JV. Tobias, The rutr.^c of Electrochemical 
Engineering, the first BASI-' Renowned Scientist 
Lecture, Wayne State University, Detroit, 
Michigan, December 5, 1975. 

LBL Reports 

1. John Frederick Cooper, Periodic Phenomena in 
the High Current liensity Anodic Dissolut ion of 
Copper (Ph.D. Hies i s , Universi ty of Ca l i fo rn ia , 
Berkeley) , LBI.-27S0, Apiil 1975. 

2. Ronald Alan JVt t , Studies of the Events 
Occurring Kt Cas-Evolving Electrodes (M.S. Thes is , 
Universi ty of California"), I.B1.-3989, Oct. 1975. 

3. .J. R. Selrrcm and C. W. Tobias , The Limiting-
Currenr technique in Mass-Transfer Measurements, 
XRI.-2nS57 Rev. 1. 
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2. HIGH TEMPERATURE AND SURFACE CHEMISTRY 

o. Hiflh Temperature Chemistry 

Leo Brevert Principal Investigator 

1 . THERMODYNAMIC PROPERTIES OF THIRD AND FOURTH 
GROUP TRANSITION' METALS KITH PLATINUM GROUP METALS 

Gar>' i B i l l i a r d a n d David A. Goodman 

A high temperature, so l i d e l e c t r o l y t e ce l l i s 
being used t o measure the \ -ar ia t ion of the Gibbs 
energy with concentrat ion for the tantalum-iridium 
system. I t i s hoped the r e s u l t s w i l l allow im­
provement of bonding models based on u t i l i z a t i o n 
of low-energy bonding o r b i t a l s . The s o l i d -
e l e c t r o l y t e p resen t ly in use i s made of a ZrO2-Ca0 
so l id so lu t ion . Work i s in progress t o include 
e l e c t r o l y t e s based on Hf'02 and TKH. 

4. MATRIX SPECTRA OF OXIDES OF CALCIUM* 

WalteT D. Duley, John Ling-Fai Wang and 
Lester Andrews 

The study of some of the specimens formed when 
Ca i s deposited together with N20, 0 , 02, and O3 
in r a re gas or ni t rogen matrices a t l iqu id hydrogen 
temperatures has e s s e n t i a l l y been completed. One 
paper has been published, a second paper has been 
submitted for pub l i ca t i on , and a t h i r d manuscript 
i s almost complete. 
IE 
Supported in part by N.S.F. 

2. APPLICATIONS OF REGULAR SOLUTION THEORY TO 
METALLIC SOLUTIONS 

Robert H. Lamoreaux 
Regular solution calculations are being tested 

against experimental data for metallic alloys in 
which acid-base interactions producing strongl\ 
negative deviations from ideality are expected to 
be small- The effects of size disparity, deviation 
from the geometric mean assumption, and the use of 
bonding energy of the valence state rather than 
that of the ground state for characterizing the 
cohesive energy are being tested. Procedures for 
estimating the thermal expansivities of liquid 
metals and the solubilities of inert gases in 
liquid metals are being developed. 

3. THERMODYNAMIC EVALUATION AND COMPILATION CF 
METAL ALLOY SYSTEMS 

Leo Brewer, Ralph R. Hultgren and Robert H. 
Lamoreaux 

A bibliography of publications on the thermo­
dynamics of metallic binary and ternary systems is 
being niaintained. The compilation of thermodynamic 
properties of molybdenum and its compounds and the 
diffusion characteristics of molybdenum alloys is 
nearly completed.* Work is continuing on the 
thermodynamic properties of che alloys systems of 
the lanthanide and actinide elements and binary 
and ternary alloys of iTon. 

Partially supported by the International Atomic 
Energy Agency. 

5. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Leo Brewer 
The work on matrix isolation of oxide species 

of calcium will be essentially terminated with the 
completion of the last manuscript summarizing the 
work done. If resources allow, a few isotopic 
experiments will be carried out to test some points 
not completely resolved. 

With the high temperature raG-Zr02 electrolyte 
cell in operation, measurements of the activity of 
tantalum in iridium-rich alloys are expected to be 
completed this year. The extension of the electro­
lyte to Hf02 and Th02 based solid solutions will 
allow measurements for more highly reduced alloys 
with extensions to other alloys of third and 
fourth group transition metals \dth the platinum 
group metals that can help improve our understand­
ing of the bonding of these strongly interacting 
metals. 

If funds permit, the evaluation and compilation 
program for thermodynamic data and phase diagrams 
of metals will be expanded. The molybdenum manu­
script should be completed early in the year and 
progress on the other compilation should accelerate 
and be extended to additional new materials that 
should be of value in development of new energy 
processes. 

6. 1975 PUBLICATIONS AND REPORTS 
Leo Brewer and Associates 

Journals 

1. Leo Brewer, National Academy of Sciences 
Report on the Conference on Thermodynamics and 
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National Energy Problems, Washington, D.C., 1974: 
Plenary Lecture and Discussion, pp. 8-24, Summary 
of Conclusions and Recommendations (with F. D. 
Rossini and E. F. Westrum, Jr.). PP* iv-xiv; 
Discussion, pp. 19-24, 53, 59, 301, 328-9, and 
338-62; editing of Section VI, Energy Storage and 
Solar Energy. 

2. Leo Brewer, Stability of Silicon Monoxide, 
J. Chem. Educ. 10, 686 (1975). 

3. Leo Brewer (with F. D. Rossini, A. Ferri, 
F. S. Johnson, R. H. Miller, J. M. English, 
I. Glassman, S. S. Penner, and R. A. Rudey), 
National Academy of Sciences Report on Environmen­
tal Impact of Stratospheric Flight, 1975, Chapter 
6, Nitrogen Oxide Emissions and Engine Design and 
Operation, pp. 66-73; Chapter 7, Climate and 
Aircraft Fuels, pp. 74-76; Appendix J, Detailed 
Report on Engines and Fuels, pp. 257-290. 

4. Lester Andrews, Vibronic Spectra of the 
Ozonide Ion in the Matrix-Isolated M ^ Species, 
J. Chem. Phys. 63, 4465 (1975). 

LBL Reports 

1. Lester Andrews, Ul t rav io le t Absorption Studies 
of the Alkal i Metal Atom-Oxygen Molecule Matrix 
Reaction, submitted to J . Phys. Chem. (1.BI.-4164). 

2. Leo Brewer, The Cohesive Energies of the 
Elements, (LBL-3720). 

3. Robert H. Lamoreaux, Calculated Enthalpies of 
Trans i t ion at 0°K for Several Meta l l ic Phase 
Trans i t ion , submitted to J . Solid S ta t e Chem. 
(LBL-3711). 

4. Lester Andrews, Optical Spectra of the Dibrom-
ide and Diiodide Ions in the Matr ix- Iso la ted N^Br? 
and M*^ Species , submitted to .1. of Anier. Chem. 
Soc. (LBL-3997). 

5. Lester Andrews, 'Optical Spectra of the Hi f luor­
ide , Dichlor ide , and Tr ich lor ide Ions in the 
Matr ix- Iso la ted M*!-';?, M ^ b * a n d ^ C 1 3 Species , 
submitted to J . of Amer. Cnem. Soc. (LBI.-4111). 
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b. Nucltar Technology Problems 

Ikinatd F. Giandep, Principal Investigator 

1. RKACTION OF ATOMIC irVDROCLV WITH PYROl.YTIO 
GRAPHITE 

M. Baloocb* and 1). R. Olandcr 

Over one hundred years have elapsed s ince 
Bertholet f i r s t inves t iga ted the thermodynamics 
of the carbon-hydrogen system, and four decades 
have passed s ince B a r r e l s c l a s s i c k ine t i c study 
of t h i s system appeared." The voluminous l i t e r a ­
tu re on t h i s subject s ince these ea r ly inves t iga­
t i o n s has been reviewed in a separate document. •"' 
Recently, the graphite-hydrogen reac t ion has 
assumed an i-nportant ro l e in several energy 
production technologies , in p a r t i c u l a r production 
of inexpensive heat ing gas by coal g a s i f i c a t i o n , 
and graphi te corros ion in the high temperature 
gas cooled reac to r arid of f i r s t wall l i n e r s in the 
cont ro l led thermonuclear reac tor . 

All previous s tud ies of the carbon-hydrogen 
reac t ion have been of t he conventional chemical 
k ine t i c type, in which hydrogen gas at pressures 
ranging from a few t o r r to tens of atmospheres 
i s passed over a sample of carbon held at tempera­
tu res between 600 and 2600°C. Usually the sole 
measure of the reac t ion r a t e i s sample weight 
l o s s , although occasional ly the quenched gases 
arc analysed for methane, acethlenc and higher 
hydrocarbons. Die specimens arc in the fom of 
tubes , bulk shapes, fine filr—ients, or powders 
in a packed bed. The types of carbon range from 
amorphous to g r a p h i t i c , Kven among the g raph i t e s , 
the react ion k i n e t i c s a r e qui re s ens i t i ve to the 
pu r i t y and degree of c r y s t a l l i n i t y of the sample. 
It i s not surpr i s ing that the apparent react ion 
ra te constant obtained from these data d i f f e r by 
as much as five orders of magnitude at the same 
temperature. There i s no es tab l i shed mechanism 
of the reac t ion . 

In the present i nves t iga t ion , the reac t ion 
specimens arc high-temperature annealed pyro ly t ic 
graphite in c i t h e r the hasal or prism plane 
o r i e n t a t i o n s . The molecular beam-mass spectrometr ic 
techniques described in Ref. A arc employed in the 
k ine t i c s tud ies . The molecular form of hydrogen 
is very unreact ive towards g raph i te ; the iner tness 
of lb i s due to che very low probab i l i ty of 
d i s s o c i a t i v e adsorption of the diatomic molecule 
on graphi te sur faces . To render the react ion 
de tec tab le in the molecular beam system, atomic 
hydrogen i s used as the reactant gas . Thermal 
d i s soc i a t i on of H2 p r i o r t o s t r i k i n g the graphi te 
t a rge t g rea t ly increases the s t i ck ing p robab i l i t y 
but does not influence t he course of the subsequent 
surface react ions which u l t imate ly lead to gaseous 
hydrocarbon products . The va r i a t ion of react ion 
product y ie ld (both the s ignal amplitude and i t s 
phase lag) i s monitored as a function of beam 
i n t e n s i t y , surface temperature and modulat ;on 
frequency. 

The temperatu *•* uependence of the reac t ion i s 
shown in Fig. 1. ^t temperatures up t o 800°K, 

methane is the sole product. Acetylene i s 
observed at temperatures above 1000°K. Between 
S00 and 1000°K, no carbun gas i f i ca t ion occurs; 
the surface ac ts only to recombine H atoms t o 
form I?2- Th e d a t a a r e analyzed in terms of the 
model shown in Table 1. Methane i s formed by 
sequential addi t ion of H atoms to CĤ  (n = 0 ,1 ,2 ,3 
and acetylene is formed by surface combination of 
two 0\ groups. Solution and diffusion of H atoms 
in the graphi te l a t t i c e are important s teps in 
the process . The agreement between the nodel and 
the molecular beam data i s very good. 

Target le.nperature, T s ( = K) 
2500 1500 1000 700 500 400 

A* Basal plane 
AO Prism plane 

I 0 = 8*10 atcm s /cm 7 -sec 
i.f = 20 Hz • & > * 

Fig. 1. Temperature dependence of the reaction 
probabilities for methane and acetylene. 
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Table 1. II atom-Graphite Reaction Model. 
«J 
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The model predictions are compared to previous 

high pressure (1 atm H2) carbon gasification 
rates determined in conventional kinetic experi­
ments in Fig. 2. The solid curves and the symbols 
represent previous data as summarized in Ref. 3. 
The dashed curves are the predictions of the 
present model (Table 1) with n' = sticking 
probability of molecular hydrogen as a parameter. 
The significance of the comparison shown in Fig. 2 
is two-fold. First, the mechanism determined by 
the low pressure (S x io~4 torr) molecular beam 
experiment using atomic hydrogen as reactant can 
be extrapolated to predict gasification rates at 
H-- pressures which are six orders of magnitude 
1 irger without any adjustments of the model. 
Second, the fact that n 1 = 0 is adequate to fit 
the older data substantiates the model proposed by 
Clarke and Fox,-' who attributed all reaction to 
the dissociated fraction of the reactant hydrogen 

4 6 8 
l/T s °KX|0 4 

Fig. 2 . High pressure k i n e t i c s of the carbon-
hydrogen r eac t ion . Dashed l i n e s : ex t rapo la t ion 
of model based on molecular beam data to lb 
pressures of 1 atm for various H2 s t i ck ing 
p r o b a b i l i t i e s ; so l i d l ines and po in t s : data fro;n 
inves t iga t ions summarized in Ref. 3 . (KBI 7L 7 -4^U-1J 

In most reac t ion systems, ex t rapola t ion of a 
reac t ion model determined by low pressure molecular 
beam methods by six orders of magnitude in 
rcac tan t gas pressure would be unsuccessful because 
the low pressure model would not be able to foresee 
coverage e f fec t s which become important a t high 
p ressures . However, because of the very low 

s t i ck ing p robab i l i t y of molecular hydrogen, the 
H atom coverages of the surface ca lcu la t ed from the 
model for pfj, = 1 atm are found to be of the same 
order of those in the molecular beam experiment, 
namely < 0.1$ of a monolayer. 
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2. ANALYSIS OP NONLINEAR REACTIONS IN MOIXJL\TPJi 
MOLECULAR BI-AM-SURFACE EXPERIMENTS* 

Alan Ullinan1 and P. R. Olander 

An approximate method of analyzing nonl inear 
reac t ion models in modulated molecular beam 
surface k ine t i c s tud ies i s developed. The e x a C , 
method for t r e a t i n g nonl inear surface mechanisms* 
i s tedious and almost always requi res computer 
a n a l y s i s . The proposed approximate method i s 
a simple extension of the Fourier expansion 
technique val id for l i nea r surface r e a c t i o n s - ; 
i t quickly provides ana ly t i ca l expressions for 
the phase lag and amplitude of t he reac t ion product 
for any type of nonl inear surface mechanism, 
which g r ea t l y f a c i l i t a t e s comparison of theory 
and exneriment. 

^
AppIOIl^ 
Eiac' 2nd order 
E«od 3rd o»der. 

Pig. 1. Phase lag and amplitude a t t enua t ion for 
f i r s t , second and t h i r d order react ion k i n e t i c s . 
The curve label led "approximate" corresponds to 
the exact f i r s t order so lu t ion and t o the l i n e a r ­
ized r e s u l t s for higher order r eac t ions . 
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The approximate and exact methods arc compared 
for a number of prototypical surface reac t ions 
which include coverage-dependent adsorption and 
reac t ion k ine t i c s of order g r ea t e r than uni ty . 
Figure 1 shows the good agreement between the 
approximate method ard the e x x t so lu t ion for the 
r eac t ion : 

A schematic of a two-up, one-down ideal cascade 
i s shown in Fig. 1. Each separat ing un i t in the 
cascade operates at the same throughput and c u t ; 
the heads and t a i l s flow r a t e s from each s tage 
are permitted t o vary in a manner which insures 
t ha t the two streams which provide the feed t o a 

A ^ g ) - 2A fads) 

followed by 

surface atom + m\(ads.) •* I'roduct 

where m = 2 or 3 , represent ing second and th i rd 
order k i n e t i c s , r espec t ive ly . Except for ce r ta in 
extreme forms of coverage-dependent adsorpt ion , 
the approximate method provides a good representa­
t i o n of the exact so lu t ion . The e r r o r s increase 
as the n o n l i n e a r i t i e s become s t ronger . Fortunately 
when the discrepancy between the two methods i s 
s u b s t a n t i a l , the react ion product signal i s so 
highly demodulated that r e l i a b l e experimental data 
usual ly data usual ly cannot be obtained in these 
regions anyway. 

UPPER LOWER 
PRODUCT PRODUCT 
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3. TWO-UP, ONE-DOWN IDEM. CASCADES FOR ISOTOPE 
SEPARATION* 

Donald R. Olander 

Ideal cascades for isotope separat ion are 
usual ly constructed so t ha t the heads stream from 
a s tage furnishes par t of the feed t o the next 
s tage up and the t a i l s stream from the s tage 
i s fed t o the adjacent lower s tage . This symmetric 
arrangment i s s a t i s f a c t o r y i f the separa t ive 
power of the individual separat ing u n i t s of 
which the cascade cons i s t s i s independent of the 
cut a t which they are operated. However, some 
separat ing un i t s operate more e f f i c i e n t l y a t a 
cut considerably l e s s than one-half than they do 
a t a cut in t he neighborhood of one-half. 
The gas centr i fuge i s an example of an 
isotope separat ion device t ha t exh ib i t s t h i s 
preference. Operation of these un i t s in 2 
cascade can be improved by caiTying the enriched 
stream from each stage two stages forward instead 
of one svajje forward. This modification permits 
each separat ive un i t t o operate at a lower cut 
than the one t h a t would be required of i t in a 
conventional cascade, yet maintains the condi t ion 
of no-mixing of streams of d i f fe ren t composition. 
The "two-up, one-down" idea l cascade has been 
b r i e f l y mentioned in t he l i t e r a t u r e , but no 
de ta i l ed analys is has been repor ted. The purpose 
of t h i s study vias t o provide such an a n a l y s i s . 

I, / • 4 M> v ^h 
<w 

WASTE 

Fig. 1. In te rs tage flows in a two-up, one-down 
idea l cascade. [XBL 7S4-4843) 
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stage have the same composition. The required 
variation of interstage flows with height in the 
cascade is accomplished, by joining the appropriate 
number of separating units in parallel at each 
stage. Application of the theory to ideal cascades 
composed of separating units which exhibit high 
separative power at low cuts shows that the two-ups, 
one-down configuration provides the same per­
formance as does the symmetric cascade but 
requires fewer units to do so. Since the cost 
of isotope separation is directly proportional 
to the number of separating units in the cascade, 
the economics of uranium enrichment may be 
substantially improved by the nonconventional 
cascade design. 

• % . — 

Abstracted from LBL-4103, to be published in 
Nuclear Technology. 
4. DESIGN OF IDEAL CASCADES OF GAS CENTRIFUGES 
WITH VARIABLE SEPARATION FACTORS* 

D. R. Olander 
As far as is known, al l cascades for uranium 

isotopy separation are designed with all separating 
units operated in exactly the same manner. When 
the separation factor (or the separative power) 
does not vary with stage number, the characteris­
t ics of the ideal cascade may be obtained from the 
theory developed by Cohen. However, we show in 
this study that i t is possible to construct ideal 
( i . e . , ncn-mixing) cascades in which the separation 
factor varies from stage to stage. For certain 
types of separating units, the performance of this 
"variable-a" ideal cascade is superior to that of 
the conventional "constant-a" ideal cascade. 

In order to attain the non-mixing condition 
at each point in the cascade where streams join, 
each separating unit in a constant-a cascade must 
be operated symmetrically. In symmetric opera­
tion, the heads separation factor -x is equal to 
the ta i l s separation factor 6. In a variable-a 
ideal cascade, on the other hand, the no-mixing 
requirement imposes different constraints on the 
asymmetries of the units in adiacent stag.es. 

The ability of a centrifuge to perform as an 
isotope separator is described by the dependence 
of it. • jrparstive power on all experimentally 
controllable variables. The latter may be divided 
into two classes: internal parameters and 
operating parameters. The distinction between 
the two classes is as follows: changing an 
internal parameter affects only the product and 
waste compositions but does not alter the feed, 
product or waste flow rates. Change of an 
operating variable disrupts both the flows and 
compositions of the streams leaving the centri­
fuge. The two operating variables are the cvt 0 
and the throughput L. Among the internal 
parameters are the temperature differences across 
the end caps of the rotor and the design and 
position of any scoops inside the rotor. The 
geometry (height and radius) and peripheral speed 
of the rotor are not considered to be controllable 
variables. The rotor is always driven close to 
i ts strength or stability limit; there is ».i rea­
son to do otherwise. 

Theory and experiment give the separative 
power as a function of all controllable parameters 
of the centrifuge, or by a function of the general 
form: 

<5U(L,e, internal variables) 

The centrifuge performs most efficiently when the 
internal variables are adjusted (at each combina­
tion of L and 6) so that the separative power is 
a maximum. The optimized separative power is 
therefore a function only of the operating., 
variables L and 6. Alternatively a and 6 may 
replace L and 9 as independent variables. 

Using an asterisk to denote optimization with 
respect to al l internal variables, the function 
6U*(a,&) is called the performance function of 
the centrifuge. Provided all of the internal 
variables have been considered in the optimization 
process, the isotopo separating capability of the 
centrifuge is completely defined by the performance 
function. 

If the condition of symmetry (u=B) is imposed 
upon the centrifuge because i t is to be employed 
in a constant-a ideal cascade, 5U* is a function 
of L only, However, for the variable-a cascade, 
the restriction a = 6 does not apply and knowledge 
of the complete u - e . , two-dimensional) performance 
function must be used in cascade analysis. 

The contour plot of Fig. 1 shows the performance 
function for this type of centrifuge. The 
separative power in the region of symmetric 

jr-j-n 1 r 

Fig. 1. Performance function for a gas centrifuge 
with a minimum in the internal flow near the mid-
plane. The small segments of contour lines near 
points A ?nd A' represent the largest values of 
<SU*. (XBL 7412-7628J 
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opera t ion ("i.e., along the 45° l i ne where a - S) 
i •* lower than on the he igh ts on e i t h e r s ide , 
f consequently, a va r i ab le -a cascade whose stage 
operat ing points o s c i l l a t e between A and A1 in 
1 i g . 1 shows b e t t e r performance (by about 5t) than 
:hc best constant -a cascade (which is at point S ) . 
Hiis ca lcu la t ion demonstrates that for a t l ea s t 
one type of performance function, cascades should 
be constructed with va r iab le r a the r than constant 
separa t ion fac tors at each s t age . Determination 
of the performance function of a p a r t i c u l a r 
cent r i fuge ( i . e . , one of speci f ied ro to r geometry 
and per iphera l speed) e i t h e r t h e o r e t i c a l l y o r 
experimental ly i s a t ed ious j o b , p r imar i ly because 
of the necess i ty of optimising tl.« performance 
function with respect to a l l in te rna l va r i ab les 
which can affect the gas c i r cu l a t i on ins ide the 
ro to r . The cost of obtaining the performance 
function 6U*(a,6) must be j u s t i f i e d in terms of 
the po ten t i a l benef i t s of more e f f i c i e n t cascade 
performance. The savings of - 5t found for the 
hypothet ical centr i fuge in t h i s study can be 
t r a n s l a t e d in to a cost saving in t he following 
way. The annual separa t ive work capaci ty which 
wi l l be required in the United S ta tes in the next 
50 year-:: has been est imated t o be between 100 and 
400 mi l l ion SWU/yr, depending upon the date of 
in t roduct ion of IMFBks. The spec i f ic cos t of 
p l an t s constructed in t h i s time period w i l l 
probably be between $150 and $200 per SWIJ/yr 
capac i ty . Thus, t he investment in isotope 
separa t ion p lan t s up t o the year 2020 w i l l be 
between 13 and 80 b i l l i o n d o l l a r s . I f a l l of 
t h i s capac i ty i s in the form of cen t r i fuges , a 
5* improvement in e f f ic iency represents a saving 
of between 0.6 and 4 mi l l ion d o l l a r s . There 
appears t o be ample incent ive t o j u s t i f y 
exploring a l l proposed centr i fuge designs for the 
p o s s i b i l i t y of cost reduction by use in idea l 
cascade with va r iab le separa t ion f a c t o r s . 

Abstracted from LBL-3551 Rev., To be published in 
Nucl. Sc i . 5 ling. 
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5. EQUIPMENT DEVT-1£PMEtfT FOR HIGH TEMPERATURE 
STUDIES OF U02 

R. Yang, K, Kim and D. R. Olander 

The cher.ti.cal behavior of uranium dioxide a t 
high temperatures (1SOO-3000°K) i s important t o 
t he successful performance of nuclear fuel e l e ­
ments. As a b a s i s for conducting high tempera­
t u r e s tud i e s of UO2, two spec ia l ized pieces of 
equipment have been developed and cons t ruc ted . 

The oxygen-to-metal r a t i o s i g n i f i c a n t l y a f fec ts 
a l l of the high temperature chemical p rope r t i e s 
of UO7. Figure 1 shows the layout of the UO2 
stoichiometry cont ro l and measurement appara tus . 
The equipment i s designed to permit preparat ion 
of urania s^cimen* of known oxygen -to-metal 
r a t i o s . The specimen i s supported from the arm 
of an e lec t robalance ins ide a tungsten c ruc ib l e 
which i s placed in a vacuum re s i s t ance furnace. 
The oxygen po ten t i a l of the system (which con t ro l s 
the 0/U r a t i o of the specimen) i s e s tab l i shed by a 
water vapor-hydrogen gas mixture which flows 
over the specimen. The H2O/H2 r a t i o of the gas 
i s determined by analys is by an on- l ine mass 
spectrometer. Die weight gain o r loss of the 
sample as recorded by the e lec t robalance de te r ­
mines the 0/U r a t i o . The equipment w i l t be used 
to prepare specimens of UOj-x for experiments 
inves t iga t ing 1) the react ion of H atoms wi th 

ELECTROBALANCE 

— EftEW FURNACE 

Fig. 1. Apparatus for con t ro l and measurement 
of the s toichiometry of UO7. (XBL 7511-7613) 

Fig. 2 . Temperature gradient furnace. 
(XBL 7S11-91S7) 
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UCfc, 2) l a s e r vapor iza t ion of U0?, 3) thermal 
grad ien t migration of me ta l l i c inc lus ions in UCb, 
apd 4) oxygen s e l f d i f fus ion in UO2 by a dif fusion 
couple cons i s t i ng of UO2 1 8 and UO2 1 6 wafers. 

Figure 2 shows the design of a temperature 
gradient furnace in which experiments inves t iga­
t i n g the r e d i s t r i b u t i o n of fuel c o n s t i t u e n t s 
(oxygen, hea\y metals and f i ss ion products) can 
be conducted. The specimen of UO2 i s contained 
in a tungsten c ruc ib le which i s closed at the 
top t o avoid UO? loss by vapor iza t ion . The top 
of the c r u c i b l e " i s heated by e l ec t ron bombardment 
and the bottom temperature of the specimen i s 
con t ro l l ed by a cooled molybdenum rod. The upper 
temperature i s measured by an automatic op t i ca l 
pyrometer and the bottom temperature by a K/l\-Re 
thermocouple. The furnace i s capable of producing 
a temperature gradient of 1590 °K/cm a t a maximum 
temperture of 3000°K. 

6. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Donald R. Olander 

The migration of m e t a l l i c f i s s ion product 
p r e c i p i t a t e s up the temperature gradient in 
nuclear fuel elements wi l l be inves t iga ted using 
the temperature gradient fumacv. The f i s s ion 
product inc lus ions wi l l be simulated by tungsten 
p a r t i c l e s . 

The s to :chioi re t ry cont ro l apparatus wi l l be used 
t o prepare wafers of U18C>2 and U-^Cb for measuring 
the s e l f di f fusion coef f ic ien t of oxygen in t h i s 
ceramic. This t r anspor t property i s important 
in assess ing the extent of oxygen r e d i s t r i b u t i o n 
in nuc lear fuel elements. 

The l a s e r puls ing apparatus wi l l be used to 
measure the vapor pressors of UO7 up to - 5000°K. 
In add i t ion t o the experimental work, a major 
computational e f fo r t i s required t o proper ly 
i n t e rp r e t the \ 'aporizat ion r a t e in terms of the 
vapor p re s su re . The high temperature vapor 
pressure of U0; i s important in ana lys i s of nuclear 
fuel meltdown acc iden t s . 

The reac t ion of modulateu beams of atomic 
hydrogen with UO2 and several candidate i n su l a to r 
mater ia l s for fusion r eac to r s (AI2O3, SiCJ w i l l 
be s tud ied . The s t a b i l i t y of i n su l a to r s in a 
hydrogen-rich plasma evironment i s important t o 
the successful functioning of a con t ro l l ed thermo­
nuclear r e ac to r . 

The radiat ion-enhanced corrosion of graphi te 
by t r ace impur i t ies (I^O, C0 2) in the coolant 
stream of the high temperature gas cooled reac to r 
w i l l be inves t iga ted using the Van de Graaff 
a c c e l e r a t o r . In add i t i on , the homogeneous 
r a d i o l y s i s of the water gas s h i f t reac t ion w i l l be 
s tud ied . 
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1. D. R. Olander, Perspect ives on Nuclear Power, 
Environment Fi Energy Section of the Commonwealth 
Club of Ca l i fo rn ia , Nov. 3 , 1975, San Franscisco. 

2. I). R. Olander, Nuclear Power, Northern Cal i f . 
Geological Soc . , Oct. 15, 1975, San Franscisco. 

3. D. R. Ulander, Laser Vaporization of So l ids , 
Amcr. Chem. S o c , Chicago, Aug. 27, 1975. 

4. IJ. R. Olander, Hydrogen Attack of Fusion 
Reactor F i r s t Walls made of Graphi te , American 
Nuclear Society Winter Meeting, Nov. 19, 1975, 
Sai, Franscisco. 

5. V. Krugcr, The Kinetics of Radiolyt ic Gas Phase 
Reactions by Modulated Molecular Beam Mass 
Spectrometry, 23rd Annual Conf. on Mass Spectro­
metry, Houston, Texas, May 30, 1975. 

6. D. R. Olander, Evaporation of Solids by Laser 
Pulses , 23rd Conf. on Mass Spectrometry* Houston, 
Texas, May 30, 1975. 
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7. A. Machiels, Hie Reaction of Huorim and 
Urajiiiuii Dioxide Invest igated hy Modulated Molecular 
Beam Miss Spectrometry, California Cata lys i s 
.Society, Los Angeles, Nov. 7, 1975, 

8. A. Ullman, ihO - D?0 Isotope lixchange on 
Pyrolyt ic Graphite, Cal i fornia Cata lys is Society, 
Los .Angeles, Sow ?, 1975. 

LBI. Reports 

1. A. Ullman and D. H. Olander, Analysis of 
Nonlinear Reactions in Modulated Moelcular Beam-

Surface experiments, LBL-4130, Aug. 1975. 

2. V. R. Kruger and D. :<. Olander, Oxygen 
Radiolysis by Modulated Molecular Beam Mass 
Spectrometry, LRL-2727 Rev., Aug. 1975. 

3. D. R. Olander, Two-Up, One-Down Ideal Cascades 
for Isotope Separat ion, LBL-4103, Aug. 1975. 

4. D. R. Olander, Design of Ideal Cascades of Cas 
Centrifuges with Variable Separat ion, LBL-3S51 Rev., 
Sept. 1975. 
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c. Crystallization Kinetics 

Lee F. Dcwzghey, Principal Investigator 

In t roduc t ion . This research program i s con­
cerned with the c h a r a c t e r i z a t i o n of chemically 
r eac t i ve processes useful in the prepara t ion of 
s o l i d - s t a t e m a t e r i a l s for energy conversion 
a p p l i c a t i o n . Of p a r t i c u l a r i n t e r e s t a re processes 
for prepar ing c r y s t a l l i n e films and coa t i ngs , 
such as chemical vapor depos i t ion , r eac t i ve 
spu t t e r ing and l i q u i d phase ep i t axy . The program 
u t i l i z e s the coordinated con t r ibu t ions of the 
following suhprograms: {]) The thermodynamic 
p rope r t i e s of inorganic compounds and s o l i d 
so lu t ions a re s tudied by high temperature e l e c t r o ­
chemical c e l l s using so l id e l e c t r o l y t e s . 
(2) The reac t ion k i n e t i c s of plasma, vapor and 
l iqu id phase growth processes a r e explored through 
reac t ion r a t e s t u d i e s . (3) Heteroepi taxia l 
c r y s t a l l i n e l ayers and films are charac te r ized 
by d i f f r a c t i o n , e l e c t r o n i c and op t i ca l methods 
to deduce the inf luence of process va r i ab les on 
physica l p r o p e r t i e s . (4") The t r anspor t processes 
and ene rge t i c s of these processes are s tudied 
a n a l y t i c a l l y and by computer s imulat ion, These 
subprograms are coordinated t o deduce t he 
influence of process va r i ab l e s on s t r u c t u r a l and 
e l e c t r o n i c d e f e c t s , and to provide a comprehensive 
b a s i s for i n d u s t r i a l process design. 

1. THERMODYNAMIC STUDIES 

T. .J. Anderson and L. F. Donaghey 

Solid s t a t e electrochemical techniques were 
u t i l i z e d for the study of some thermodynamic and 
k i n e t i c p r o p e r t i e s of Group I I I and V semiconduct­
ing m a t e r i a l s . 

The sesquioxides of Ga and In a re important in 
semiconductor processing and 1^03 i s used as a 
th i ck film r e s i s t o r . 4 The Gibbs energies of 
forming the Grorp I I [ sesquioxides were d i r e c t l y 
measured with a so l i d s t a t e galvanic c e l l 
employing c a l c i a - s t a b i l i z e d zirconia as the so l id 
e l e c t r o l y t e . This c e l l can be schematical ly 
represented a s ; 

P t | C | M I H , M^Ojl lCSZlICO, a > 2 | P t (11 

where M i s the Group I I I meta l . A reference 
oxygen a c t i v i t y was es tab l i shed from the high 
temperature equi l ibr ium of CO and 0 )3 . Analysis 
of the developed c e l l po t en t i a l measurements 
produced the following expressions for the 
formation f ree energ ies : 

AG^(6-Ga?03) = 265,30n(±lSO) 

/M^flnjOj) = -223,160(tl40) + 

Comparison was made to other reported f iee 
energies by a thin) law ca l cu l a t i on with the data 
of t h i s inves t iga t ion proving to be the mest 
c o n s i s t e n t . 

Solid s t a t e electrochemical c e l l s were ctiiploycd 
to reasure gallium a c t i v i t i e s in Ga-Sb l iquid 
a l l o y s . A survey of the ava i lab le l i t e r a t u r e 
indicated gallium a c t i v i t i e s Hinging from moderately 
p o s i t i v e to s t rongly negative devia t ions from 
Raoults law. ihe r e s u l t s ot t h i s Inves t iga t ion 
showed moderate negative devia t ions frons i d e a l i t y 
in the composition range U.039 ^ x ^ < 0.833. 
I-'rom the temperature dependence of the measured 
a c t i v i t i e s , p a r t i a l molar en tha lp ies and en t rop ies 
were ca l cu la t ed ; these .ire within experimental 
e r r o r , in agreement with ca lor imet r ic data-'-"* to 
ca l cu l a t e the l iqujdns temperature of the Ga-Sb 
system: the r e s u l t s were in excel lent agreement 
with measured l iquidus temperatures. Hie effect 
of short - range ordering was a lso inves t iga ted . 

Coulometric t i t r a t i o n techniques were used to 
inves t iga te the s o l u b i l i t y and diffusivU'y of 
oxygen in iiquid indium. Dissolved atomic oxygen 
was found to follow Henry's [aw and :i s a tu ra t ion 
s o l u b i l i t y of XQ 3 * *• 3.3*10"-** was determined at 
908°X. Prom a ga lvanus ta t i c response of an indium 
e l e c t r o d e , an oxygen d i f f u s i v i t y of 2.2'1'J' 1- 1 

cm s e c - * was found, in good agreement with a 
previous s tudy.* 

The app l i ca t ion of Cal-i as a sol id e l e c t r o l y t e 
to the study of Group U P a n d V mater ia l s has 
several advantages over the oxide e l e c t r o l y t e , in 
that e lec t rodes containing Al can be used, lower 
working temperatures are acces s ib l e , and rapid 
response allows so l id so lu t ions to be i n v e s t ; r s t e d . 
In view of these , several experimental galvanic 
ce l l conf igurat ions using Cal'2 are under study. 

/in iner t gas purifier was constructed und 
charac te r ized . Ihe purifying device was designed 
s p e c i f i c a l l y to reir:ovc oxygen and consis ted of a 
two stage process , using a molecular s ieve as an 
i n i t i a l bulk g e t t e r and than hot Ti sponge to 
obtain the f inal p u r i t y . A CSZ monitor.ng galvanic 
c e l l was used to cha rac te r i ze the p u r i f i e r 
performance. As an example of i t s c a p a b i l i t y , Ar 
flowing a t a r a t e o r 00 cc/min was pur i f ied to 

+ 82.47f±0.16) T kcal/mole 

?9.4?(±0.12) T kcal/mole 
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5.4*l(rJ9 atm partial pressure of oxygen with the 
purifier operated at a temperature of 670°K. 

1. .J. II. h. Hewn, J. Solid State Chem. 8, 142 
H97y}. 
2. B. I'rodel, and D. I'.. Stein, J. Less Common 
Metals 24_, 391 (1971 J. 
3. A. Tazawa, T. Kawashinia and K. Itagaki, 
J. Japan Inst-Metals 52, ]78S (]9bS). 
4. K. A. Klinedinst, and I). A. Stevenson, .). 
I-:ioctrochcm. Soc. 120, 304 (!973). 

2. VAKW PilVSL ITCHING KINETICS OI; GaP 

C. Piguerca and L. I-'. Honaghey 

'Ihc kinetics of vapor phase etching of GaP in 
Ib-I'lr^-XHs-iCl gaseous mixtures is under study by 
thermogravimetric analysis to determine the 
mechanisms and characteristics of vapor phase 
etching, and to determine conditions for optimum 
surface preparation prior to epitaxial growth. 

Mechanisms for nitrogen incorporation into 
gallium phosphide, CaP, during vapor phase growth 
were studied. It is proposed that the anomalous 
solubility is governed by relatively strong 
adsorption pf ammonia molecules on selective sur­
face sites. 1 It is shown that nitrogen alreadv 
in the bulk solid attracts electrons from the 
adjacent surface gallium atoms which make these 
particular gallium atoms slightly more positive 
relative to other surface gallium atoms. The 
;immonia molecule {XH3J would therefore have a 
longer residence time on these selective sites 
and a greater probability of nitrogen incorporation. 
The proposed model allow* several phenomena to be 
supported by existing experimental evidence.*'-
Jn particular, by increasing the ammonia partial 
pressure, the larger amrconia surface coverage 
decreases the epitaxial growth rate. Also, the 
magnitude of nitrogen incorporation into gallium 
phosphide during vapor phase growth varies almost 
linearly with ammonia partial pressure. 

Vapor phase etching of (100W111) gallium 
phosphide substrates using HCl-lb-PII^ gas mixtures 
is currently under study with both doped and 
undoped galli"" phosphide samples. The optimal 
conditions f.j processing smooth surfai.es suitable 
for vapor phase • jxy is one objective of the 
study. 

1. (-. B. Striiigfellow, M. 1:. Ueiner and It. A. 
Burmeister, .J. l.lcctrojiic Materials 4, 3b2 (1975). 
2. K. \\. lu-sscls, .!. I lectrochem. Soc. 122, 402 
(1975), 

3. Rucnvi: si'irm-.iuNt'. oi- n-c-x coMPinsns 

R. Gentile and L. |:. llonaghey 

Ti-C-N compounds have potential use as 
refractories in coal gasification reactor, where 

erosion-corrosion problems occurs under severe 
conditions (700-?.000°K; 6-10(1 'tmj. 1 Reactive 
sputtering is a way to produce a study of phases 
in this system tnat coui:J occur by diffusion of 
the gases through a Ti-.\ refractor/. On the other 
hand, the sputtering parameters needed to produce 
a film of given composition and structure from 
reactive ^puttering with various reactive gases 
should be oi interest, and fire under study toward 
the further development of this process.-

The reactive sputtering of Ti in a nitrogen-
argon or NK];-Ar rf plasma is under study to 
determine th;i threshold for target oxidation, and 
similarities to the previous study for TiO^.3 
Similar behavior of Ti(>> and TiN at lower partial 
pressure of reactive gas are expected.4 The study 
of the reactive sputter deposition of TiC is also 
planned. The reactive i.putterir.g oi Ti in NH3, 
CH4, Ar plasmas will enable us to study the 
physical properties of different ph; es and 
compositions of films in the Ti-C-N system. 

1. A. M. flail, Material lingineering SOU J, 16 
(1974). 
2. L. .•!. Reifaer, Le Vide 28, 168, 242 119751. 
5. K. C. Geraghty, LBL-27SS-
4. I!. Gerstenherg, Ann. Physik U_, 554 (1965). 

4. HlTUiOhPITAXlAL GROWTH Of GaAs l:0R SOLAR CELL 
ArTLICATiaS 

A. Lin, R. deBernardy and L. i:. Donaghey 

The GaAs solar cell is considered one of the 
attractive solar energy converters for terrestrial 
application, because of its high efficiency, lack 
of thermal degradation and relative insensitivity 
to temperaf :r as compared to cells made from 
narrower band gap semiconductors. The use of 
heteroepitaxial GaAs film on a suitable cheap 
substrate appear to be a promising approach for 
the fabrication of stable, high efficiency and 
yet economical solar cells. 

For heteroepitaxial growth, it is important to 
have the growth reaction free of any etching 
species, such as halides, to prex-ent contamination 
by elements from t!<e substrate. Also, a method 
by which the film can be grown at low temperature 
is also essential for heteroepitaxial growth, since, 
most readily available low-cost substrates have 
a thermal expansion coefficient differing from 
that of GaAs. Based on these facts, the thermal 
decomposition of trimethyl gallium GatQ^lj (TMG) 
and arsine AsH^ in a lb gas flow system was chosen 
for the chemical vapor deposition of GaAs. 1 

The growth apparatus constructed in this study 
is shown in Fig. ]. It consists principally of a 
water-cooled vertical quart: reactor, a pyrolytic 
graphite pedestal which can be inductively heated, 
glass bubblers containing the liquid metal-organic 
compounds, appropriate flowmeters for monitoring 
gasos and stainless steel tubings and joints. TMG 
is transfered by bubbling ll;> through the TMG 
container. 

http://surfai.es
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Fig. 1. Schematic diagram of the one meter 
Cassegrain balloon telescope. The telescope will 
be suspended at 45° to the zenith from a balloon 
at an altitude of - 100,000 ft. The rotation of 
the telescope at " 2 rpm combined with the 
rotation of the earth provides a scan of the 
northern sky in 24 hours of observing time. 

(XBI. 7510-7473) 

This project is partially supported by a grant 
from the Director of the LBL. 

7. SURFACE MAGNETIC RESONANCE IN 14iF, 

Robert B. Bailey and Paul L. Richards 

A sensitive magnetic resonance spectrometer 
employing a 100-kg superconducting solenoid has 
been constructed in an attempt to detect surface 
spin states in the widely studied antiferromagnet 
M n F r 

In zero field the bulk antiferromagnetic 
resonance (AFMR) frequency of 8.7 cm'l is deter­
mined by the anisotropy and by nearest neighbor 
exchange interactions in the crystal. Surface 
spins experience smaller exchange forces and 
should have lower resonant frequencies. A simple 
theoretical model predicts that the collective sur­
face excitations split off from the bulk mode by as 

much as 2.5 c m " . Ihosi1 surface modes should have 
penetration depths averaging fiyc atomic layers 
and involve approximately 4*-11M:I spins per enr of 
surface area. There has as yet been no experi­
mental verification of surface spin states in any 
material. 

Three different spectroscopic techniques have 
been used to study the MnF2 spectrum. Fourier 
spectroscopy has been limited by the power 
available at 8.7 cm"* from broadband thermal 
sources and by detector sensitivity. ;\ntiferro­
magnetic resonances with a minimum of b*l()l7 spins 
and linewidths less than the 0.1 cm"* instrumental 
resolution were observable in the frequency range 
6-9 cm"' . Single crystals showed only the bulk 
resonance while a powder sample ground from the 
same crystal and with an effective surface area 
of 3000 cm4- showed four additional modes between 
7.4 cnT* and 8.3 cm"*. Some of these modes have 
the intensiry expected of surface states. 
Positive identification can be made only on 
single crystal smaples where one surface at a time 
can be studied. 

Bulk and surface spin wave modes in MnF^ should 
both be split linearly with a g-factor of two 
in magnetic fields applied parallel to the c-axis 
of single crystal. We have studied the low 
frequency branch using field-swept microwave 
resonance techniques at 10 GHz and 150 GHz. At 
150 GHz simple transmission measurements were 
capable of detecting 2*10^4 spins in the bulk 
AFMR mode whose linewidth was 300 gauss. No 
additional resonances could be identified, sug­
gesting that the surface modes are cither 
substantially broadened, they penetrate fewer 
than five layers, or they lie very close to the 
bulk mode and cannot be distinguished from it. 

At 10 GHz a bridge sepctrometer has been built 
with an AFMR sensitivity of 2*10-- spins for the 
measured bulk linewidth of 100 gauss. Operation 
of a superheterodyne ::idge spectrometer at high 
microwave power levels, in fields up to 1.10 kg, 
and at modulation levels of several hundred gauss, 
places extreme demands on the mechanical stahility 
of the microwave components and the frequency 
stability of the klystrons. The required spectro­
meter performance has nearly been achieved. Its 
sensitivity will be sufficient to detect surface 
modes penetrating only one atomic layer if their 
lincwidthf. are no larger than a kilogauss. 

8. ELECTRON SURFACE STATES IN LIQUID HELIUM 

David !v. Lambert and Paul L. Richards 

A project has been initiated to study electrons 
trapped at the surface of liquid helium by a 
:ombination of electrostatic "image" attraction 
a.'irl short range "exchange" repulsion. Microwave 
stU'Hes of this system by others have yielded many 
new e cfects. These include the observation of 
transitions between the Stark-shifted energy levels, 
and electron cyclotron resonance. 

By extending these measurements to higher 
frequencies we expect to be able to study the 



5. Moiihi.iNi; or A \ 3 T I C - \ I OUNIIHR KKACTOR ran 
QIBUCAL \APOK IMPOSITION 01- SILICON 

C. W. Manke and L. P. Donaghey 

Heat, momentum and mass transfer in vertical 
cylinder reactors was studied both analytically 
and experimentally to develop a reactor design 
thats maximizes the chemical efficiency and 
deposition rate unformity of silicon from H?-SiCl^ 
rcactant mixtures, 'fire growth rate of silicon 
is showr. to van' with the square root of tempera­
ture. Thus, considerations of heat transfer in the 
reactor arc essential to the develop*sent of models 
for the deposition rate profile. Contrary co , , 
models that have heen published in the literature,"'" 
the results indicate that temperature is increasing 
over most of the susceptcr length at typical flow 
velocities as shown in Fig. 1. The growth rate 
distributions predicted by this work differ signifi­
cantly from those predicted by fully developed 
temperature growth j-ate models as shown in Fig. 1. 
A comparison of experimental data with the predicted 
rates indicates that the methods developed in this 

2.5 

•* „-Eversteyn 

°5 10 15 20 25" 30 
Position Along the Susceptor, z (cm) 

Pig. 1. Silicon epitaxial growth rates, predicted 
by several models compared with experimental data. 

(XBL 764-952a) 

work give a much better description of growth rate 
variation in the vertical cylinder reactor than do 
models based on a fully developed temperature 
distribution. 

6. PROCESS CONTROL APPLICATIONS OF MICROCOMPUTERS 

D. Jacobs and L. F. Donaghey 

Microcomputer-based systems and control 
algorithms are being studied to devise methods for 
controlling important chemical processes, such as 
chemical vapor deposition and diffusion at high 

temperature. An initial study of thermal control 
has already been reported by Sem.1 

In the broad sense we are exploring the possi­
bilities of jsing a microcomputer system as the 
single controller of several control loops with 
a high degree of accuracy, despite its computational 
limitations and restricted memory capacity. 

The experimental sy^em was built around the 
Intel 8080 microproces -. Kith this system a 
finite time setting de. beat controller was 
implemented t:> achieve, c., ripple free thermal 
response with no over-sh. t of a tube furnace. 
Takahashi" states that the use of this method is 
limited to systems whose i: •namic parameters are 
completely known. In prat ce, however, this 
requirement is not readily .chievable. IVe have 
identified the plant parameters by an interactive, 
on-iine model-reference adaptive system f>3*AS) 
that recomputes the control parameters until 
complete identification has been achieved. This 
process compensates for the e ">r introduced by 
considering the plant as a lii \r system. The 
MRAS algorithm that was found 'plicable to thermal 
control problems is a series-p. illei type. 

Simulations on the CDC 6400 :gest that very 
good results can be obtained by :ie above method. 
Theory docs not yield a general solution for this 
problem, however, and a new dead-beat compensator 
must be computed for each new set-point since the 
latter is dependent upon the number of saturated 
control steps; this is not possible in practice. 

An original method of power control has been 
designed and tested in the course of the project. 
This controllable power source is used for studies 
of thermal control. The power control is obtained 
by analog and digital circuitry, eliminating the 
need for a digital-to-analog converter at the 
computer output. 

1. T. Seim, Technical Report BMKL 1975, Battelle, 
Nov. 1973. 
2. T. Takahashi, et al., Control and Dynamic 
Systerns (Addison-Wesley, 1970). 

7. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Lee ¥. Donaghey 

The control of heterogeneous nucleation and 
growth of GaAs on thin film and bulk substrates 
of metals and insulators will be studied with 
the objective of improving the grain size in 
polycrystalline GaAs for low-cost solar cell 
applications. Theoretical analyses of the effects 
of thermal cycling and process rate transitions 
will be initiated to predict methods of grain 
size enhancement in polycrystalliiie GaAs layers. 

The emission spectra of reactive sputtering 
plasmas will be studied to determine plasma 
species formed during the reactive sputtering of 
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t i t an ium by gaseous mixtures of argon, oxygen, 
methane and n i t rogen , file appl ica t ion of op t ica ] 
measurements to monitor t r ans i en t t a rge t oxidation 
phenomena wi l l be explored. Methods of preparing 
t i t an ium compounds with con t ro l l ed s to ichiometr ics 
wi l l be explored. 

Study of the systematics of the thermodynamic 
p rope r t i e s of compound semiconductor so l id 
so lu t ions w i l l be undertaken to develop methods 
of t i e l i n e p red ic t ion in multi-component systems. 
S o l i d - s t a t e electrochemical s tud ies wi l l u t i l i z e 
CaF2 e l e c t r o l y t e s for determining a c t i v i t y 
coe f f i c i en t s in se lec ted a l loys useful in e i e c t r o -
o p t i c a l devices . 

Manuscripts are in prepara t ion on the following 
t o p i c s : c r i t i c a l and t r anspor t p roper t i e s of 
v o l a t i l e s i l i c o n compounds; divergent x-ray s tudies 
of l i qu id phase epi taxia ' . IJI-IV he t e ros t ruc tu re s ; 
divergent x-ray s tud ies of (111) GaAs and (111) InP 
subs t r a t e s and homjepitaxial l a y e r s ; analys is of 
t r a n s p o r t processes in v e r t i c a l cyl inder epitaxy 
r e a c t o r s ; vapor phase e t c h i n g ' k i n e t i c s of (100) 
GaAs in HCI-H2; anomalous diffusion in t r a n s i t i o n 
metal su l f ide e l ec t rodes ; d i r e c t d i g i t a l control 
algoritlims for thermal process control by 
microcomputers. 

S. 1975 PUBLICATIONS AND REPORTS 

Lee F. Donaghey and Associates 

Journals 

1. Lee F. Donaghey and R. I!. Biss i^ger , 
Charac ter iza t ion )f GaAs Subst ra tes and Epitaxial 
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J . E lec t ron ic Mater ia ls £ , 131-158 (19751(131.-1872). 

2 . Lee F, Donaghey, C r i t i c a l Path Planning of 
Graduate Research, Chemical Engineering Education 
9, 192-195, 205 (1975) (LBL-4135). 

3. Lee I-'. Uonaghey and Steven R. Styer , Vapor 
Pressure of Zn and As during Closed-System Zn 
Diffusion in to GaAs from a Za'\s-> Source, Mat. Res. 
Bul l . 10, 1297-1304 (1975)(LBL-4134). 
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1. L. F. Donaghey, Chemical Effects of Alloying 
Elements in Nickel-Base Alloys for Dent i s t ry , 
Dental Laboratory Conf., San Francisco, G\, 
January 24-25, 1975. 

2. L. F, Donaghey, Studies of Physical and 
Reactive Sput te r ing , Annual Review Symposium of 
the Mater ia ls and Molecular Research Division of 
the Lawrence Berkeley Laboratory, Feb. 4, 1975. 

3 . L. F. Donaghey, Superalloy-Ceramic Systems 
for Dental P ro s the t i c s , ] ]0 th Midwinter Meeting, 
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1975. 

'I. L. F. -tonaghcy, Technology and CommerckO 
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and Environment Seminar, Universi ty of Cal i forn ia , 
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5. L. F. Donaghey, Welcoming Remark; and 
In t roduct ion , Third Annual Elec t ronic Mate i ia is 
Symposium, Palo Alto , CA, March 20, 1975. 

6. L. F, Donaghey, Recent Developments in Chemical 
Processing of Electronic Ma te r i a l s , Solid State 
Seminar, Universi ty of Ca l i fo rn ia , Berkeley, G\, 
April 9, 1975. 

7. L. F. Donaghey, Processing o( Electro-Optical 
and Magneto-Optical Films, Iter «nt of Chemical 
Engineering, Universi ty Colli c -ndon, England, 
Sept. 15, 1975 

8. L. !-. Donaghey, Sol id-Sta te Electrochemical 
Studies Related to the Processing of III-V Semi­
conducting Compounds, Department of Metallurgy and 
Mater ia ls Science, School of Mines, Imperial 
College of Science and Technology, London, England, 
Sept. l b , 1975. 

9 . I.. l : . Donaghey, liigh Voltage Electron Microscopy 
of Phase Transrorm.itions in S t e e l s , P i le Radiation 
CLcmistry Divis ion, AERK Harwell, Didcot, 
Berkshire, England, Sept. i 3 , 1975. 

10. !.. F. Donaghey and Steven R Styer , Monitoring 
of Vapor Pressures of Croup II and V Elements 
During Vapor Phase Crystal (irowth, Fifth In tern . 
Conf. on Chemical \*apor Deposition, Conference 
Center, Fulraer Grange, Stoke Pogcs, Buckinghamshire, 
liigland, Sept. 22, J 9 7 5 . 

11. I.. F. Donaghey and Kenneth G. Ceraghty, 
Kinetics ol' the Reactive Sput ter Imposition of 
Titanium Oxides, Fifth Intern . Conf. on Chemic::' 
\'apor imposit ion, Conference Center, Ful.mer Orange, 
Stoke Poges, Buckinghamshire, England, Sept. 25, 
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12. L. F. Donaghey, Vapor Phase Etching and (Irowth 
of l l l -V Compounds, Allan Clark Research Division, 
Plessey Co, Ltd . , Caswell, Towcester, England, 
Sept. 2ft, 1975. 

LBL Reports 

1. L. F. Donaghey, Process Monitoring with an 
800S Microprocessor, LBL-3947, Aug. 1975. 

2. S. R. Styer and L. F. Donaghey, Determination 
of the Width of the GaAs+InAs2 Two Phase Region 
in the Ca-As-Zn System by Optical Absorption 
Spectroscopy, LBL-5973, July 1975. 

3. K. G. Geraghty and L. I-'. Donaghey, Kinetics 
of the Reactive Sputter Deposition of TiO K Phases, 
LBL-3974, 1975. 

4. S. R. Styer and L. F, Donaghcy, Monitoring of 
Group II and V Elements in Vapor Phase Crystal 
Growth Processes by Optical Absorption Spectroscopy, 
LBL-3975, 1975. 
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5. X. K. Rubin, G. H. Bobba an.' J. I". Donaghey, 
Application of Control Flags in Microcomputer 
Programming, LBL-39H1, J u l / 197;. 

b. k. Pong and L. F, Donaghey. r;H?rmodynamJ c 
Studies of Ga-fn Liquid Alloys i / - Sol id-Sta te 
Electrochemistry with Oxide E l i v t r o l v t e s , LBL-4107, 
1975. 

7. K. G. Ccraghty and I.. I :. Donaghey, Effect of 
Target Oxidation on Reactive Sput ter ing Rates of 
Titanium in Argon-(Uvgon PlaMins, l.BL-4110, 
Aug. 197?. 

S. T. J . Anderson and L. 1 :. Donaghey, Sol id-Sta te 
Electrochemical Study of the Free-Energy of 
Formation of 6-Gallium Sesquioxide Usinp a Calcia-
S tab i l i zed Zirconia E l ec t ro ly t e , l.BL-4128, 
Aug. 1975. 

9. L. F. Donaghey, Microcomputer Systems for 
Chemical Process Control , LBL-4129,'Aug. 1975. 

10. T. J . Anderson and L. F. Donaghey, Sol id-Sta te 
Electrochemical Study of the Free linergy of 
Formation of Indium Sesquioxide, LBL-4137, 
Aug. 1975. 

11. G. M. Bobba and L. F. Donaghey, A Micro­
computer System for Real-Time Monitoring and 
Control of Gas Chromatography, LBL-4138, Sept. 1975. 

12. C. ' Bobba and L. F. Donaghey, A Micro­
computer .'stem for Analysis and Control of 
Multiple .as Chromatographs, LBL-4159, 19?5 

13. G. M. Bobba and L. F, Donaghey, Microcomputer 
System Interfaces for Process Monitoring and 
Control Applications, LBL-4140, Dec. 1375. 

14. G. M. Bobba and L. F. Donaghey, A Real-Time 
Clock for Process Monitoring and Control with 8-bit 
Microcomputers, LBL-4141, Dec. 1975. 

15. G. M. Bobba and L. F. Donaghey, Improved 
Floating-Point Mathematical Subroutines for Intel 
8008 and 8080-based Microcomputers, LBL-4143, 
Dec. 1975. 

16. T. J. Anderson and L. F. Donaghey, Solid-State 
Electrochemical Studv of Ga-Sb Liquid Alloys, 
LBL-4153, Sej.t. 1975'. 

17. T. J. Anderson and L. F. Donaghey, Determina­
tion of the Solubility of Oxygen in Liquid Indium, 
LBL-4577, Dec. 1975. 

18. Timothy James Anderson, Thermodynamic and 
Kinetic Studies of Some Group ITI and Group V 
Elements and Allovs by Solid State Electrochemical 
Techniques, (M.S.' Thesis) LBL-4148, Oct. 1975. 

19. Raymond Pong, Thermodynamic Studies of Ga-In, 
Ga-Sb and Ga-In-Sb Liquid Alloys by Solid State 
Electrochemistry with Oxide Electrolytes, 
(M.S. Thesis) LBL-2765, April 1975. 

20. Steven Roy Styer, Optical Absorption Study 
of Phase Equilibria in the Ga-As-Zn and Gn-As-Cd 
Systems with Application to Design of Diffusion 
Processes, (M.S. Thesis) LBL-3586, June 1975. 
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d. Electrochemical Phase Boundaries 

Rclf MulUiv, Principal Investigator 

i . OPTICAL STUDIES OF ELFCTRC'OILMICAL INTKRFACI-S 

a • ElUy'Sometry of Boundary' Layers 

Craig G. Smith and Rolf H. Muller 

Electrochemical r e a c t i o n s , such as those 
involved in the charging and discharging of 
ba t te ry c e l l s , a re accompanied by ionic t ranspor t 
in the so lu t ion . The r e su l t ing change in the 
e l e c t r o l y t e composition at the e lec t rode can 
g r ea t l y a f fec t the e lec t rode r eac t ion , The 
experimental determination of i n t e r f ac i a l con­
cen t r a t ions i s therefore of continuing i n t e r e s t . 

F.llipsometry has been es tab l i shed :-,* a new 
technique for the obsen 'a t ion of boundary l aye r s . 
This technique complements t ha t of l ight i n t e r ­
ference, in tha t i t i s usual ly not s ens i t i ve to 
the geometrical extent of the region of changed 
concent ra t ion , but depends only on the concentra­
t i on di f ference between bulk f lu id and in te r face . 

Fig. 1. Determination of i n t e r f a c i a l concentra­
t i on by e l l ipsometry . Horizontal Cu e lec t rode 
facing down. • Deposition from 0.2M C11SO4, 
O o d i s so lu t ion in to 0.2M C11SO4. Solid curves 
expected from Sand equat ion 4 with 
D = 5 * 10" & c m 2 / s , t . = 0.385. fXBL 7510 7440) 

The op t i ca l effect o( boundary l aye r s , whic 
arc op t ica l l) - inhomogencous, can he computed b 
use of models that employ a large number o\~ 
homogeneous l ayers . Under typical t ransport 
condi t ions , the effect of electrochemical ma^s 
t ranspor t boundary layers on e l l ipsometer meas 
ments can, however, be represented by a much 
simpler m o d e l . ' ' - This model i s based on the 
def lec t ion in the boundary Liver and the r e su l 
change in the angle of incidence at the e l e c t r 
surface . 

light 
ant 
\ie 

lixperimerits have been conducted with the dis­
solution and deposition of copper. 'Hie use of 
fill) and 1100) single crystal faces, as electrodes 
has reduced changes in surface roughness during 
experiments. A current interruption technique, 
in combination with our fast self-compensating 
el 1 ipsometer,-1 has further facilitated the 
isolation of boundary Liver effects. Lxperimenial 
results l\,r the interfacial concentration during 
metal deposition and dissolution on an electrode 
facing down agree well with theoretical expecta­
tions in the absence of convection and deviate 
from theory after convection sets in (Fig. I*. 

The interpretation of i_n situ measurers-its of 
solid electrochemical surface layers can be 
improved by considering boundary layer effects. 

1. R. H. Muller and C. (*.. Smith, III 1 ipsomet ry of 
Mass-Transport fioundary Layers, 3rd Int. Conf. nn 
Hllipsometiy, Sept., I9"5. Proceedings to he 
published in Surface Science (LRL-59.29, .Sept. 19~5l 
2. C. G. Smith, Hffect of Mass-Transport Roundan. 
Lavers on the Lllipsometrv of Surfaces fM.S. 
Thcsisl ("LBL-3903, December 1975). 
5. II. J. Mathicu, H. H. McClurc, and \i. H. Muller, 
Rev. Sci. Inst rum. 45, "89 (19"4). 
4. II. .1. S. Sand, Phil. Mag. H o ) , 45 [19011. 

b. Lll ipsometry of Anodic Films 

Craig G. Smith and Rolf II. Muller 

Fllipsomcter measurements of a growing oxide 
film in the anodic dissolution of Cu in 0.1M CuSO.j 
are shown Fig. 1. Up to point I'l the observations 
closely follow computations for a homogeneous film 
of refractive index 2.45 - i 0.60. Transport 
theory indicates that near this point the int&r-
facial concentration of CuS0 4 reaches its 
solubility limit. Independent evidence for the 
formation of compact and porous oxide layers under 
different conditions is shown in Fig. 2. 
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Fig. 1. Variation of A and V* for Cu dissolution in 
0.] M CuSÔ  accompanied by oxide film growth. 
Convcctive diffusion with Re = 600 corresponding 
to an average linear flow velocity u = 8.7 cm/s. 
Film thickness indicated along curve. Electrode 
area 3.2 cm'-. Cuirent densitv varies from 140 to 
17S mVan2. (XBL 7510-74411 

407 mA/cm2 

Re-3060 
t * 5.9 sec 

240 mA/cm2 

Re-2310 
t "10 sec 

Fig. 2. Scanning-electron micrograph of compact 
and porous copper oxide films grown in 1 M NaC103, 
under different electrode current densities and 
electrolyte flow rates. (XBB 7410-7016) 
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c • Automatic J : 1 l ipsometers* 

Rolf H. Mil ler 

Operating print-*.!..'?? and capabilities of 
presently built autoinatk. eli:psometers have been 
reviewed. The instruments i>ave been classified 
according to their optical j>i nciples of operation. 
The principal categories ar- t jmpensating and 
nor.-compensating operation. Previously proposed 
criteria for comparing the performance of automatic 
ellipsometers1 have been uniformly applied. 
Compensating instruments provide best accur.-uy, 
and non-compensating instruments show fastest 
response. 

Abstract of invited paper, 3rd Int. Conf. on 
Ellipsometry, Sept. 1975. Proceedings to be 
published in Surface Science (LBL-3930, Sept 1975) 
1. R. H. Muller and H. 
2212 (1974). 

J. Mathieu, Arpl. Opt. 1_3, 

d. Thin Electrolyte Films 

Michael L. Sand and Rolf H. Muller 

The dynamic behavior of thin electrolyte filmi-, 
which occur on gas electrodes and in corrosion 
processes on metal surfaces, has been studied by 
the photographic observation of interference 
colors.* The drainage of films with thicknesses 
of the order of In from polished vertical metal 
surfaces has been found to be much slower than 
predicted by theory (Fig. 1). Efforts to eliminate 
particulate impurities as a possible cause of the 
deviation are in progress. 

The computed series of interference colors has 
been compared with observations, using cryolite 
films on chromium and aluminum near the optimum 
angle of incidence. Good agreement has confirmed 
thv validity of the colorimetric computations 
[Fig. 2). 
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Pig. 1. Film thickness profiles of 9.2N aqueous 
potassium hydroxide during drainage from a 
vertical platinum electrode. Ihickncsses derived 
from interference colors of polarized light. 

(XIII 756-3148) 

1. M. L. Sand, Light Interference in Electrolyte 
Films on Metals (M.S. thesis), LBL-3589, June 1975. 
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Fig. 2. Comparison between (a) calculated and 
(b) observed color series with color transitions 
occurring at film thicknesses determined by 
ellipsometry. Cryolite film (refractive index -
1.34) on chromium substrate (refractive index = 
2.23-1.23i), angle of incidence 72°, S-polarized 
light (3200°K tungsten). (XBL 761-2132) 



e. Ltser Yelocimetry 
Calvin 1. Chew ajid Koli" if. Muller 

A laser Itoppler velocimetcr has been constructed 
to provide direct e\idcnce of the three-dimensional 
flow fields in electrochemical boundary layers 
under combined forced and natural convection; 
the existence of such fields has been inferred 
from interferometer observations. 'Ihe instrument 
samples an unusually small liquid volume 

(50 v diamoter) and can operate in either the 
differential or reference mode (Figs. 1 and 2). 

Experiments have confirmed the theoretically 
expected optimum size of light-scattering 
particles to be 0.5-1 p. The effect of light 
deflection due to the presence of refractive 
index gradients has been analyzed theoretically 
in order to correct for the geometrical dis­
placement of the observed volume element. 

ig. 1. Confocal backscatter laser velocimeter, 
differential mode. 

A - laser, B - beam splitter, 
C - incident light beams, 
I) - mirror with transparent areas for incident 

beams. 
sampled volume element with measured 
transverse velocity component v 
backscattered light, G - spacial filter 
spectral filter, I - iris diaphragm, 
photomultiplier fXBL 762-2196) J 

M ^ i 
Fig. 2. Confocal backscatter laser velocimeter. 
reference mode. 

C - incident light beam, 
D - mirror with transparent center area 
E - sampled volume element with measured 

longitudinal velocity component u 
K - beam splitter 
other parts as in Fig. 1. (XfiL 762-2197) 
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2. RESEARCH PLANS FOR CALENDAR YEAR 1976 
Rolf H. Muller 

The determination of interfacial concentration 
at working electrodes by eliipsooeiry will be 
extended to cover a wider range of flow velocities 
and, thus, establish the limits of the applica­
bility of the technique. Of particular interest 
are boundary layers that are too thin for observa­
tion by interferometry or that possess extremely 
high concentration gradients, where the simplified 
optical analysis should no longer be valid. 

The in situ characterization of solid surface 
layers by ellipsometry, under consideration of 
boundary layer effects, will be directed towards 
quantitative porosity determinations in combination 
with scanning electron microscopy. 

The role of particulate impurities and residual 
surface roughness in the behavior of thin electro­
lyte films on metals will be investigated as 
a model for catalysed gas electrode surfaces. 

Laser velocimetry will be employed for the 
elucidation of the complex flow fields present 
under combined forced and natural convection. 

Experiments will be conducted to identify the 
critical parameters needed for the theoretical 
prediction of shapes resulting from high-rate 
anodic metal dissolution, (see section It.C.l.c 
with C. K. Tobias). 

5. 1975 PUBLICATIONS AND REPORTS 

Rolf H. Muller and Associates 

Journals and Books 
1. F. R. McLarnon, R. H. Muller, and C. W. Tobias, 
Light-Deflection Errors in the Interferometry of 
Electrochemical Mass Transfer Boundary Layers, 
J. Electrochem. Soc. 122, 59-64 (1975"). 
2. F. R. McLarnon, R. H. Muller, and C. W. Tobias, 
Discussion of Light-Deflection Errors in the 
Interferometry of Electrochemical Mass Transfer 
Boundary Layers, J . Electrochem. Soc. 122, 1636-37 
(1975). 

3. Rolf H. Muller, Electrochemical Aspects of 
the Hydrogen Economy, Proc. Cornell I n t . Symposium 

and Workshop on the HyJrojic-n Economy, Aug. 2 0 - : : , 
1975, S. Linke, e d . , Come P. Univers i tv , 
April 1975, pp. 5-15-49. 

4. F. R. Mclamon, U. | | . Muller, and C. W. Tobias, 
Derivation of One-Dimensional Refractive-Index 
Prof i les from tnterferognims, J . Opt. .Sac. Am. 
65, 1011-1S (1975). 

5. F. R. McUrnon, R. H. Muller, and C. K. Tobias, 
Reflection Effects in Interferometrv, Appl. Opt. 
14, 2468-72 (1975). 

Presented Papers 

1. J . F. Cooper, R. H. Muller, and C. K. Tobias, 
Periodic Phenomena during the Uigh Current 
Density Anodic Dissolution of Copper, Elcctrochem. 
Soc . , Toronto, Ont . , May 12, 1975 (Abstract 67 ) . 

2. Rolf II. Muller, Present Status of Automatic 
El l ipsometers , invi ted paper, Third I n t e r n a t l . 
Conf. on Ell ipsometry, Universi ty of Nebraska, 
Lincoln, Nebr. Sept. 23, 1975. 

3. Rolf II. Mul lor and Craig C Smith, HI lipsnmetry 
of Mass-Transport Boundary Layers, Tliird Intermit 1. 
Conf. on l i l l ipsometry. Universi ty of Nebraska. 
Lincoln, Nebr., Sept. 25. 19"5. 

LBL Reports 

1. Rolf il. Muller, Present Status of Automatic 
Ellipsometers, LBL-jf^u, Sept. 1975. 

2. Rolf II. Muller and Craig 0. Smith, 1:11 ipsomctry 
of Miss-Transport Boundary levers, I.RL-5929, 
Sept. 1975. 

5. John F. Cooper, Periodic Phenomena in the 
High-Current Hensit\ Dissolution of Copper 
(Ph.D. Thesis) LBI.-2730, April 1975. 

4. Michael L. Sand, Light In ter ference in 
Elec t ro ly te Films on Mr^als (M.S. Thesis) LBI.-35S5, 
June 1975. 

5. Craig G. Smith, Effect of Mass Transfer 
Boundary Layers on the Ellipsomctrv of Surfaces 
(M.S. Thesis) LBL-3903, Dec. 1975.' 

6. Rolf II. Mi l l e r , Meeting Report, Third 
I n t e r n a t l . Conf. on Ell ipsometry, Universi ty of 
Nebraska, Lincoln, N'ebr., Sep t . ' 22 -25 , 1975', 
LBL-4501, Oct. 1975. 
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* . Solid Stat* and Surface Reactions 

1. SURFAG-. S'nulCllJKi: AM) UMNISORH KA BY I-iW 
\XH(?l EIJ-ETRON !)II :FR\CnO\ 

a. "lhc Surface St rue t u re and Bond in y_o f Acetylene 
to tHe ft (111) Surface*" 

Larry '-• Kesmodcl, Peter C. S t a i r , and 
G. A. Somorjai 

The f i r s t determination of the bonding geornetry 
of a molecule on a sur face , acetylene on the 
platinum (111) sur face , was ca r r i ed out by 
analys is of low energy e lec t ron d i f f r a c t i o n (l.FIEfi) 
i n t ens i ty -vo l t age (1-V) p ro f i l e s for the 
P t ( l l l ) - (2*2) -0>H 2 s t r u c t u r e . A wel l -ordered C2M? 
over layer was obtained a t low gas exposures 
(-1 Langmuir), and the LF.ED beam i n t e n s i t i e s were 
measured by a recent ly developed photographic 
technique^ at several incident beam angles for 
energies of 10-200 eV. The surface s t r uc tu r e 
analys is was ca r r i ed out by comparing ca lcu la ted 
1-V p r o f i l e s for a large number cf models of the 
PI-C^HT geometry t o the experimental r e s u l t s . The 
model ca lcu la t ions employed a computer program-
tha t takes full account of mul t ip le e l ec t ron 
s c a t t e r i n g and provides for ca lcu la t ion of several 
overlayer geometries with l i t t l e increase in 
computation time over a single-geometry ca lcu la ­
t ion . 

The local bonding geometries considered in 
t h i s c a l c u l a t i o n are shown in Fig. 1. h'e conclude 
tha t acetylene is chemisorbed with the molecule 
centered on a t r i a n g u l a r s i t e (C2) at a perpendicu­
l a r d i s t ance of 1.95i0.10 A above the topmost 
plane of platinum atoms. The carbon atoms are 
equivalent by symmetry and re levant c-Pt d i s t ances 
a re 2,25 and 2.56 A. I t i s i n t e r e s t i n g t o note 
tha t t h i s same bonding geometry is exhibi ted in 
t r i n u c l e a r mctal-alkyne c l u s t e r s ; moreover, the 

Fig. 1-
XBL 7512-10,012) 

average C-Pt distance we find (2.42;0.1 A) is 
similar to that (2.22 A) determined for the 
Os-(CO) (Ĉ J'h j cluster, the osmium covalent 
radius being only 0.0-J A shorter than that of 
platinum. Our results argue against popular 
notions of acetylene adsorption on transition 
metal surfaces that propose either an acetylene 
7 complex coordinated to a single metal atom or a 
di-a complex in which each of the two carbon 
atoms forms a o-bond with a different metal atom. 

Abstracted from I.BL-4572 (submitted to Physical 
lie view letters). 
1. P. C. Stair, T. J. Kaminska, L. L. Kesmodel, 
and G. A. Somorjai, Phvs. Rev. B U_, 623 (1975) 
(131,-3149). 
2. Program constructed by L. L. Kesmodel f>NRD-
I.BL) in collaboration with R. C. Baetzold (Eastman 
Kodak). 

b. law-Energy Electron Diffraction f-om Vapor-
Pepositcd Phthalocyanihe~Crystals_ 

J. Buchholz and G. A. Son.oriai 

The surface structure of epitaxially grown 
films of capper-, iron-, and metal-free 
phthalocyanines has been studied using low-energy 
electron diffraction (LEED). These materials are 
deposited in ultrahigh vacuum onto Cu(lll) and 
CuflOG) single crystal substrates by heating the 
phthalocyanines to about 300°C to yield suffiuie.it 
vapor pressure to produce a molecular beam. The 
structure of the deposited film is monitored 
continuously by LEEI), allowing observation of both 
the initial monolayer and the final thick layer 
deposit. 

The orientation of the initial layer of 
phthalocyanine is dependent on the symmetry of the 
substrate. On a Cu(1001 surface the three 
phthalocyanines grow into identical structures 
with the initial layer consisting of molecules 
oriented with the molecular plane parallel to the 
substrate. The thick layer of the phthalocyanines 
on CuffO) maintains th4 same surface unit mesh 
a*- use first layer, the surface apparently con­
sisting of one molecule per unit mesh, oriented 
parallel to the surface. This is unlike any 
plane in the bulk crystal structure of 
phthalocyanine indicating either a rearrangement 
of the surface or the growth of a film with a new 
crystal structure. The bonding of the first 
layer to the substrate is stronger than the 
intermolecular bonding in the bulk crystal as 
indicated-by thermal desorption results. The 
independence of the structures on the central 
metal atom of the phthalocyanines means that the 
substrate-phthalocyanine bonding is primarily 
through the phthalocyanine ligand. 

The various phthalocyanines deposit on the 
Cu(lll) substrate in a somewhat different fashion. 
The molecule is again oriented parallel to the 
substrate in the first layer but its detailed 
azimuthal orientation depends on the central metal 
atom. The metal-free phthalocyanine, bonding 

http://suffiuie.it
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through the phthalocyanine l igand, observe? 
6-fold ro t a t i ona l symmetry of the Cu(, 1111 
subs t ra te ra ther than the t rue 3-fold symmetry 
as indicated by the s t ruc tu re s for the metal 
phthaiocyanines. The cen t ra l metal atorc thus 
i n t e r a c t s with surface o r b i t a l s exh ib i t ing 3-fold 
ro t a t i ona l symmetry, such as the subs t r a t e 
d - o r b i t a l s . In the thicV. layer s t ruc tu re s on 
Cu( l l l ) the exposed surface plane is the same as 
on Cu(100) except that the surface i s not pa ra l l e l 
to the subs t r a t e but inclined at an anple of about 
11°. 

These r e s u l t s for large molecules, suvh as the 
phthalocyanines, suggest the p o s s i b i l i t y of 
studying o the r large molecules suJ i as the 
b io log i ca l l y important porphyrins and polymeric 
molecules. At p r e sen t , work i s in progress 
studying several amino ac id s . 

c . The Surface St ructure of Vapor Grown 
Molecular Crysta ls 

L. Firment and G. A. Somorjai 

Organic so l ids are material:-, of p r a c t i c a l , 
t h e o r e t i c a l , and b io log ica l importance. Many of 
t h e i r p rope r t i e s are surface r e l a t ed : r e a c t i v i t y , 
adhesion, vapor i sa t ion . Vet there has been no 
data on the molecular arrangement at molecular 
sur faces , data necessary for the understanding of 
these phenomena. Low energy e lec t ron d i f f rac t ion 
(LEEI'O i s the be'it ava i l ab le technique for 
obtaining surf-ice c rys ta l logr^phic da t a ; however, 
i t s appl ica t ion to molecular mater ia ls is not 
s t ra ightforward. Molecular so l ids are insula tors 
and subject to rad ia t ion damage by the probe 
e l e c t r o n s . These d i f f i c u l t i e s have been overcome, 
and surface c rys ta l lograph ie data on ice and 
naphthalene have been reported. LV.YS) s tud ies of 
molecular so l ids have continued with observation 
of a s e r i e s of organic m a t e r i a l s . By cor re la t ing 
LEED data from a range of ma te r i a l s , general iza­
t ions about surface s t ruc tu res of molecular 
mater ia l s and the l imi t a t ions of the technique 
can be made. 

The experiments are performed by condensing the 
vapors of the molecular mater ial onto a cold 
platinum (111) s ing le c rys t a l surface in an 
u l t rah igh %racuum chamber, and observing LEED, 
pa t te rns during film growth. Thin films (]0 ' -10 a A) 
ha\ re su f f i c i en t conduct ivi ty t o prevent surface 
charging. Rapid photography of the d i f f rac t ion 
pa t te rn minimized radia t ion damage. Of eight 
molecular mater ia l s s tudied to da t e , only one, 
a c e t i c ac id , would not grow e p i t a x i a l l y on the 
platinum subs t r a t e with suf f ic ien t c rys t a l1 i n i t y 
for observat ion of the d i f f rac t ion p a t t e r n . This 
method allows study of the film at each s tage of 
growth, from clean s u b s t r a t e , through the monolayer, 
t o th ick film. 

The naphthalene (001), ice I c ( l l l ) (or 1(0001)), 
trioxajic (0001), and cyclohexane (001) c rys t a l 
surfaces ha/e been observed a t 100-200K and 
10~ 7 t o r r . These surfaces are unreconstructed; 
that i s , the geometry at the surface i s ident ica l 
t o the arrangement in the bulk of the molecular 
c r y s t a l . Diffract ion pa t t e rns from surfaces of 
benzene, n-octane , and methanol have been observed, 

but the data have not been in terpre ted in terms 
of the expected bulk c rys ta l s t r u c t u r e s . Further 
examination of these surfaces is in progress . 

The c r y s t a l l i ' i i t y and o r i en ta t ions of the 
grown films have been found to depend strongly 
on subs t ra te prepara t ion , but in a manner 
c h a r a c t e r i s t i c for each moleci le . In several 
cases an atomicnlly clean surface was necessary 
for best growth; in o thers a prepared ordered 
monolayer was necessary. The aromatic samples 
and ice are b e t t e r conductors than the a l i p h a t i c 
samples, but a l l could be observed at thicknesses 
of several hundred Angstroms. 

Other molecular surfaces wi l l he explored and 
t h e i r behavior co r re l a t ed . The metal s ing le crys­
t a l subs t ra te wi l l bo varied to study i t s effect on 
growth of a c r y s t a l l i n e molecular f i lm. 

I. I.. E. I :innent and C. A. Somoriai, .J. diem. 
Phys. 63, 1(157 I ' lsrM. 

d. The Atomic StnicUire and__^tah_i l_i_ty of Stepped 
Platinum Surfaces 

!). Blakcly and G. A. Somoriai 

A s e r i e s of Pt s ing le c r y s t a l s has been studied 
by I.liFJ) and Auge? e lec t ron spectroscopy (AES'I to 
determine the cqui1ibrium s t ruc tu r e of the surfaced 
of the c r y s t a l s . The s ingle c r y s t a l s have been 
cut t o expose surfaces represen ta t ive ol" a l l 
possible p lanes , and are re la ted to these plane-
by the symmetry of the fee l a t t i c e . 'Hie 
equil ibrium s t ruc tu re of the c rvs t a ! surface is 
d i r e c t l y re la ted to the surface I r ec energy, or 
surface tens ion , of the c r y s t a l . The equil ibrium 
s t ruc tu r e may be fl) monatomic heigh: s teps 
separat ing low Miller-Index t e r r ace p lanes , 
(2) mul t ip le height s t e p s , two or th ree atoms 
high, separa t ing the t e r r a c e s , or (3"l a h i l l and 
val ley s t r uc tu r e cons i s t ing of pa i r s of low Mil ler 
Index pianos (the surface s t i l l appears as a 
s t a i r c a s e , but not on an atomic s c a l e ) . 

To our knowledge the s t a b i l i t y has been de ter ­
mined for the f i r s t time on known clean su r faces , 
as evidenced by AES. 'Ihc s t a b i l i t y has a lso been 
determined for c r y s t a l s with known impur i t i es , 
oxygen or carbon, on t h e i r sur faces . The atomical­
ly clean surfaces of Pt exhibi t the la rges t region 
of s t a b i l i t y of the monatomic height s tep con­
f igura t ion . The surfaces vicinal to the f i l l ) 
plane and between the (111) and (001) planes arc 
s t ab le in a monatomic height s tep s t r u c t u r e . Near 
the (011) plane and between the (011} and (001) 
planes e i t h e r a h i l l and val ley s t r u c t u r e or 
double height s teps are s t a b l e . Mien heated in an 
oxygen ambient, the surfaces become uns tab le . 
Near the (001) p lane , as l i t t l e as 0.01 monolayers 
of oxygen cause the fotmation of a h i l l and valley 
s t ruc tu re composed of (001) and (113) and/or 
(012) p lanes , and near the (111) p lane , the s teps 
become mult iple he ight . Near the (011) p lane , the 
s teps are already unstable and no fur ther changes 
r e su l t from e i t h e r oxygen or carbon adsorpt ion. 
Graphit ic carbon of the (001) v ic ina l surfaces 
induces the formation of a h i l l and val ley 
s t r uc tu r e s imi la r to that formed by oxygen. On 
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the (111) plane vicinal surfaces between the (112) 
;uui f44f>> surfaces ]/n between Pt(S)- | I5{111j*(001)) 
and l't (S) - |» i ( l l l l '(OtU)I ]/n a monolayer of 
g raph i t i c carbon causes the formation of a h i l l and 
va!le\ ' s t r uc tu r e cons i s t ing of the (112) and IMS) 
planes and not the low Mil le r Index plane , (111). 
The (-US) plane is s t a b i l i z e d from the coincidence 
of the Pt and graphi te l a t t i c e s at a nine 1't atom 
te r race width. 

Some conclusions about the surface tension 
anisotic-pv, or y-piot , may he reached from these 
observat ions . There is evidence for a double 
ch.mgc in the curvature of the y-plot for c l e m 
Pt in the region near the (112) sur face ; t h i s i s 
not expected from theor ies unless there i s a cusp 
in the -,-plot at the (112) plane at the hii»h 
temperature (1200K) of the e q u i l i b r a t i o n , (At 
absolute zero there is a cusp at every plane that 
has r a t iona l Mil ler ind ices . ) There are apparently 
cusps at high temperature at the (1121, (115), 
(012), and (255) poles as well as at the low 
index po l e s , ( 1 H I , (001), and fOllf, from the 
faceting behavior of the sur faces . These tsu^ps 
are deepened by a small amount of oxyven or 
carbon, and h i l l and val ley s t ruc tu re s a re formed. 

°* Surface J l ryMal lography of Hydrocarbons on 
the PtTTTTT Crystal ' Surface 

P. C. S t a i r and II. A. SontoMai 

The knowledge of the de ta i l ed atomic s t r uc tu r e 
of hydrocarbons adsorbed on a platinum surface is 
necessary for a complete understand inn of 
p la t inum's ro le in hydrocarbon c a t a l y s i s . The 
s t ruc tu re of a hydrocarbon adsorbed in an ordered 
overlayer on a well defined s ing le c rys t a l 
platinum surface may be obtained from an ana lys i s 
of the d i f f r ac t i on beam i n t e n s i t i e s in a low 
energy e lec t ron d i f f rac t ion (I.lilX)} experiment. 
In order to determine tha t the nccessr-ry be.rn 
i n t e n s i t i e s were obtained, a photographic method 
of measurement was developed. This method has 
been used to determine the LiiHD i n t e n s i t i e s from 
ordered overlayers of acetvlene (HC=CH), 
ethylene k .bC=Clh), propylene OkC-Gi-Qi-.), and 
mcthylacctylene (M^C-C^dO on a P t ( l l l ) s ing le 
c rys t a l su r face . In t ens i ty measurements are in 
progress for benzene and naphthalene on the 
P*. ( I l l ) su r face , and measurements from the Pt(100) 
surface are planned for the near fu ture . 

f. Chemisorption of 02* " 2 . CO, f??!?, C2H4, C6ll6. 
CiHi2, and y7\l-\h on Iridium CrysidJ~~Surfaces 

B. E. Nieuwenhuys and C>. A. Somorjai 

Adsorption of various gases was s tudied on two 
d i f fe ren t iridium sur faces , >'iz. the atomical ly 
densely packed (111) surface and a stepped (high 
Mil ler ) surface cons i s t ing of (111) type t e r r a c e s 
separated by (100) l i ke s t e p s . The gases used 
were hydrogen, oxygen, carbon monoxide, e thy lene , 
ace ty lene , cyclohexane, benzene, and n-heptane. 
Auger e l ec t ron spectroscopy and thermal desorpt ion 
were used besides low energy e l ec t ron d i f f r a c t i o n . 

The p r inc ipa l aim of t h i s stuay was t o i n v e s t i ­
gate the influence of the surface s t r uc tu r e on the 
adsorption of these gases and t o compare t h i s 

influence with tha t found previously on s imi la r 
surfaces of platinum. 

I t appears that both hydrogen and oxygen are 
more s t rongly bound on s teps than on (111) type 
s i t e s . Ordering of CO molecules, j u s t as on' 
platinum, is more d i f f i c u l t on the stepped Ir 
plane than on the smooth I r ( l l l ) plane. From the 
r e s u l t s i t can be concluded that C-li bond 
breaking occurs more eas i ly r>n l r than on Pt . 
The influence of the surfact s t ruc tu re in t h i s 
process is marked. On both .,-etals C-M bond 
breaking occurs e a s i e r on stepped surfaces than 
on the (111) sur faces . 

s"• The (Ihemisorpti2n_°f_Oxyjl clU.,^ a t e r•_£ r!l! 
Sc ] cctetl'}jv"d~roca rFbns_ on tTu?fl l i j anJ~ Stepped 
C^d__S_urfaccs 

M. A. Chesters and C. A. Somorjai 

The d i s s o c i a t i v e chemisorption at" oxygen and 
water i s reported on both (111) and [6(111)'(3001] 
c rys ta l faces of gold. 'Ihe oxide formation becories 
rapid above 500°C at pressures of about 10"^ t o r r . 
Hie r e su l t i ng gold oxide i s bound s t rong ly . It 
is s imi la r in s t r uc tu r e to the corresponding 
sulphide and i s s t ab l e on both surfaces t o 8nO°C 
in vacuum. Hthylene, cyclohexene, n-heptane, 
and benncne did not chemisorb en gold under low 
pressure condi t ions on e i t h e r the (111) or on the 
stepped gold surface; however, napththalene 
exhib i ted d i s s o c i a t i v e chemisorption on both types 
of sur faces . Hydrocarbon fragments are bound 
s t rongly t o the gold surface but the ac t i va t ion 
energy for d i s soc i a t i ve adsorpt ion of l i gh t hydro­
carbon molecules appears to be high. 

h. The Thorium 1100) Crystal Face. A Study of i t s 
C1 eanlng, Sur face' St rue t u r e s , and" "Trrteract i on ~w i t ft" 
Oxygen and CTrHon~^.onoxi"de 

T. N. Taylor, C. A. Colmenares, R. 1.. Smith, and 
{.',, A. Somorjai 

TTie cleaned Th(100) cr>-stal face was s tudied by 
low energy e lec t ron d i f f rac t ion (LHI-D) and Ajger 
e l ec t ron spectroscopy (AES). The various thorium 
Auger t r a n s i t i o n s have been iden t i f i ed and assigned. 
Chemisorption of oxygen and CO was monitored by 
LEPH, AE5, and work'function change fhTC) 
measurements. The work function of thorium -.'as 
found to decrease with the chemisorption of oxygen 
and CO. Continued oxygen adsorption leads to i t s 
d i s so lu t ion in the r - l k and subsequent oxide 
formation a t the su, :'^ce. The oxide may be ordered 
by hea t ing i t t o 1000K; heat ing to higher 
temperatures leads to d i s so lu t ion of the oxide by 
oxygen diffusion in to the bulk. The data suggest 
d i s s o c i a t i v e chemisorption of CO on the s tudied 
(100) sur face . 

i . Calcula t ions of Structure and Charge Density 
of Stepped Surfaces 

Yvonne W. Tsang, Larry L. Kesmodel, Leo M. Fal icov, 
and G. A. Somorjai 

Surfaces of c ry s t a l charac ter ized by high Mil ler 
indices cons i s t of t e r r aces of low-index planes 
separated by s teps tha t are often one atom in 
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height. Chemisorption and chemical reaction 
studies on metal and semiconductor surfaces have 
indicated that atomic steps play a key role in 
enhancing these processes. We considered three 
aspects of a theoretical, solid-state physics 
approach to the question of why atoms in steps 
behave in a fundamentally different way from atoms 
on low-index planes; these are outlined below. 

1. Lattice structure calculations on stepped 
surfaces.x We investigated the simple question 
of the actual position of atoms in stepped surfaces 
of Ar, a noble-gas solid, and NaCl, an alkali 
halide, by means of pair potentials and 
polari2abilities. Negligible surface relaxation 
was fi-und for Ar stepped surfaces. In the case 
of NaCl, polarization effects accounted for 
surface buckling 3nd surface atom displacements 
on the order of 5-101 of the atomic step height. 

Electronic Potential in a Ntetal Close to a 
Surface Edge.-' We obtained an approximate solu­
tion of the Schrodrjiger-Hartree-Poisson equations 
for a 90° metallic wedge chosen to simulate the 
behavior of a free-electron gas confined to a 
step-like geometry. The results indicate that in 
the presence of geometrical irregularities the 
Friedel oscillations of the electron gas get 
markedly enhanced, producing fairly large effects 
in the neighborhood of such imperfections. This 
may result in reoccupation of d_-orbitals of atoms 
in steps together with charge transfer to or from 
the bulk. 

Steric Properties of Transition-Metal Ions on 
Stepped Surfaces.3 Simplified model calculations 
of the steric properties of the transition-metal 
ions in various crystalline geometries on stepped 
surfaces have been carried out by applying the 
point-charge ionic model of crystal field theory 
to determine level splittings of the d-orbitals 
at terrace and step sites. The s-elccr.rons are 
assumed to be free conduction electrons while the 
d-electrons are treated as localized and atomic-
like. The results indicate considerably different 
steric properties of atoms in step sites as opposed 
to terrace sites. 

These results taken together with Fermi level-
density -of -states considerations give a consistent 
picture of available experimental data on the 
catalytic properties of Pt and Au stepped 
surfaces. 

1. V. W. Tsang and L. M. Falicov, Phys. Rev. B 
12, 2441 (1975) (LBL-3904). 
2. L. L. Kesmodel and L. M. Falicov, Solid State 
Comm. 16, 1201 (1975). 
3. Y. W. Tsang and L. M. Falicov, J. Phys. C: 
Solid State Phys. (to be publish'd). 

2. ELECTRON SPECTROSCOPY STUDI IS OF ALLOY 
SUHFACES AND ADSORBATES 
a. Surface Compositions of the__S_i_lyer-Cold and 
Gold-Tin Systems 
S. Overbury and G. A. Somorjai 

Throughout the last year we continued to . 
examine the surface composition of binary alloys. 
The surface phase diagram of the Au-Ag binary 
alloy system was studied by use of Auger electron 
spectroscopy.2 The intensities of principal Auger 
peaks over a wide range of electron energies 
were obtained as a function of alloy bulk 
composition for the clean equilibrated alloy 
surfaces. Their ratios were compared with 
intensity ratios calculated for a surface showing 
no suiface segregation, and for a surface obeying 
the regular solation model 3 (which predicts silver 
surface segregation). The experimental results 
give evidence fcx enrichment of the surf.i-je with 
silver, but to an extent less than predicted by the 
regular solution model. > 

Recently an improved Auger electron spectrom­
eter was assembled that uses a cylindrical mirrrr-
type electrostatic analyzer capable of greater 
resolution and improved signal-to-noise ratios. 
This faster analyzer, coupled with a new precision 
manipulator, makes surface analysis faster and 
nnre accurate. This spectrometer is currently 
being used to determine the Au-Sn surface phase 
diagram. A bulk two-phase region of this system 
is being studied to look for preferential 
nucleation of a surface active phase at the surface. 
For this system, tin might be expected to segregate 
to the surface to relieve lattice strain and to 
lower the suiface energy. 

1. S. H. Overbury, P. A. Bertrand, and G. A. 
Somorjai, Chem. Rev. 75_(5), 547 (1975). 
2. S. H. Overbury and G. A. Somorjai, Surface 
Sci., to be published. 
i. Presented at the Discussions of Faraday Soc. 
on Elect, Spect. of Solids and Surfaces, 
G. A. Somorjai and S. H. Overbury, Vancouver, 
Canada, July 15-17, 1975. 

3. HETEROGENEOUS CATALYSIS BY METALS 
a. The Dehydrqgenatipn and ftydrogenolysis of 
Cyclohexane and Cyclohexene on Stepped (Hig"K~~Miller 
Index) Platinum Surfaces 
D. W. Blakely and G. A. Somorjai 

The dehydrogenation and hydrogenolysis of 
cyclohexane and cyclohexene were studied on 
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platinum .single crystal surfaces of varying atomic 
surface structure at low pressures (10'" torr) in 
the temperature range of 300-723K. The quantita­
tive reaction rates were monitored by a mass 
spectrometer, and the surface structure and 
surface composition were determined by low-energy 
electron diffraction and Auger electron spectro­
scopy. Atomic stcp> have been identified as the 
active sites for i.-H and ll-H bond breaking 
processes. The dependence of the dchydrogenation 
and hydrogenoiysis rates on the platinum surface 
structure revealed kinks iii the steps as active 
sites for O C bond scission in addition to their 
ability for breaking O H and INI bonds. The 
active catalyst surface was covered with a 
carbonaceous overlayer, which was ordered or 
disordered, riie properties of this overlayer 
influence significantly both the rate and the 
product distribution of the catalytic reactions. 
An expanded classification of structure-sensitivc-
reactions is suggested. 

b. Studies of Hydrocarbon Reactions on !Tt Crystal 
Surfaces at HiffiPressures ~ 

R. K. Her::, v.. E. Petersen, and G. A. .Somorjai 

Kinetir studies of the reactions of n-heptane 
and cycloi.j.xane have been completed on a Pt(Ul) 
platinum single crystal surface and on a stepped 
Pt(5j-[6(111)*(100)] surface at atmospheric 
pressure reaction conditions. The reaction rates 
and product selectivities obtained agree with dat;; 
in the literature for supported platimum catalvsts. 

The data in this work at high reactant pressures 
can be compared with results obtained by 
D. IV. Blakely (of this research group1) at low 
(~10"8 torr) pressures. The stepped catalytic 
surface is mo""* active than the flat surface an 
both pressure ranges. The selectivity in the 
cyclohexane reaction shifts towards benzene at 
the high pressures as hydrogenoiysis is suppressed. 

Auger analysis of the crystals after reaction 
at either pressure condition shows the presence of 
surface carbon. The amount of the carbonaceous 
overlayer present is relatively insensitive to 
total pressure, but increases with the hydrocarbon 
to hydrogen ratio and the catalyst temperature. 
This overlayer affects both the activity of the 
surface and the product distribution. 

Since the carbonaceous overlayer on the 
catalyst is always present in varying amounts 
during a hydrocarbon reaction, reaction rates at 
different reactant pressures and crystal tempera­
tures must be compared when the amount of carbon 
on the catalyst surface is the same. For these 
dehydrocyclization and dehydrogenation reactions, 
it is interesting to note that the order with 
respect to hydrogen is observed to be negative 
when the effect of the surface overlayer is taken 
into account. 

Carbonaceous overlayers deposited at these 
high pressures on single crystals appear to be 
irreversibly adsorbed, while layers deposited at 
low pressures are somewhat reversibly adsorbed. 
This behavior, and the fact that product distribu­
tions change greatly between high and low pressure, 

suggest that carbonaceous specie of several type 
are always present on a catalyst surface during 
hydrocarbon reactions. These species affect the 
activities of the various surface sites of a 
catalvsv ir. a complex manner dependent upon 
hydroca: n̂ type and pressure, hydrogen pressure, 
hydrogcn-to-hydrocarbon ratio, and catalyst 
temperature, and may themselves be catalytic-ally 
active. 

j. The Effect of Gold on Hydrogenoiysis, 
Isomcrization, and Dehydrocyciization Reactions 
on PolycrystaTXine Platinum and~lridium Foils 

D. I. Hagen and G. A. Somorjai 

The effect of the addition of gold to poly-
crystalline platinum and iridium foil samples on 
the initial reaction rates for the hydrogenciysis 
of propane, isobutane and n-heptane, the 
isomerization of isobutane, and the dehydro­
cyclization of n-heptane to toluene has been 
studied. Thc^e studies were carried out on samples 
of area "1 cm1- cleaned and maintained under UHV 
conditions and in a 5:1 hydrogen to hydrocarbon 
ambient at a total pressure in the 10*^ ton-
range. Mass spectroscopy was used to monitor 
the reactions in a temperature range of 100°C to 
500°C. The platinum-gold and iridium-gold samples 
were prepared by evapoiating several monolayers of 
gold on the cleaned surfaces and annealing in 
vacuum urtil the desired surface concentration of 
gold was obtained as determined by Auger electron 
spectroscopy. The nature of the resulting surfaces 
was further studied by chemisorption of carbon 
monoxide. 

The rates of hydrogenoiysis and isomerization 
on the puce platinum and iridium surfaces were 
found to be within a factor of 5 of the correspond­
ing rates measured by others at higher pressures 
(48 Torr-1 atmosphere); this suggests that the 
hydrogen to hydrocarbon ratio is more important 
to the rates than absolute pressure. .Absolute 
pressure was found to plsy a more important role 
in dehydrocycli^ation where a two order of magni­
tude difference in the rate on platinum was 
observed between the low pressure studies des­
cribed in this paper and the high pressure studies 
carried out by others. Platinum was found in 
general to be more active for hydr^genolysis and 
isomerization while iridium was the more active 
for dehydrocyclization. Time dependent poisoning 
of the rates, the existence of a rate maximum 
as a function of temperature, and the predominance 
of low molecular we'.ght hydrogenoiysis products 
are attributed to the lower hydrogen pressures 
used in this work. 

The addition of gold to the piatinufi and 
iridium surfaces decreases the rates for all 
reactions studied. An approximately linear 
decrease in isomerization rate as a function of 
gold coverage was observed while hydrogenol>sis 
and dehydrocyclization decreased in a similar 
fashion vjith each other and much more rapidly 
than isomerization. Thus the selectivity for 
isomerization as compared to hydrogenoiysis is 
increased with increasing gold coverage while 
little change is expected for dehydrocyclization. 
These results coupled with differences in the 
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tune-dependent poisoning of the various reactions 
suggest that the surface sites responsible for 
isomerization are different from those for 
hydrogenolysis and dehydrocyclization. 

4. COAL CONVERSION CATALYSIS 

a. High-Pressure, Low-Pressure Studies of the 
Carbon Nfonoxide-Hydrogen Reaction on Transition 
Metal Surfaces 

Brett A. Sexton and G. A. Somorjai 

The CO-H2 reaction on transition metals is an 
important method of synthesizing organic fuels 
(alkanes, alkenes and alcohols). The normal 
synthesis conditions on industrial catalysts range 
from 1-100 atm pressure and temperatures up to 
500 DC. In order to study this reaction on well 
defined transition metal surfaces, ?n apparatus 
has been constructed which incorporates a high 
pressure isolation cell into the usual UHV 
apparatus. This enables the circulation of gases 
over the sample at pressures up to 100 atm, and 
analysis of the reaction products with gas 
chromatography. After reaction the sample is 
exposed to vacuum and analysed with Auger 
spectroscopy, LEED, and thermal desorprion. Low 
pressure catalysis (10" 4-10~ 8 Torr) can also be 
studied, with the mass spectrometer as detector. 
A feature of this apparatus is a manipulator 
which allows 180° rotation of the sample and 
direct-current heating. This is necessary in the 
cleaning and analysis of the sample surface. 

Preliminary studies on the surfaces of iron, 
cobalt, and rhodium at 1 atm pressure have shown 
that they are catalytically active in the range 
200-500°C and C1-C5 species are formed. The 
relative activities are in the order Fe > Co > Rh. 
At lower pressures, (10~ 4 Torr) no products were 
detectable. The life of the catalyst sample in 
the high pressure chamber is shortened by the 
transfer of sulphur impurity from the stainless 
steel walls. Auger electron spectroscopy studies 
indicated that the active, methane-producing 
rhodium surface is covered with a monolayer of 
carbonaceous residue. 

Studies are presently underway to investigate 
the influence of pressure, temperature, gas 
composition, and surface composition on the 
reaction on Fe, Co, Rh, and Ru foils. These 
studies Wxll be extended to include surface 
structure information on single crystals over 
the next 12 months. 

5. MOLECULAR BEAM-SURFACE INTERACTIONS 

a. The H?-D? Exchange Reaction on Stepped 
PI at inumsur faces 

R. Gale, M . Salmeron, S. Ceyer, and G. A. Somorjai 

Our molecular beam-surfs'ze scattering apparatus 
has been modified to permit investigation of 

chemical reactions in w'r.'.'n. the reacting species 
reside on the surface for relatively long times 
("lO'̂ -l seel, lixperiiwiral results indicate th.it 
many surface chemical iv;*i. .ions take place in this 
time scale. 

We have extended the s 1 jdies of the Hi-Ib 
exchange reaction to lower beam modulation 
frequencies, with the expected increase in reaction 
probability- Utilizing t:iis enhanced signal level, 
we have investigated the dependence of the 
hydrogen-deuterium exchange reaction on the 
orientation of the step edges to the incoming 
beam on a Pt(S)-[5(111) ;11PJ single crystal 
surface. At high temperatures, the exchange 
is most favorable when the open edge of the step 
is perpendicular to the incident beam. The 
reaction probability decreases as the step edges 
become more parallel arid reaches a mininncm when 
the step edges are antiperpendicular; that is, 
the step edges are perpendicular, but with the 
open edge of the step directed away from the 
incoming beam. The production of ID varies by a 
factor of two as the step edges range from 
perpendicular ro antiperpendieular to the incident 
molecular beam. 

The dependence of HD formation on the angle of 
incidence of the molecular beam was also examined 
at high surface temperatures, With the step edges 
perpendicular to the incident beam, increase of 
1© production was found as the angle of incidence 
became more grazing toward the open edge of the 
•steps. The formation of 10 decreases as the angle 
of incidence becomes more grazing away from tin-
open edge of the step. The exchange reaches a 
maximum when the angle of incidence is -20° from 
the macroscopic surface normal, essentially the 
bisector of the angle between the terrace and step. 

This study was carried out at high surface 
temperatures, ^130H°K. Future studies will be 
made as a function of beam and surface tempera­
tures to further investigate the mechanism of 
this H-H bond breaking reaction. 

b- Scattering of Thermal Helium Beam Fror;i High 
Miller Index ^Stepped) Platinum Crystal Surfaces 

S. Ceyer, R. Gale, S. Bernasek, and G. A. Somorjai 

Helium beams generated by a 300K source were 
scattered from single crystal platinum surfaces. 
The angular distribution of the scattered beam 
was monitored as a function of azimuthal angle <J> 
and incident an&!e 9. The effect of the presence 
of atomic steps on the angular distribution of 
scattered helium atoms was studied on a crystal 
surface composed of terraces that were on the 
average five atoms in width separated by steps 
of monatomic height. Rainbow scattering is 
observed when the step edges are oriented 
perpendicular to the incident beam direction, 
indicating strong modulation of the angular 
distribution by the periudic step potential. 
Only specular scattering is observed when the 
incident beam impinges on the crystal along the 
step edges, which indicates minimal effects of 
the presence of steps on the scattering distribu­
tion. These results as well as the absence of 

http://th.it
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diffraction arc- in good agreement with previous 
theoretical calculations. 

c. Molecular Beam Studies of Exothermic Surface 
Chemical Reactions 

R, Gale, S. Ccyer, W, Siekhaus, and G. A. Somorjai 

A molecular beam apparatus has been developed 
which will enable us to not only measure the 
angular distribution of products of chemical 
reactions on well-characterized surfaces, but 
also to determine the translational energy distri­
bution of reactants and products, with an 
improved signal-lo-noise ratio. We utilize two 
atomic or molecular beams as reactants impinging 
on the surface. The detector, a quadrupole mass 
spectrometer, is mounted in a rotatable chamber 
inside the ujtra high vacuum system. The ultra 
high vacuum .system, which is equipped with two 
stages of differential pumping, is used to further 
reduce background noise. Th'" velocity distribution 
can lie determined by modulation of the signal to 
the mass spectrometer with a cross correlation 
chopper, which, due to its slightly greater than 
50& on-time, provides a higher signal level and 
improxred signal-to-noise ratio compared with 
conventional single-shot, time-of-flight techniques. 
Such a chopper can also be ur-ed to modulate one of 
the incident beams for investigation of the 
kinetics and mechanisms of surface chemical 
reactions. 

Our primary area cf interest is that of 
exothermic reactions to determine the energy 
partitioning into the kinetic energy of the 
product. The recombination of a hydrogen atom 
with a deuterium atom on a platinum surface will 
be the first system to be investigated. Further 
studies will involve the reactions of hydrogen 
atoins with adsorbed molecules. 
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6. SOLAR CELL RESEARCH 
The objective of this research is to accelerate 

the development of economical photovoltaic solar 
energy conversion. The problem areas investigated 
in this work are those where the application of 
recently dei'eloped surface science techniques 
either promise improvement in the production of 
the raw material ("silicon) and of the cell 'thin 
polycrystalline films with large grains) or allow 
determination of the phenomena that determine 
lifetime and efficiency of polycrystalline solar 
cells (impurity segregation, effect of surface 
structure and impurities on electronic states.). 

a. The Effect of Surface Structure and Impurities 
on Electronic Surface States 

Yip Wah Chung, U'igbert Siekhaus, and Wei-Jen Lo 

Electron loss spectroscopy was used to deter­
mine the electronic surface states of the Si(lll) 
surface as a function of surface order and 
surface impurities. Surface order W;JS determined 
by LEED and varied by temperature treatment or 
argon ion bombardment. Impurities deposited onto 
the surface itnder UHV conditions were acetylene, 
oxygen, and aluminum. 

( 3 ; 

Fig. 1. Nfodels of acetylene orientation on 
silicon surface, (a) The acetylene molecule 
on the top of the silicon surface atom, (b) 
acetylene molecule sits in a bridge position 
between two silicon surface atoms. 
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1% 
Acetylene and oxygen were adsorbed on both the 

disordered and ordered silicon surfaces of (111) 
orientation. The ELS data suggest that electrons 
in the silicon-oxygen chemiscrption bond are more 
tightly bound on the disordered than on the 
silicon(lll) surface with a (7*7) surface structure. 

The adsorption of acetylene produces two 
electron loss peaks (7.0 and 8.4 eV, respectively) 
on the disordered silicon surface. In the 
Si(lll)-(7*7) surface acetylene adsorption gives 
rise to only one strong electron loss peak at 
7.3 eV and a weak shoulder at S.4 eV. In addition, 
the dangling bond state transition of Si is 
completely removed on the disordered surface by 
the adsorption of 0.25 monolayer of C2H2; it is 
still present on the Si(111)-(7x7) surface even 
after saturation. These results indicate that 
the adsorption of acetylene on the Si(lll)-(7*7) 
surface takes place on preferred sites, arising 
mainly as a result of the overlap between the 
silicon surface dangling bond orbitals and the 
•rc orbitals of the C2H2 molecules. They support 
the conclusion that on the (111)-(7x7) surface the 
acetylene molecule predominantly sits between two 
Silicon atoms L-i a bridge position (Fig. lb). On 
the disordered surface, however, most of the 
adsorbed acetylene molecules are located on top 
of the silicon surface atoms (Fig. la). 

The adsorption of aluminum on the (111) 
silicon surface introduces changes in the ELS 
spectrum wheich show that the interaction of Al 
with Si is strongly dependent on the Si surface 
temperature. At temperatures below 300°C and a 
coverage of about 0.5 monolayer the adsorbed Al 
is uniformly distributed over the surface, and 
the ELS and LEED data show that a Al-Si surface 
phase (ot-Si(lll)-7-Al) is formed. At temperatures 
above 600°C and -? coverage between 0.5 and 
1 monolayer a different Al-Si surface phase is 
formed (Y-Si(lll)-7-Al), as sho'.Ji by the observed 
changes in the ELS spectrum and the LEED pattern. 
Further, it is observed that under this condition 
Al coalesces on the Si surface as evidenced by 
the appearance of strong Al bulk and surface 
plasmons. The results show that the ELS technique 
can be used to study the initial stages in the 
formation of a metal-semiconductor contact which 
is of utmost importance in Schottky-barrier type 
devices. 

Electron loss spectroscopy does not generally 
determine the absolute location of or the electron 
population in electronic states. We therefore 
want to complement it with UV photoelectron 
spectroscopy and have designed and are building 
a high intensity UV light source, differentially 
pumped, to retain UHV conditions at the target 
during electron loss as well as photoelectron 
spectroscopy. 

b. Impurity Segregation 
Tom Kaminska and W. Siekhaus 

During the past year we have examined poly-
crystalline silicon fracture characteristics and 
Auger analyzed some of these surfaces after 
fracture in ultra high vacuum to determine 
ijnpurity segregation onto grain boundaries. To 

make possible better examination of the samples 
after fracture we have built a new pumping station 
and installed a Scanning Auger Microprobe with 
secondary electron detection capability. 

Our intent in examining pclycrystallinc silicon 
fracture surfaces was to determine if impurities 
do in fact segregate to grain boundaries as 
suggested by some authors.1 If the experiment is 
tc succeed the silicjn must fracture along the 
£rain boundary. We therefore tried fracturing 
polycrystalline silicon in the following four 
ways: fl) shear fracture at room temperature, 
(2) shear fracture at liquid nitrogen temperature, 
(3) thermal stress, and (4) rapid bending at 
elevated temperature. The resulting surfaces 
were examined with a scanning electron microscope. 
All surfaces appeared to give predominately 
transgranular fracture as indicated in the 
accompanying typical micrograph. Point Auger 
analysis of such surfaces did not indicate the 
presence of impurities even when the doping level 
was as high as 10 1". 

It is possible, however, that some snail 
percentage of the fracture surface is intergranular 
and that only by good fortune would a point-by-
point analysis land on such an intergranular 
surface. We therefore built the new pumping 
station and installed the Scanning Auger 
Microprobe. This instrument gives a ph sical 
image as well as an image of the impuriy 
distribution of the fractured surface. We now 
have a spacial resolution capability of I y and 
an analytical capability of 1 part in 1000. This 
will enable- us to look in situ at fracture 
surfaces, pick out likely looking fracture regions, 
and Auger analyze them to look for evidence of 
segregation. We will be pursuing this course 
of research in the future. 

In addition to the above approach, we will, in 
the next year, add two additional efforts. For 
the first, we have prepared one series of arsenic 
and one series of boron-doped, silicon single 
ciystal samples. Boron and arsenic represent 
opposite segregation tendencies according to 
theories of segregation based on heats of 
sublimation.2 The doped silicon wafers will be 
cleaned in ultra high vacuum and annealed to 
establish an equilibrium surface concentration 
which will be Auger analyzed. This will permit 
a check on the segregation theory. Electron loss 
spectra will also be employed to study the 
surface states resulting from impurity segregation 
and to determine surface crystallinity. 

Our second approach will involve diffusing 
materials such as nickel into polycrystalline 
silicon. Nickel rapidly diffuses in silicon 
especially along grain boundaries, and because 
it has low solubility it will tend to remain in 
the grain boundary region. The presence of nickel 
may weaken the grain boundary so a larger 
percentage of intergranular fracture will occur. 
These surfaces can be Auger analyzed using the 
nickel as an indicator of an intergranular regioi.. 

1. M. E. Cowher and T. 0. Sedwick, J. Electrochem. 
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S o c , Solid S ta te Science and Technology, H> 
1565-1659 (1972). 
2. S. H. Overbury, P. A. Bertrand, and C. A. 
Somorjai, ihe Surface- Composition of Binary Systems, 
Predic t ions of Surface Phase Diagram of Solid 
So lu t ions , I.BI.-2746, May 1974. 

c . Cata lys is of Chemical Vapor Deposition (CV1>) 

Chin An Chang, W. SieMiaus, and John McLure 

Both the deposi t ion r a t e and the ac t i va t ion 
energy of Si-CVD processes are s t rongly affected 
hy impur i t ies present at the s i l i c o n sur face . In 
genera l , a p- type dopant impurity increases the 
deposi t ion r a t e while a n- type dopant decreases 
the deposi t ion r a t e . Since both S1H4 and Si CI 4 
are t e t r ahed ra l molecules car ry ing a s l i g h t 
negative excess charge on the hydrogen atoms, i t 
i s tempting t o propese, t h a t t he p-dopanT forms 
a charge- layer at tho surface which a t t r a c t s 
such molecules whereas n-dopants form a repu l s ive 
l ayer . Table 1 shows tha t a p r ed i c t i on of t h i s 
proposed model, tha t i s , the reduction of the 
depos i t ion r a t e of diatfond from CH4, a molecule 
with a s l i g h t p o s i t i v e excess charge on the 
hydrogen in the presence of B7H6, i s ve r i f i ed 
by the l i t e r a t u r e c i t e d . 

To t e s t the predic ted influence of surface 
charges induced by e l e c t r i c f i e lds on the deposi­
t i o n r a t e in s i l i c o n CVD processes , a CVD 
reac to r was modified such tha t ex te rna l e l e c t r i c 
f i e l d s of va r iab le s t reng th and p o l a r i t y can be 
applied during depos i t ion . 

Predicted and observed dopant gas e f f ec t s 
on the depos i t ion r a t e s of s i l i c o n and 
carbon chemical vapors .* 

SiH 4 S i C l 4 CH4 CC14 

Bonding S j t . , r S 5 + _ C 1 - C - _ H

+ C + -Cl" 
Characters 

D D I I 
B 2 H 6 i a I a 

D 
D 
I r 

m 3 D a 

D D I D 
AsJL 

D a 

I and P indicate an increase and decrease, 
respectively, in deposition rate. The first row 
for each dopant gas is for the predicted effects, 
the second row for the observed effects. 
T. A. Cotton and G. Wilkinson, Advanced Inorganic 
Chemistry, Second Ed., John IVilev and Sons, 
New York. II966), p. 466. 

7. i'lIQDUCI ION GF SYNTHETIC FUELS BY PfiOTON 
ASSISTED CATALYZED REACTIONS 
J. Kleckner and G. Somorjai 

Photon assisted catalysis is another direction 
of research in catalysis science for the production 
of synthetic fuels. Many reactions like the 
dissociation of water QfyO = "2 + ^ ^2) o r 

photosynthesis {CO2 + H2O -*• hydrocarbons) require 
large energy inputs and are thermodynamically 
prohibited. If energy can be provided by sunUght, 
however, and efficiently utilized in the course 
of these reactions, hydrogen and hydrocarbons mdy 
be produced. Research is being carried out at 
L3L to study the feasibility of nhotocatalysis 
of these thermodynanically unfavorable reactions. 
Surfaces of metals and oxides are prepared and 
the various reactions are studied in the presence 
of light. The light excites electrons in the 
solid su.face which are then trapped by the 
adsorbed molecules. The modi-fied adsorbed 
species may react with other adsoTbates to form 
the desired products. If successful, photocatalysis 
may play an important role in synthetic fuel 
proJuctirn. 

8. RESEARCH PLANS FOR CAlENu\R YEAR 1976 

U. A. Somoriai 

We shall attempt to synthesize new metal 
catalyst systems by controlled deposition of 
bimetallic al!oys. We shall make use of substrates 
with stepped surfaces for this purpose. 

The mechanism of prototype hydrocarbon reactions, 
dehydrogenation, hydrogenolysis, isomerization 
and dehydrocyclization will be studied on iridium, 
rhodium, and palladium surfaces and will be 
correlated with that on platinum. 

The surface crystallography of hydrocarbon 
molecules on l't(lll) and Rh(lbo) surfaces will 
be explored. 

We shall initiate studies of chemical reactions 
(polymerization, gas-surface reactions) on 
organic crystal surfaces. 

We shall explore the reaction mechanism of the 
CO/H? reaction to produce hydrocarbons on rhodium, 
cobalt, and iron surfaces. 

We shall study the photocatalytic dissociation 
of water on oxide surfaces to produce hydrogen. 

Studies of alloy surfaces will be extended to 
include Pd-Au, Pd-Ag, and Pd-Cu systems that are 
of catalytic importance. 

The reduction of nitrogen oxides (NOy) to 
dinitrogen (N2) will be studied on platinum 
surfaces. 
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9. 1975 PUBLICATIONS AND REPORTS 

G. A. Somorjai and Associates 

Journals 

1. J . L. Gland, K. Baron, and G. A. Somorjai, 
Low-Energy Electron Dif f rac t ion , Work Function 
Change and Mass Spectrometric Studies of 
Chemisorption and Dehydrogenation of Cyclohexane, 
Cyclohexene, and 1,3-Cyclohexadiene on the 
P t f l l l ) Surface, J . of Cata lys is 36, 305 (1975) 
(LBL-2768). 

2. S. II. Overbury, P. A. Bertrand, and G. A. 
Jomorjai, The Surface Composition of Binary 
Systems. Predic t ion of Surface Phase Diagrams of 
Solid So lu t ions , Chem. Revs. 75_, 547 (1975) 
(LBL-2746). 

3 . S. L. Bernasek and G. A. Somorjai, Molecular 
Beam Study of the Mechanism of Catalyzed to-D? 
Exchange on Platinum Single Crystal Surfaces ," 
J . Chem. Phys. 62, 3149 (1975) 'LBL-3115). 

4. S. L. Bernasek and G. A. Somorjai, Small 
Molecule Reactions on Stepped Single Crystal 
Platinum Surfaces, Proceedings of the Surface 
S-ience Conference, r .o l la , Mo., Surf. Sci . 48, 
20- (1975) ;LBi.-2759). ™ 

5. M. A. Chesters and G. A. Somorjai, The 
S t ruc ture of Surfaces , Ann. Rev. Mat. Sc i . 418 pp. 
Annual Revs. I n c . , 1975, R. A. Higgins, ed. 
(LBL-3187). 

6. L. L. Kesmodel and G. A. Somorjai, S t ructure 
Determination of the Platinum (111) Crystal Face 
by Low-Energy Electron Dif f rac t ion , Phys. Rev. B 
11_, 630 (1975) (LBL-3148). 

7. P. C. S t a i r , T. J . Kaminska, I,. L. Kesmodcl, 
and G. A. Somorjai, A New Rapid and Accurate Method 
t o Measure Low-Energy Electron Diffract ion Beam 
I n t e n s i t i e s . The I n t e n s i t i e s from the Clean 
P t ( l l l ) Crvstal Face, Phys. Rev. B 11 , 625 (1975) 
(LBL-3149). ~ 

8. S. L. Bernasek and G. A. Somorjai, Sca t te r ing 
of Helium and Deuterium from Single Crystal P t f l l l ) 
Compared from Two Different Labora tor ies , 
J . Vacuum Sc i . and Tech. Le t te r 12(2), 655 (1975). 

9. J- E. Firment and G. A. Somorjai, Low Energy 
Electron Diffract ion (LEED) Studies of Molecular 
C r y s t a l s : The Surface S t ruc tures of Vapor Grown 
Ice and Napththalene, J . Chem. Phys. 63 , 1037 
(1975) (LBL-3558). ~ 

10. S. L. Bernasek and G. A. Somorjai, Molecular 
Beam Sca t te r ing from Solid Surfaces, Prog, in 
Surf. Sci . 5_, 377 (1975) (LBL-2591). 

11 . M. A. Chesters and G. A. Somorjai, The 
Chemisorption of Oxygen, Water, and Selected 
Hydrocarbons on the (111) and Stepped Gold 
Surfaces , Surface Sc i . 52_, 21 (1975) (LBL-3741). 

12. Y. W. Tsang and L. M. Fal icov, Calculat ion 
of the Lat t ice St ructure on Stepped Surfaces of 

Ar and NaCl, Phvs. Rev. B U, 2441 (1975) 
(LBL-3904). 

13. Chin-An Chang and Wigbert J . Siekhaus, Auger 
Analysis of Si l icon Thin Films Deposited on Carbon 
a t Nigh Temperature, J . Applied Phvs. 46 /S) , 3402 
(1975) (LBL-3186). 

14. Chin-An Chang, Wigbert .J. Siekhaus, Thomas 
Kaminska, and Donald Tai-Chan Huo, Enhanced 
Crystal U n i t y of Si l icon Film Deposited at Lou-
Temperature, 'Applied Phvs. Le t te rs 26(4) , 1"8 
(1975) (LBL-3165). 

Talks 

1. G. A. Somorjai, Reactive Scattering of 
Molecular Beams from Platinum Surfaces, Stanford 
University, Palo Alto, CA, January 29, 1975. 

2. G. A. Somorjai, Surface Science of "New" 
Materials Studies of Organic, Iron, Thorium and 
Alloy Surfaces, California Institute of 
Technology, Pasadena, Calif., Feb. 12, 1975. 

3. G. A. Somorjai, The Atomic Structure and 
Reactivity of Metal Surfaces, Lehigh University, 
Bethlehem', Pa., February 19, 1975. 

4. G, A. Somorjai, studies of Metal, Alloy and 
Organic Surfaces on the Atomic Scale, University 
of'Pittsburgh, Pittsburgh, Pa., March 19, 1975.' 

5. G. A. Somorjai, Catalysis of Hydrocarbons by 
Platinum Crystal Surfaces at High and Low 
Pressures, University of Pittsburgh, Pittsburgh, 
Pa., March 20, 1975.' 

6. G. A. Somorjai, The Structure and Reactivity 
of Metal Surfaces, University of Pennsylvania, 
Philadelphia, Pa., April 9, 1975. 

7. C. A. Somorjai, Catalysis hv Platinum Single 
Crystals, Pennsylvania State University, University 
Park, P.i., April 10, 1975. 

8. G. A. Somorjai, Catalysis of Hydrocarbons by 
Platinum, Iowa State University, Ames, Iowa, 
Arril 14, 1975. 

9. G. A. Somorjai, Surface Studies of Alloys and 
Organic Crystal Surfaces, Iowa State University, 
Vnes, Iowa, April 14, 1975. 

10. G. A. Somorjai, Recent Advances in the Physics 
and Chemistry' 0 1" 3m-races. Argonne Natl. Labs., 
Chicago, 111., May 17, 1975. 

11. G. A. Somorjai, Studies of Hydrocarbon 
Catalysis on Platinum Crystal Surfaces of High 
and at Low Pressures, Gordon Conference on 
Catalysis, June ir>, 1975. 

12. G. A. Somorjai, Inorganic Surface Chemistry 
on the Atomic Scale, Gordon Conference on 
Inorganic Chemistiy, New Hampshire, Aug. 6, 1975. 

13. G. A. Somorjai, Surface Structure Analysis 
of Organic Adsorbates on the Ptflll) Crystal Face, 
ACS Meeting, Chicago, H I . , Division of Colloid 
and Surface Chemistry. 



14. G. A. Somorjai, Surface Crystallography in 
1975 and the Directions of Research for the Future, 
Chairman, Structure of Surfaces Section, 10th 
Intern. Congress of Crystallography, Amsterdam, 
Holland, Aug. 12, 197S. 

15. G. A. Somorjai, Catalysis of Organic Reactions 
on Metal Surfar*^, University of Califrinia, 
Santa Cruz, Calif., Oct. 15, 1975. 

16. G. A. Somorjai, Mechanisms of Catalyzed 
Hydrocarbons and Hydrogen on Metal Surfaces, 
University of California, San Diego, Calif., 
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17. G. A, Somorjai, Scienct of Metal Citalysis, 
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f. Nuclear Magnetic Resonance* 

Alexander Pines^ Principal Investigator 

1. NMR LINE-BROADENING BY SLOWING DOWN OF SPIN 
FLUCTUATIONS 

Alexander Pines 

The phenomenon of motional narrowing is very 
common in magnetic resonance. S t a r t i n g from a 
r i g i d so l id in which the resonance l ines are 
broadened by s t a t i c magnetic i n t e r ac t i ons between 
the s p i n s , the sample is heated and, as rapid 
thermal molecular r e o r i e n t a t i o n and t r a n s l a t i o n s 
ensue, t he l i n e s narrow u n t i l high resolut ion 
spect ra typ ica l of i s o t r o p i c f luids are observed. 
.An i n t e r e s t i n g f a c t , shown by van Vleck is tha t 
there i s another form of motional narrowing tha t 
may be thought of as occurring e n t i r e l y in spin 
space without thermal motion. This can occur If 
t he re a r e exchange i n t e r a c t i o n s tha t commute 
with the magnetization opera tor but not with the 
per turba t ion i n t e r ac t i on responsible for the l ine 
broadening. The exchange induces rapid ' ' f l ip - f lops 1 

of nuc lear spins that can average away the 
broadening in t e rac t ions i f the exch.mge is strong 
enough. 

As a p a r t i c u l a r example of considerable cur ren t 
i n t e r e s t , consider the case of the * .Ag resonance 
in AgF f i r s t observed by Abragam and Winter. The 
l i ne i s unusually narrow for a so l id and t h i s i s 
explained by the rapid decoupling q of l f 1 9 A g - * 9 F 
d ipo la r i n t e r ac t i ons by the 1 9 F - F d ipolar 
couplings. The ef fec t i s marked s ince *:j: » Y,^ 
and the q u a l i t a t i v e analogy with thermal motional 
narrowing i s evident . To da t e , however, the 
analogy has not been complete. Whereas in the 
case of c l a s s i c a l motional nariowing the ra te of 
f luc tua t ions can be cont ro l led and the -~.:11 regime 
from r ig id t o notion-ally narrowed can be covered 
by v a r i a t i o n of temperature, no ?uch control has 
been exercised over spin f luc tua t ions in AgF. In 
p a r t i c u l a r , i f i t were poss ib le t o e l iminate the 
ino coupling, Abragam has predicted that the 

^g resonance should hroaden, allowing the full 
r i g i d l ineshape to be observed in analogy to 
thermal cool ing. 

Ag specie^ 
in Ag F 

F spins 
irra dialed 

frequency. Hz 

Fig, 1. S i lve r ( Ag) resonance l i n e a t 4.2 MHz 
in p o l y c r v s t a l l i n e AgF with and without i r r a d i a t i o n 
of t he I 9 F sp ins . I r r a d i a t i o n of t he i y F spins 

i s performed with an r f f ie ld of 14 G c lose to the 
magic angle in t h e i r r o t a t i ng frame. The scal ing 
facto, cos t»j has btrcn taken into account in draw­
ing the frequency s ca l e . [XBL 7o7-8900) 

We have demonstrated for the f i r s t time a 
completion of the analogy between spin and thermal 
f luctuat ions by s e l ec t i ve ly reducing the ' % S p j n 

f luc tua t ions . Figure 1 shows the observed 
behavior. When the 1 3 F spins in a sample of 
polycryst . i l 1 ine AgF' a re i r r a d i a t e d with a s t rong 
radiofrcquency f ie ld such tha t the ef fec t ive f ie ld 
in the ro ta t ing fnijne is c lose VO the magic angle , 
the : : J ; _ 1 ^ : d ipolar i n t e rac t ions a te reduced and 
the Ag resonance i s indeed observed to broaden. 
A continuous va r i a t ion of the spin f luc tuat ion 
r a t e between the l imi t ing cases of extreme 
narrowing ;iiul r ig id is at the experimenter 's 

Fig. 2. Calculated and experimental excess hal f 
width Av = 6/v of ^'\g j n po lyc rys t a l l i ne AgF at 
4.2 Miz under i r r a d i a t i o n of the ^ F S p i n s with 
an rf f i e l d of 14 G a t the angle 6j in t h e i r 
r o t a t i ng frame. The experimental excess hal f 
width has been obtained by deconvolution of the 
experimental spec t ra with the t o t a l l y f luorine 
decoupled (9i = ir/2) s i l v e r resonance l i n e . 

(XBL 767-8899) 

AR c o n t r o l . Figtire 2 shows the linewidth of the *""< 
resonance as the l ^ F i r r a d i a t i o n frequency i s 
var ied . Qr i s the e f fec t ive angle of the ro ta t ing 
f ie ld in the ro t a t i ng frame. 

Using t h i s control of spin f l uc tua t ions , we 
are cur ren t ly measuring spin c o r r e l a t i o n funct ions. 

The work described here was p a r t l y supported by the 
National Science Foundation. 

Work done in co l labora t ion with M. Mehring, 
I n s t i t u t e of Physics, un ivers i ty of Itortmund, 
West Germany. 

http://polycryst.il
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2. NB\' Al'PKa\Gl TO PHOTON NMK IN SOUPS 

A. Pines , H. .). Uuben and S. Vega 

To obta in high rc-sclution proton nmr spec t ra , 
.JI appealing idea would be to immerse the protons 
in a bath of deuterium nucle i thus rendering them 
i s o t o p i c a l l y d i l u t e . The so l id s t a t e *H high 
resolu t ion spectrum could then be created by 
deuterium spin-decoupling. This has been used t o 
observe *H d ipo la r spect ra in s e l e c t i v e l y 
deutera ted molecules dissolved in l iqu id c r y s t a l s 
by Meiboom and co-workers. Why then , has t h i s 
not been attempted t o date in so l ids? In order 
to apprec ia te the d i f f i c u l t y , l e t us examine the 
s i t ua t i on depicted schematical ly in Fig. 1. The 

/-A 
deuterium proton 

A 
Fig, 1. Deuterium and proton spins i n t e r ac t ing v ia 
magnetic d ipo la r D. The deuterium ,esonan<~c i s 
broadened severely by e l e c t r i c quadrupolar 
i n t e r ac t i on 0- fXBL 756-6460) 

MI l inewi ' i th i s dominated by d ipo la r coupling to 
the deuterium. Imagine t ha t we i-pply at the 
deuterium frequency a r o t a t i n g f i e l d of i n t ens i t y 
toj (in angular frequency u n i t s ) . The c r i t e r i o n 
for spin-decoupling i s t h a t t he r a t e of t r a n s i t i o n s 
between t he deuterium magnetic sublevels induced 
by d}i must be comparable t o t he d ipo la r cuupling. 
If the quadrupolar s p l i t t i n g s were absent , t h i s 
r a t e would be propor t ional t o w j 2 , so t h i s means: 

an e a s i l y a t t a i n a b l e experimental s i t u a t i o n . 
However, with the quadrupolar s p l i t t i n g 
Q/2TT * 200 kHz » D/2T?, the c r i t e r i o n for 
decoupling i s tha t we need t o "cover" the 
spec t r a l width of t he deuterium: 

(1) 

Zeemon Quadruple 

J ! L 
Fig. 2. Allowed s ing le quantum 0*^,105) and double 
quantum t r a n s i t i o n s (up) for deuterium nucleus in 
an a x i a l l y symmetric f i e l d g rad ien t . Spin-
decoupling can be induced by the d i r e c t 1 -* -1 
t r a n s i t i o n s ince m = 0 induces no magnetic d ipo la r 
broadening. (XBL 7511-7627) 

Deuterium Decoupling 
( Q » D ) 

Single Quonlum, on resonance . 

-f ~ D 2 

Single Quantum, off resonance by Q 

Double Quantum, on resonance 

DQ 

Fig. 3, Conditions for spin decoupling of sp in-1 
nuc le i such as deuterium. D i s t he d ipo la r 
coupling t o another nucleus and Q i s the quadrupolar 
broadening. (XBL 756-6458) 

«! (2) 

i.e., a rotating field of Hj * 300 Gauss, which 
is quite simply prohibitive. 

Let us consider, however the "forbidden" 
transition m = 1 •+ -1 which can occur by a double-
quantum process at the unshifted frequency WQ as 
shown in Fig. 2. We can provide a simple but 
illustrative argument to assess this effect. The 

probability for the double-quantum transition is 
easily calculated by second order perturbation 
theory: 

u J | < i | r x | o > | 4 

'— 71— 

4 
(31 
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-40 -20 C 20 40 

<T (ppm from TMS) 
Fig. 4 . ,^nr spect ra of - 1" res idual protons in 
deuterated so l id ace t i c ac id . The top is the 
normal Fourier transform spectrum and the bottom 
one i s obtained by spin-decoupling the deuterium 
through double-quantum t r a n s i t i o n s . (XBL 758-6991'I 

where u\ i s the allowed t r a n s i t i o n frequency for 
m = -1 ^0 . Employing again the spin-decoupling 
condit ion K * D^ we find we need: 

ux

2 *QD . (4) 

Thus t he required power depends only l i n e a r l y 
on Q and the power required by (4) i s indeed 
access ib le in our l abora tory . The decoupling 
condit ions a re summarized in Fig. 3. 

Figure 4 demonstrates the f i r s t app l i ca t ion of 
+his approach to the ~ 1 | res idual protons in 
deuterated ace t i c ac id . As shown in Fig. 5 t h i s 
i s a c tua l l y composed from a narrow l i n e (methyl) 
and a broad l i n e (carboxyl) showing a la rge 
anisotropy of the proton magnetic sh ie ld ing . On 
spin-decoupling of the deuterium by double-
quantum t r a n s i t i o n s the two l i n e s from the methyl 
and carboxyl protons are resolved. This technique 
can now be used t o study magnetic sh ie ld ing and 
proton motion in s o l i d s . 

Work done in co l labora t ion with M. Mehring, 
I n s t i t u t e of Physics, un ive r s i ty of Dortmund, 
West Germany. 

V 

-40 ' -20 ' 6 20 ' 4 0 
a (ppm from TMS J 

Fig. 5. Theoret ica l ly synthesized proton nnr 
lineshape for so l id act-tie ac id , showing ( top! 
a narrow l ine (methyl 1 and a hroad a x i a l l y 
sj-mmetric powder l ine (carhoxyl) . Lower spectrum 
is a f t e r convolution with Gaussian and agrees with 
the experimental . fXBL "512-922M 

3. FOURFKR TRANSFORM MULT IP LH -QUANTUM » R 

A. P ines , S. Vega and T. W. Shattuck 

All recent developments in high reso lu t ion so l id 
s t a t e nmr have been ca r r i ed out on nucle i with 
s p i n - I / 2 , i . e . , proton, carbon-13, n i t rogen-15 , 
f luor ine-19, s i l i c o n - 2 9 , phosphorus-31 and 
s i l ve r -109 . Although i t would be valuable t o 
extend these experiments t o nuclei with spin-1 
and higher , no such attempts have been made. As 
a p a r t i c u l a r l y relevant example, consider deuterium. 
By i s o top i c a l l y labe l ing la ige molecules with 
deuterium we could l e a m about local s t r u c t u r e 
and motion; t h i s has not been access ib le t o d a t e . 

Figure 1 demonstrates the d i f f i c u l t y . The 
deuterium spin-1 nucleus has an electric quadrupole 
moment and t h i s causes a large broadening due t o 
in te rac t ions with local e l e c t r i c f i e ld s in the 
s o l i d . The broadening i s of the order of 10(1 kHz 
whereas t he resolut ion i s of the order of ;00 liz. 
The spectrum der ives from the allowed t r a n s i t i o n s 
between the magnetic sublevels m = 1 •* 0 and 
0 •* - 1 . 
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Figure 3 demonstrates the app l i ca t ion of t h i s 
technique t o 101 deuterium labeled oxa l i c ac id . 
The decay of double quantum coherence for the 
carboxyl deuterium while proton decoupling y i e l d s 
a frequency of 20 ppm a t a quadrupolar s p l i t t i n g 
of 16KIIz, the f i r s t measurement of a deuterium 
magnetic sh ie ld ing anisot ropy. 

Pig. 1. Deuterium nmr spectrum of dimc-thylsulfoxiJe 
(DMSO)-d0 showing the extremely large quadrupolar 
broadening. Only the cen te r sect ion of the 
spectrum is shown. [XRL 750-646-1} 

lie have introduced a new technique involving 
d i r e c t double-quantum e x c i t a t i o n m = 1 -+ -1 as 
shown in Pig. 2. The coherence of superposi t ion 
between s t a t e s : 1 which we label <Q(t)> decays 

<0U)> = f i t ) cos 25uit (1) 

where 6u; i s the resonance of fse t of the i r r a d i a t i n g 
f i e l d . Thus the decay of (1) docs not contain the 
quadrupole broadening, and y ie lds on Fourier 
t nansformat ion a high reso lu t ion spectrum. 

SPIN I = I 

Zeeman Quadrupole 

Pig. 3 . Decay of coherence between m = ± 1 l eve l s 
in deuterium a f t e r prepara t ion by a double-quantum 
90° pu l se . The sample was a s ing le c r y s t a l of 
10? douterated oxa l ic acid and the carboxyl 
deuterons were observed. (XBL 767-8901) 

The e f fec t i s analogous in many ways t o 
coherent Raman Sca t t e r ing and we have developed 
a full quantum mechanical formalism to account for 
the observa t ions . We are a l s o applying t h i s novel 
technique to problems of deuterium evironment in 
labeled m a t e r i a l s . 

o<nz±>-
Double-Quantum 

Transition 

4 . CARBON-13 MAGNETIC SHIELDING TENSORS IN 
ORGYNOMETALUC COMPOUNDS 

A. P i n e s a n d D. E. Wemroer 

he have shown previously t ha t the o r i e n t a t i o n 
of the magnetic sh ie ld ing tensor r e f l e c t s t o a 
la rge degree the local symmetry of the e l e c t r o n i c 
wave function. This should be extremely valuable 
in studying the changes t ha t occur when organic 
molecules bond t o surfaces or t o meta ls . 

Pig. 2. Preparat ion of coherent superposi t ion 
between s tud i e s ± 1 by double-ourmturn t r a n s i t i o n 
at UQ- IXHL 7b7-8898) 

As a model for such s tud ies we have measured 
the f i r s t magnetic sh ie ld ing t ensors for l^C in 
organomerallic compounds. As an example, consider 
the case of decamethyl-ferrocene, t he fu l l y 
methylated de r iva t ive of ferrocene. Usual ly, to 
obtain the magnetic sh ie ld ing t e n s o r , which i s an 
an i so t rop ic q u a n t i t y , i t i s necessary t o work with 
s ing le c r y s t a l s a t several o r i e n t a t i o n s . We have 
el iminated t h i s subs t an t i a l requirement by studying 
the spec t ra at two temperatures with d i f fe ren t 
molecular motion in a po lycrys ta l l i i i e sample. 



Fig. 1, Or ienta t ion of the magnetic sh ie ld ing 
tensor o in decamethylferrocene. The tensor axes 
are t i l t e d by 20° and the d i r e c t i o n of heaviest 
magnetic sh ie ld ing 035 i s not perpendicular t o 
the ir-model plane as ui i so l a t ed aromatic molecules. 

(XRL 7512-9194) 

Figure 1 shows the orientation of the tensor thus 
obtained. The induced magnetic moment by the 
electrons is highest when the magnetic field is 
along a\\ and lowest when the field is along o~-. 
If the fragment were an isolated cyclopentadienyl 
axion, 033 would be exactly perpendicular to the 
ring planes. Thus the tilt in 033 is induced by 
Fe- ion. Using this we can now study in detail 
the distortions in molecular and electronic 
structure induced by the nearby metal ion. A 
large series of compounds has been studied with 
different metals and ligands. 

Isotropic 

i | ' \MiV, i „w l M \ / , \ 

' n ' / V / i ' / i i / n ' V 

Nematic 

l / / / l / IM I \ l / I IM /7 / / l / 
MI / IW/ IMUVi l / l l / i l 
I l \ i / ( \ \ f / U / m \ W / S m e c t l c . A 

IM \W/ / IW/WI \ I / I \ I 
i /miin/ i / iwiw/i / i 
/////////////////////// 
//{///(/[///{///////!/ 
/ / / / / / / / / / / / / / / / / / / / / / Smectic-C 
////////////////////// 
H///M///I/////1//////// 

Fig. 1. Some of the higher temperature l iqu id 
crystal phases. CXBL 748-7063} 

5. MOLECULAR 0RDI3K IN' NBlftTIC LfQuTD CRYSTALS 

A. Pines , D. J. Ruben and A. fiohencr 

Liquid crystals are composed of long rod- l ike 
molecules. They e x i s t in a number of phases , of 
which the common high temperature forms a re shown 
in Fig. 1, As seen, there e x i s t d i f fe ren t types 
of long range o r i e n t a t i o n a l and t r a n s l a t i o n a l 
o rder . The study of these mater ia l s i s important 
s ince they serve as l u b r i c a n t s , for d i sp l ays , and 
as models for phase t r a n s i t i o n s and biologica l 
membranes. 

We previously made a preliminary study of the 
e f fec t of molecular end chains on the order in the 
nematic phase. This order can be p a r t i a l l y 
charac te r ized by the parameter: 

' 8 - 1 ) cn 
where 0 is the angle between the molecular axis 
and the director, the local average direction of 
the molecular axis. For S * 1, the molecules 
are perfectly ordered; for S = 0 the phase is 
completely isotropic. We have investigated with 
our new high field spectrometer the order S in a 

£ 0.5 

o Exppnmenfal, Tj.-S^C 
A Experimental, T c 

— Theoretical, Marcelia 
—Theoretical, Pink 

I 2 3 4 5 6 7 8 9 10 
n + 1 

Fig- 2. Dependence of the microscopic nematic 
order parameter on the number of carbons (n+1) in 
the end chains of l iqu id c rys t a l molecules. The 
t h e o r e t i c a l l i n e s a re from mean-field ca l cu l a t i ons . 
The "even-odd" z ig -z ig shows the a l t e r n a t i n g 
s t a b i l i z i n g and d e s t a b i l i z i n g e f f ec t s of carbon-
carbon segments on the nematic i n t e r a c t i o n s . 

(XRL 7512-9220) 
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homologous s c r i e s of nematic molecules CjJl^n+l -
(Cdlili) - Cnihn+i where (COW-) dep ic t s a semi 
r ig id aromatic core , with n = 1 t o 10. Figure 2 
shows the resul t : , for an alkoxyazoxybenzene s c r i e s ; 
a marked "even-odd" ef fec t i s obtained in 
agreement with b i ref r ingence measurements by Shen. 
Thus the end chains affect s u b s t a n t i a l l y the 
p roper t i e s of the an i so t rop ic phase. Comparison 
with e x i s t i n g t heo r i e s show t h a t they under­
es t imate the e f f e c t s . 

Thus we can determine a g rea t deal about local 
microscopic e f f ec t s in these phases, (VJ s tud ies 
are heing extended t o o ther s e r i e s ^iid phases and 
to dynamical inves t iga t ion of molecular 
conformational, rotation;!" - J i ^ . ^ m JILUIUJU*. 

6. R0TATI0.YU 0RD1-R IN TIE SMECTIC-C PllASF 

A. P'jies and A. Hohener 

One of the important low temperature l iqu id 
c ry s t a l phases i s the smectic-C. From X-ray 
s t u d i e s , i t i s known tha t t h i s der ives from the 
sweetie-A by a t i l t of the raUcuUs in the l a y e r s . 
The microscopic molecular na tu re of t h i s phase 
i s s t i l l a con t rovers ia l question and i s of great 
i n t e r e s t s ince i t can teach us about the molecular 
forces that cause the condensation in to the 
various phases . 

A microscopic theory due t o McMillan proposes 
that t he mechanism for the t i l t i n g i s der ived from 
the i n t e r ac t i ons between e l e c t r i c d ipoles on t he 
molecules as shown in Fig. 1, This would requ i re 
t ha t the molecules freeze in t h e i r ro t a t i on about 
t he long axes , unl ike the smectic-A phase. "Ibis 
property of ro t a t iona l order ing has been the sub­
j e c t of several i nves t i ga t i ons . 

Fig. 1. Molecules in t he smectic-C l iqu id c r y s t a l 
phase i n t e r a c t i n g via e l e c t r i c d ipo les (O-C, N-C 
bonds, e t c . ) , acco/ding t o a microscopic model 
of McMillan. (XBL 751-5436) 

We have observed the ruur l ineshapes in two 
mater ia ls a t various angles of sample ro t a t i on 

a f t e r cool ing of samples in to the smectic-C phase. 
The l ineshapes are incons i s ten t with high 
ro t a t i ona l order of the molecules in the smectic-C 
phase. Our conclusions a re in agreement with 
those of Luz and Meiboom and opposi te t o those 
of Doane and co-workers. I t therefore appears 
t o us t ha t forces o ther tiian e l e c t r i c dipole a re 
inducing the smectic-C t i l t . 

7. SYWmrRY Or MTO FTTJUR MUTTON' 1\' SO! Tps 

A. Pines and D. £. Werner 

P perennia l and d i f f i c u l t question in the study 
of molecular s tud ies has been tha i of t he aiode of 
molecular motion. In p a r t i c u l a r , one expects t he 
p o t e n t i a l binding r o t a t i o n a l motion in th-2 s o l i d 
s t a t e to d i f f e r s u b s t a n t i a l l y from tha t ii; l i t ,uid 
or gaseous environments. Thus, r o t a t i o n a l 
dif fusion i s usual ly assumed for f lu ids whereas 
t r a n s i t i o n s between d i s c r e t e po t en t i a l minima a r e 
more l i k e l y in a s o l i d . C lea r ly , i t i s not simple 
t o i n v e s t i g a t e experii, n t ' l l y the mode of motion 
in t he so l id s ince most ^pservable p r o p e r t i e s ^re 
l i k e l y t o d i f f e r very l i t t l e between the dif­
ferent cases of motion. 

One se t of p r o p e r t i e s t ha t d i f f e r e n t i a t e s be­
tween modes of motion are the t i m e - c o r r e l a t i c i 
funct ions: 

vrfiere Tj,m a r e components of spher ica l t enso i s of 
rank I, which are r e l a t e d t o our normal 
ob5ervables , e . g . , d ipole moment ( t = I ) , 
quadrupole moment [£.=2), magnetic sh ie ld ing 
tensor (£=2), e t c . , and <>denotes an ensemble 
average. Although magnetic resonance i s normally 
a powerful microscopic t o o l , t h e Gj^f-r) in [1) 
cannot normally be ext rac ted in ful l from 
experiments , and only a small number of po in t s 
can be provided by re laxa t ion s t u d i e s . Thus, 
even though the d i f f e ren t modes of motion y i e l d 
d i f f e r e n t G ^ x ) , i t has not been poss ib le t o use-
magnetic resonance t o resolve t h i s , and o the r 
approaches such as Raman s c a t t e r i n g for d i i e c t 
measurement of (1) a re a l so d i f f i c u l t . 

By studying the rimr l ineshapes a t t he onset ;>i. 
motion, we have been able t o e s t a b l i s h p r e c i s e l y 
the loca l symmetry ov the p o t e n t i a l determining 
the motion. Figure i shows an example for t h i ^ in 
decamethyl- ferrocene exh ib i t i ng a f ive - fo ld 
p o t e n t i a l . The t h r e e ca l cu l a t ed l ineshapes a re for 
t h r e e r a t i o s of t he p o t e n t i a l for ?TT/S and 4n/5 
molecular jumps. The types of jumps are shown in 
F ig . 2 . The bes t agreement with experiment fthe 
lowest curve) i s for a la rge r a t i o of t he ahnve 
p o t e n t i a l s . Thus the l ineshape i s exti'emely 
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(a) s e n s i t i v e t o the symnetry of local p o t e n t i a l s and 
i s being used t o study short - range order an'! 
hindering p o t e n t i a l s in condensed pliases. 

(b) 

(c) 

Fi£, 2. Possible jumps C2TT/5 and 4TT/5) of 
relevance in l ineshapes of ferrocene. 

(XBL 7512-9191) 

decamethylferrocene 
-173X 

-20 0 20 40 60 80 100 
<r (ppm from benzene) 

Fig . 1. Nmr powder l ineshapes for C in 
decanethyl-ferrocene. Top t h r e e are from 
t h e o r e t i c a l c a l cu l a t i ons assiming a) Wj? « W}3, 
(b) W12 = Wi3, (c) " j2 > > w i j i "here \1ii i s t ne 
p robab i l i t y of a 2TT/5 jump of the f ive - fo ld r ing 
and WIT for a 4TT/5 jump, (d) i s t he experijnental 
l i n e . (XBL 7511-9418) 



8. PROTON DYNAMICS IN ICE 

A. Pines, D. H. Wemmcr and I). J. Ruben 

The nature of proton motion in ice-I has been 
intensively studied, since it is thought to be 
responsible for dielectric relaxation, diffusion 
and spin-relaxation. We have been able to deter­

mine for the first time the exact nature of the 
synrnetry governing the mobility of the protons 
and to separate out the dynamics of reorientational 
motion from other types of motion. The information 
derived from these studies is being used to examine 
the nature of relaxation in ice and the effects 
of various impurities. Figure 1 shows the 
temperature dependence of *H spectra in heavy 

-90°C 

-70°C 

6 0 t 
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•4b "20 0 20 40 
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Fig. 1. Temperature dependence of proton nmr 
lineshapes in heavy ice-I. At left are experi­
mental spectra obtained by decoupling the deuterium 
through double-quantum transitions. At right are 
calculated curves assuming the proton undergoes a 
move in tetrahedral symmetry. The numbers are 
proton jump rates in sec" 1 . (XBL 7510-7416A) 
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ice-I obtained by decoupling the 991 deuterium 
nuclei by double-quantum transitions. At right 
are the theoretical spectra calculated for a 
model of proton motion in a tetrahedral potential. 
The agreement is virtually perfect; i t can be 
explained by an effective rotation of the water 
molecules (low energy Slater configurations) in 
ice by migration of defects, cs in Fig. 2. A 
possible defect causing this rotation is a 
Bjerrum fault shown in Fig. 3. 

9. COMPOSITION AND STRUCTURE OF COAL AND OIL 
SHALE 

A. Pines and D. E. Wemmer 

Coal and oil shale are potentially important 
fuel and petrochemical sources: One of the 
principal problems in research on these materials 
has been the lack of simple and straightforward 
methods for their analysis. The usually useful 
information provided by classical nmr for fluids 
is handicapped by the low resolution obtained in 
ijrmobile solids such as coal and oil shale. 

We have opened the way for a solution to this 
problem by resolving with firong proton decoupling 
at high magnetic field the aliphatic aromatic 
carbon-13 signals, allowing foi the first time a 
direct in si tu determination of the aromatic/ 
aliphatic carbon ratio. This quantity is of im­
portance in assessing the usefulness of these 
materials. 

As an example, we have studied the JC nmr 
spectra of samples of Brucetion coal provided 
by J. I.arsen and E. IV. Kuemmerle in Tennessee. 
Figure 1 depicts spectra using our techniques which 
show the first resolution of the two gross types 
of carbon in the raw material, aliphatic and 
aromatic. The sample was subsequently treated by 
the Tennessee group to enhance the aliphatic/ 

Fig. 2. Pseudorotation of water "molecules" [low 
energy Slater configurations for protons in 
hydrogen bonds) in ice-I . (XBL 759-8288) 

# 

AROMATIC AUPHATIC 

Fig. 3. Migration of a Bjerrum fault (two protons 
in one hydrogen bond), a mechanism for water 
reorientation in ice-I. (XBL 759-8267) 

Other models of motional symmetry do not ar;ree 
with the experiments and diffusional motion of 
protons has no effect. Thus, the technique is 
uniquely sensitive to reorientational motion. The 
activation barrier of "~ 4 Jccal/mole for proton 
motion derives from the use of impure samples. 
Studies on pure heavy ice will be undertaken to 
complement ths work of Lowe and others. 

Fig, 1. Carbon-13 nmr spectra of coal after proton 
enhancement and spin-decoupling. Samples from 
Larsen and Kuemmerle in Tennessee. Proton 
frequency 185 MHz. (XBB 761-86) £ fXBL 761-2018) 



aromatic r a t i o and our lower spectrum indica tes 
d i r e c t l y and simply th? t trie r a t i o has indeed 
g row dramat ica l ly . Similar work is being clone 
on o the r samples of coal and o i l shale from various 
sources including o i l companies and the fiureau 
of Mines. 

IV_ are cur ren t ly bui ld ing a high speed sample 
ro to r for magic-angle spinning. This , together 
with our radiofrequency technique?, w i l l allcw 
much higher reso lu t ion and a complete determination 
of t he carbon types and s t r uc tu r e in these 
m a t e r i a l s . In add i t i on , by re laxa t ion and 
diffusion measurements we wi l l be able to study the 
mobil i ty of molecules in these phase. 

10. HIGH FIELD NL"CLEAR MAGNETIC DOUBLE RESONANCE 
SPECTROMETER 

A. P ines , D. J , Ruben and D. Wilkinson 

We have completed and have fu l ly operat ional 
a high f i e l d double resonance spectrometer. A 

schematic diagram i s shown in Fig. 1. The device 
operates at 185 lite for protons and has 
unprecedented s e n s i t i v i t y for de tec t ion of low 
frequency n u c l e i . I t has been used for our novel 
experiments on carbon-13 and deuterium. 

The probe for t h i s device i s equipped with 
high voltage components, with a goniometer for 
studying anisotropic properties of crystals and 
liquid crystals, and with accurate temperature 
control for temperatures between -160°C and 200°C. 
It is designed for the geometry of a superconduct­
ing solenoid. 

Radiofrequency amplitude and phase is under 
control of an on-line computer through a homebuilt 
pulse programmer. The computer also handles data 
acquisition, complex Fourier transformation and 
storage. 

Amplifiers are commercial radio amateur 
transmitters for the low frequencies and a 
homebuilt cavity tuned anode device for the 185 MHz. 
The spectrometer is currently being fitted with 
a high speed turbine rotor to allow high resolution 
in polycrystalline samples. 

Fig. 1. Schematic diagram of high field nuclear magnetic double resonance spectrometer. 
(XBL 755-4959) 
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11. NUCLEAR MAGNETIC ISOTOPE EFFECT 

A. Pines, S. Vega and S. Bustamente 

Isotopes differ in nuclear mass and this results 
in a large number of phenomena classified as 
isotope effects. For example, there are isotope 
shifts of optical absorption lines, kinetic 
isotope effects inducing a change in the rate of 
chetrical processes due to the isotope mass 
difference and isotope effects on transport 
properties. These phenomena have formed the 
basis for most modern approaches to isotope 
enrichment. 

Ke have been interested in the fact that 
isotopes differ not only in Tnass but also in nu­
clear spin :md have asked whether the spin ran have 
a detectable effect on chemical reactions. At 
first sight, this appears highly unlikely since 
chemical bond energies are of the order of kilo-
calories/mole whereas spin magnet energies are of 
the order of milli-calories/mole. Thus, 
classically, any spin effects should be negligible. 
However, in quantum mechanics new forces arise 
due to the Pauli exclusion principle, namely that 
the total wavefunction must be antisymmetric with 
respect to exchange of identical fermions. This 
indicates that large effects of spin may be pos­
sible. 

Ke have investigated this by studying the 
differential effect of 1 Z C (spin 0) and 1 3 C (spin 
1/2) on the recombin?. ion of radicals in the 
following photochemical reaction: 

(I) R-C = N = N-

(III) R-HC- •C=R* 
-(II) R-C: (triplet)-
-(IV) R-HC-C-R' 

previously studied in great detail by Closs. 
Figure 1 shows the nmr proton CIDNP (chemically 
induced dynamic nuclear polarization) of IV from 
photochemical decomposition of I enriched to 301. 
A 3 C . The spectrum shows absorption and emission 
peaks due to 1 2 C and 1 3 C in the product (TV) and 
an enrichment of ~ 35% is calculated for 1 3 C . 
This is shown by studying the theoretical spectra 
calculated for no enrichment, 35$ i 3 C , and a 
higher enrichment as shown in Fig. 2. Only the 
second spectrum is in agreement with observation. 

Thus, the effect appears to be present and we 
are currently in the process of determining it 
directly by analytical chemistry. 

12. RESEARCH PLANS FOR CALENDAR YEAR 1976 
Alexander Pines 

4 3 
o- (pom from TMSJ 

Fig. 1. Proton CIDNP spectrum obtained during 
5200 A irradiation of * \ diphenyldiazomethane. 
The left peak is a * 3C satellite of the middle 2. 
The absorption and emission lines tell us that 
the reaction derives from a triplet carbene and 
allows us to determine the * 3C toluene liyperfine 
constant and enrichment. (XBI. 751.7-9221) 

- J . . I , 

1. Study of molecular ordering and motion in the 
low temperature smectic liquid crystal phases. 
This work will be expanded by employing our 
new deuterium resonance techniques. Extension 
of our work to homologous series of smectics. 

2. Extension of our work on symmetry of molecular 
motion to other potentials. Details of motion 

Fig. 2. Theoretical proton CIDNP ^or the 
reaction in Fig. 1: (a) 1 3 C hyperfine = 0, 
no 1 3 C enrichment; (b) l 3 C hyperfine = 30 G, - 15°0 

enrichment from 301 to 354 i^C; (c) 1 3 C hyperfine 
> 30 G, > 15s enrichment. The best agreement with 
experiment appears to be (b). (XBL 7512-9224) 



211 

and short range order wil l be studied in 
molecular c r y s t a l s and organometallic 
compounds. 

3. Direct de tec t ion of the nuclear magnetic 
isotope ef fec t by ana ly t i ca l chemical t echni ­
ques. Inves t iga t ion of o ther photochemical 
r eac t ions in magnetic f ie lds and evaluat ion 
of t h e i r po ten t i a l for magnetic isotope 
d i sc r imina t ion . 

4. Application of our new multiple-quantum t echn i ­
ques t o the study of magnetic sh ie ld ing of 
deuterium. This wi l l a l so be used to study 
hydrogen bonding. Extension of the mul t ip le -
quantum ideas t o o the r nuclear i so topes . 

5. Implementation of a new high speed r o t o r in 
our probe t o obtain high reso lu t ion ronr 
spect ra in noncrys ta l l ine ma te r i a l s . These 
wi l l be used t o study in d e t a i l the composition 
and s t r uc tu r e of coal and o i l sha le . 

13. 1975 PUBLICATION'S AND REPORTS 

Alexander Pines and Associates 

Journals 

1. J . J . Chang, R. G. Griff in and A. Pines , 
Carbon-13 Chemical Shielding Tensors in Ammonium 
Hydrogen Malonate, J . Chem. Phys. 62, 4923 (1975) 
(LBL-3518). 

2. J . .1 . Chang, A. P ines , J . J , F r ip i a t and 
H. A. Rcsing, Qua l i t a t i ve Analysis of Chemisorbed 
Molecular Species via * 3C NMR, Surface Science 
47, 661 (1975) (LBL-3721). 

3 . R. G. Gr i f f in , A. P ines , S. Pausak and 
J . S. IVaugh, l^C Chemical Shielding Tensors in 
Oxalic Acid, Oxalic Acid Dihvdrate and Diammonium 
Oxalate , J . Chem. Phys. 63 , 1267 (1975) 

4. k. G. Griff in* A . Pines and J . S. H'augh, 
Observation of C ^ - N 1 4 Dipolar Couplings in Single 
Crysta ls of Glycine, J . Chem. Phys. 63 , 3676 (1975). 

5. A. P ines , Applications of Novel NMR Techniques 
t o Solids and Liquid C r y s t a l s , Proceedings of the 
Second Special ized Colloque Ampere, Budapest, 
Hungary*, August, 1975, i nv i t ed t a l k (LBL-4505). 

Lectures 

1. A. P ines , NMR Studies of Macroscopic St ructure 
and Dynamics in Solid and L. ^uid Crys t a l s , Gordon 
Conference on Magnetic Resonance, ltolderness School, 
New Hampshire, June 197S, inc i t ed t a l k . 

2. A. P ines , NMR Studies of Ordered Fluids and 
Disordered So l id s , Third In te rna t iona l Meeting on 
MR Spectroscopy, S t . Andrews, Scot land, Ju ly 1975, 
inv i t ed t a l k . 

3 . M. Mehring, G. Sinning and A. P ines , Spin-
Decoupling in So l i d s , Third In te rna t iona l Meeting 
on NMR Spectroscopy, S t . Andrews, Scotland, 
Ju ly 1975, inv i t ed t a l k . 

A. A. P ines , NMR Character iza t ion of P a r t i a l l y 
Ordered Mate r i a l s , Gordon Conference on 
Analyt ical Chemistry, New Hampton School, 
New Hampshire, August 1975, invi ted t a l k . 

5 . M. Mehring, G. Sinning, A. Pines and T. K. 
Shattuck, Dynanrics of Heteronuclear Coupling and 
Decoupling in So l ids , Second Special ized Colloque 
Ampere, Budapest, Hungary, August 1975. 

6. Chemical Physics Colloquium, Ca l i fomia 
I n s t i t u t e of Technology, Pasadena, Ca l i fo rn ia , 
January 1975. 

7. IBM Research Laboratory, 5 \ J o s e , Ca l i fo rn ia , 
January 1975. 

8. Nuclear Magnetic Resonance Seminar, Universi ty 
of Dortmund, West Germany, March 1975. 

9. Chemistry' Department, un ive r s i ty of New York, 
Stony Brook, New York, March 1975. 

10. Quantum Optics and Resonance Seminar, 
Univers i ty of Ca l i fo rn ia , Berkeley, May 1975. 

11 . Chemistry Department, un ive r s i ty of 
Southampton, England, August 1975. 

12. I n s t i t u t e Seminar, Weizmann I n s t i t u t e of 
Science, Rehovot, September 1975. 

13. Biophysics Center, Univers i ty of Basel, 
Switzerland, October 1975. 

14. Molecular Physic? Divis ion, Max Planck 
I n s t i t u t e , Heidelberg; West Germany, October 1975. 

15. Chemistry Department, Universi ty of Ca l i fo rn ia , 
Berkeley, November 1975. 

LBL Reports 

1. A. Pines , D. J . Ruben, S. Vega and M. Mehring, 
New Approach t o High Resolution Proton NMR in 
So l ids : Deuterium Spin-Decoupling by Mult ip le-
Quantum T i i n s i t i o n s , LBL-4525. 

2 . M. Mehring, G. Sinning and A. P ines , NMR 
Line-Broadening in Solids by Slowing Down of Spin 
F luc tua t ions , LBL-4546. 



A. RADIATION AND SEPARATIONS RESEARCH 

1. RADIATION SCIENCES 

a. Photochemistry of Mater ia ls in th t $!rato$ph«r« 

1. UmtlMHNTU. SniDIhN 

;i. J'hotoIysis_of the N i t r a t e •Iree Radical (W-J 
and Kate "Const ants fnvblvi'n<; h in i t rogen Ttntbxlde 
fy^.r;* 
Richard (Iraham 

At zoom temperature under ordinary laboratory 
LiinJi: ions, d in i t iogen pontoxide is in rap;,. 
equi l ibr ium with ni t rogen dioxide and the 
n i t ' . a t e free radical 

N,O e " NO, * NO-2 S 2 ,i 
Hinitrogen pent oxide is rapidly formed from ozone 
and nitrogen dioxide 

: N O , + o. = \,o, • o, 
-i 2 ^ -

I ' ini trogen pentoxide slowly catalyze.-, the 
decomposition of ozone 

S,0* 

and it rapidly r eac t s with n i t r i c Gride 

NO + X,0- * 5 NO., 

Ul t rav io le t r ad ia t ion decomposes N->0~ to the lower 
oxides of ni t rogen 

J N,il_ + U.V. - .1 NO, + o , 

dinitrogen pentoxide undergoes a slow, irreversible 
decomposition 

2 X,0 * -1 NO, • 0, 

ITic i n t e rac t ions of NO, NtK, 0^, anu N ^ 
involve seven elementary chemical reac t ions (s ix 
of which include NO^ as e i t h e r reactr.nt or product) 
and several photochemical r e a c t i o n s . In a s e r i e s 
of s t ud i e s Kichard Graham re-determined the ra te 
constants for the s ix reac t ions i nvok ing NO3, and 
he obtained preliminary r e s u l t s on the wave-length 
dependent photolysis of NO3. [:rom the values of 
these r a t e constants one c m ca l cu l a t e the r a t e 
of interconversion of N<H and N7O5 in the 
s t r a t o s p h e r e . At the low temperatures , low 
p a r t i a l p re s su res , and intense u l t r a v i o l e t radia­
t ion f i e ld of the middle s t r a t o s p h e r e , the half 
time for intcrconversion of NCh a n u " ^2^5 * s a n o u t 

a Jay or two. This ra te i s slower in"the low 
s t ra tosphere and higher in the upper s t r a tosphere . 

Thus i t happens that a s u b s t a n t i a l f r ac t ion of 
NOx (NO and N0?J i s converted to .v,°5 during the 
night and returned t o the form NO^and NO during 
the day. l :or the polar night and adjacent high 
l a t i t u d e winter cond i t ions , v i r t u a l l y a l l NO and 
NO? is converted to N9O-. Thus on a global s c a l e , 
NV~5 is an impor t an t , " r eve r s ib l e , r e se rvo i r for the 
ac t ive oxides of n i t rogen. 

Supported in par t by f-'ie National .Science 
I-Vuindat ion. 

h. Ijevelop.it-nt of a Circjnd - Based Method to 
Monijtor S t ra tospher ic '-itrogeri" Pioxio'e'* 

Peter ctonne 11 and [lavid lohnston 

A. W. Brewer ;ind co-workers fNature 24£, 129, 
li>~3) and Noxon and co-workers (Science 189, 5J", 
lf~5) have used spectroscopic methods based" on 
absorpt ion of v i s i b l e l i g h t , to measure the 
concentra t ion of n i t rogen dioxide in the s t r a t o ­
sphere and in the t roposphere . he a re developing 
a re la ted method that gives more de ta i l ed informa­
t ion than these methods and may be able to follow 
in rnorc d e t a i l the react ions of NOT in the s t r a t o ­
sphere. We co l l ec t l igh t with an e igh t - inch 
cassegra in t e l e scope , use a small astronomical 
spectrograph, measure l igh t i n t e n s i t y simultaneous­
ly in SflO wavelength channels with an op t i ca l 
multichannel analyzer , and analyze data with a 
minicomputer. By measuring in quick succession 
sunlight s ca t t e r ed from the zeni th sky and d i r e c t l y 
t ransmit ted s u n l i g h t , one can, in p r i n c i p l e , infer 
the ve r t i ca l d i s t r i b u t i o n of NOi a s a function of 
t i w The method is being developed by t h e o r e t i ­
c a l , l abora tory , and f ield t e s t s . 

Supported in par t by the National Sc.ence 
Foundat i on. 

c. Ah. orpt ion Spectrum of Nitrous Oxide 

Gary Selwyn 

The u l t r a v i o l e t absorption spectrum of n i t rous 
oxide {H^O) was s tud ied , with especia l emphasis 
on the long-wavelength peak, which had been 
reported in the l i t e r a t u r e . I t was found that the 
long-wavelength absorpt ion (280-ToO nml did not 
e x i s t in pure N?0 a t one atmosphere pressure and 
at room temperature. Thus the re is no photo lys is 
of n i t rous oxide in the t roposphere . This simple 
measurement has f a i r l y far- reaching atmospheric 
impl ica t ions . It tends to confirm Junge 's 
| . I . Goophys. Res. Jo , 8143 (1971)] pos i t ion that 
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nitrous oxide must have a short (10 year not 100 
year) atmospheric residence time, and thus there 
must be some large unknown source and some large 
unknown sink for nitrous o.xide in the troposphere. 
It becomes a matter of considerable geochemical 
importance to identify these large unknown sources 
and sinks. 

d. Effect of Nitrogen Fertilizer on Stratospheric 
Ozone 

t&rold S. Johnston 

In 19 7l-72 Boeing Aircraft Company spokeman 
were quoted as saying: "Blame the farmers; don't 
blame us." The context was the discussion of the 
reduction of stratospheric ozone by human 
activities that produced stratospheric oxides of 
nitrogen. In nature, stratospheric nitric oxide 
(NO) is produced from nitrous oxide (NSO) and 
singlet oxygen atoms, stratospheric i.itrous 'jxide 
is transported from the troposphere by turhjlent 
diffusion, and tropospheric nitrous oxide is 
produced by bacterial denitrification of nitrate 
in soils and in the ocean. Thus farmers adding 
artificial nitrogen fertilizers to the soil woulr" 
be expected to increase tropospheric nitrous oxide 
and later reduce stratospheric ozone. At that 
time, however, many people (including Boeing 
authors) denied that the oxides of nitrogen 
(natural or artificial) had any effect on strato­
spheric ozone. 

During the period 1971-75, the Department of 
Transportation conducted and coordinated an exten­
sive study of the stratosphere, stratospheric 
ozone, at-iospheric oxides of nitrogen, and related 
matters. These findings were published in 1975, 
both as Department of Transportation reports and 
as a National Academy of Sciences Report 
(Department of Transportation's Report of Findings 
of the Climatic Impact .Assessment Program 
(DOT-TST-7S-50), Washington, D.C., March 1975, 
National Academy of Sciences - National Research 
Council, Washington, D.C., April 1, 1975). These 
studies confirmed that the natural oxides of 
nitrogen play a dominant role in balancing strato­
spheric ozone and that nitrous oxide is the princi­
pal source of stratospheric NO x. Furthermore, 
these studies agreed doubling stratospheric N 0 X 

or N^n would reduce ozone by 20 percent. Although 
this subject had been discussed from time to time 
by Crutzen (19"2, 1974), the year 1974-75 was an 
appropriate time to re-open the question about 
the effect of nitrogen fertilizers on stratospheric 
ozone. 

During 1974-75 there have been several dis­
cussions of this topic (Crutzen; McElroy; Johnston). 
The crux of the matter is that human fixation of 
nitrogen (fertilizer, combustion, etc.) is a 
large fraction (about 25 percent) of the recognized 
natural fixation of nitrogen (Delwiche , 1970); 
and the manufacture of nitrogen fertilizer is 
increasing exponentially with a very large future 
growth anticipated. When human activity (more 
or less) doubles a vital natural ingredient, then 
one must give thought to global consequences, 
perhaps delayed in appearance, Human activity is 
on the threshold of doubling the global natural 
fixation of nitrogen. If human activity should 

double tropospheric nitrous oxide, it would almost 
certainly reduce stratospheric ozone by about 
20 percent. However, there are major recognized 
uncertainties in this problem: 1. The average 
delay time between nitrogen fixation and 
denitrification. 2. The role of the oceans in 
fixing nitrogen and in producing nitrous oxide. 
3. The unknown sources and sinks of tropospheric 
nitrous oxide, 4. The actual global rate of 
fixation of nitrogen. These recognized uncertain­
ties confer a factor of 10 uncertainty on the 
magnitude of the reduction of stratospheric ozone 
by a given level of human fixaticr. of nitrogen. 
However, at the current rate of growth of chemical 
fertilizers, a factor of 10 is picked up in 25 
years. The question mav not be whether or not this 
is a serious problem; the question may be whether 
this will be a desperately serious problem in the 
year 2025 or the year 2050. 

2. RESEARCH PLANS FOR CALENDER YEAR 1976 

We plan to continue to <ievelop a ground-! ised, 
spectroscopic method to study the vertical d stri-
bution jf nitrogen dioxide in the strntosphe ° 
and troposphert. The goal of this work is ti 
develop a method that could be used (by other ) 
to monitor atmospheric nitrogen dioxide, and also 
we hope to measure the diurnal photochemical 
reactions of stratospheric nitrogen dioxide. 

We are obtaining a high-intensity, variable 
wave-length, flash-driven laser to study primary-
photochemical reactions of ozone, nitrogen dioxide, 
chlorine dioxide, and the nitrate free radical 
NO3. The purpose of this work is to obtain new 
or improved values of the rate constants for 
elementary reactions that are important in the 
atmosphere. We have underway studies of thu 
photolysis of ozone to produce singlet oxygen 
atoms, and a molecular modulation study of the MOO 
free radical. 

In collaboration with Professor Yuan Lee, we are 
developing molecular beam sources that can be 
used in Lee's apparatus to study certain radical-
radical reactions. Over a period of many years, 
kineticists have been unable to obtain rate 
constants for some radical-radical reactions that 
are of considerable importance in atmospheric 
problems, and also in problems of combustion. 
Especially important examples are 
HO + HOO '•* li20 + 0 2 and 0 + HOO -> HO + 0 2 . 
Mathematical modeling of both atmospheric reactions 
and combustion systems is severely limited by 
lack of satisfactory rate constants for these and 
other related elementary reactions. 

3. 1975 PUBLICATIONS AND REPORTS 

Harotd S. Johnston and Associates 

Journals and Books 

1. J. W. Birks, S. D. Gabelnick, and H. S. 
Johnston, Chemiluminescence of IF in the Gas Phase 
Reaction of I2 with V7, Journal of Molecular 
Spectroscopy 57, 23 (1976) (LBL-3S62). 
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2. J. W. Birks, H. S. Johnston, and H. F. 
Schaefer, Journal of Chemical Physics 63, 1741 
(1975) (LBL-3753). 

3. H. S. Johnston, Ground-Level Effects of 
Supersonic Transports in the Stratosphere, 
Accounts of Chemical Research £, 289 (1975) 
(LBL-3564). 

4. H. S. Johnston, Pollution of the Stratosphere, 
.Annual Reviews of Physical Chemistry 26, 3X5 
(1975) (1BL-3743). 
5. H. S. Johnston, Global Ozone Balance in the 
Natural Stratosphere, Review of Geophysics and 
Space Physics 13_, 637-649 (1975) (LBL-3756). 

6. H. S. Johnston and G. Whitten, Chemical 
Reactions in the Atmosphere as Studied by the 
Method of Instantaneous Rates, reprinted from 
International Journal of Chemical Kinetics, 
Symposium No. 1, 1975, Proceedings of the 
Symposium on Chemical Kinetics Data for the Upper 
and Lower Atmosphere, John Wiley and Sons, Inc., 
pp. 1-26, 1975. 

7. H. S. Johnston and G. Selwyn, 'Jew Cross 
Sections for the Absorption of Near Ultraviolet 
Radiation bv Nitrous Oxide, (N2O), Geophysical 
Research Letters 2, 549 (1975) (LBL-4168). 

Presented Papers 

1. H. S- Johnston, Pollution of the Stratosphere, 
Radiological and Chemical Physics Contractors' 
Meeting, Stanford Research Institute, Menlo Park, 
California, January 27-28, 1975. 

2. H. S. Johnston, Pollution of the Stratosphere, 
Seminar, Argonne National Laboratories, Argonne, 
Illinois, February 7, 1975. 

3. H. S. Johnston, Pollution of the Stratosphere, 
University of Chicago, Chicago, Illinois, 
February 10, 1975. 

4. H. S. Johnston, Pollution of the Stratosphere, 
University of Illinois at Chicago Circle, Chicago, 
Illinois, February 11, 1975. 

5. H. S. Johnston, Pollution of the Stratosphere, 
University of California-Santa Barbara, Santa 
Barbara, California, February 19, 1975. 

6. H. S. Johnston, Pollution of the Stratosphere, 
California Polytechnic State University, San Luis, 
Obispo, February 27, 1975. 

7. H. S. Johnston, Pollution of the Stratosphere, 
Local Section, American Chemical Society, Modesto, 
California, April 3, 1975. 

8. H. S. Johnston, Pollution of the Stratosphere, 
Baylor University, Waco, Texas, April 17, 1975. 

9. H. S. Johnston, Pollution of the Stratosphere, 
Stratosphere Physics and Chemistry Workshop, 
Goddard Space Flight Center, Greenbelt, Maryland, 
May 28-30, 1975. 

10. H. S. Johnston, Pollution of the Stratosphere, 
Seminar, Stanford University, Stanford, California, 
July 30, 1975. 

11. H. S, Johnston, Pollution of the Stratosphere, 
University of Southern Mississippi, Hattiesburg, 
Mississippi, September 24, 1975. 

12. H. S. Johnston, Pollution of the Stratosphere, 
The University of South Dakota, Vermillion, 
South Dakota, October 27, 1975. 
13. H. S. Johnston, Pollution of the Stratosphere, 
The University of Northern Colorado, Greelev, 
uolorado, October 28, 1975. 
14. H. S. Johnston, Pollution of the Stratosphere, 
Sandia Laboratory, Albuquerque, New Mexico, 
October 29, 197S. 

15. H. S. Johnston, Pollution of the Stratosphere, 
Sandia Laboratory, Livermore, California, 
October 39, 1975. 

16. H. S. Johnston, Pollution of the Stratosphere, 
Rice University, Houston, Texas, November 19, 1975. 

17. H. S. Johnston, Pollution of the Stratosphere, 
California Institute of Technology, Pasadena, 
California, December 11, 1975. 

LBL Reports 

1, Richard Alan Graham, The Photochemistry of N0 3 

and the Kinetics of the N2O5-O3, (Ph.D. Thesis) 
LBL-4U7, Nov. 1975. 
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b. Radiation Chemistry 

Warren M. Garrison, Principal Investigator 

1. RAD10LYSIS OF SOLIDS AND LIQUIDS KITH HEAVY-
ION BEAMS AT IX*' FLUX DENSITIES* 

M. E. Jayko, T.-L. Tung, G. P. Welch, and 
IV. M. Garrison 

A modification of the external beam-optics of 
the LBL 88-inch cyclotron now makes i t p r a c t i c a l 
to use cyclotron r a d i a t i o n s in the de t a i l ed study 
of the e f fec t s of l i nea r energy t r a n s f e r (LET) in 
the r ad i a t ion chemistry of so l id and l i qu id 
systems at dosages and dose- ra tes comparable t o 
those einployed in conventional x-ray s t u d i e s . The 
modification involves passing the focused beam 
through a p a i r of "beam-sweeping" magnets so that 
a c i r c u l a r t a rge t area of up to 10 cm in diair*?ter 
can be uniformly i r r a d i a t e d with beams in ihe 
nanoampere range. Beam current i s measured in the 
vacuum pipe with a secondary emission monitor that 
cons i s t s of two aluminum fo i l s 6.4 urn th ick at a 
separa t ion of 12.7 mm. The upstream foil i s 
maintained at -70 V while the downstream one is 
connected to a capac i to r box and a feed-hack type 
e lec t rometer . The monitor i s c a l i b r a t e d against 
a Faraday cup which i s located in a magnetic 
f i e ld of 500 gauss. 

As a check on dosirr^try we have measured Fe- ^ 
production in Fricke chemical dosimeter f.01 NFe- + 

in 0.8 NH2SO4, a i * sa tu ra ted ) for several dif­
ferent beams. The data a re summarized in Table 1. 
Kith a 1-aA. beam uniformly d i s t r i b u t e d over the 
t a rge t a r e a , the dose- ra te t o the i r r a d i a t e d 
volume corresponds t o - 5 * 10*° eV/g min. Under 
these condi t ions no mechanical mixing of the 
so lu t ion i s required. 

Table 1. Ferr ic ion y i e l d s in the heavy-par t i c l e 
i r r a d i a t i o n of the Fricke dos ime te r . 3 

2. EFrirrs or LINEAR I-NI-RCY TRANSFER UETJ 
Till: HEAVY-ION RAMOI.VSTS OF SOLID GLYCINE* 

T.-L. Tung, G. P. Welch, H. 
Corniea and W. M. Garrison 

A. Sokol, W. Bennett-

The low flux f a c i l i t y described above has been 
used in the radiation-chemica^ study of so l id 
glycine using beam? of If*, He-*, Be-',+ , C" + , ,md 
\QI0* J t energies of ^ 10 McV/nucIcon. Ihese 
p a r t i c l e s have the same veloc i ty and hence the 
p r o f i l e of the radia l energy deposi t ion by 
secondary e lec t rons along each of the p a r t i c l e 
t racks i s e s s e n t i a l l y the same.* However, the 
l inea r energy , t r ans fe r (LIT) increases as a 
function of Z~ as defined by the Bethe formulation. 

Solid glycine was chosen far t h i s prel iminary 
heavy-ion study because the chemical ac t ion of 
v r a y s {low I IT) on t h i s system has been well 
defined in previous work at t h i s laboratory and 
elsewhere - rfith v r a y s , the radia t ion induced step 

MU:H2COO" MUH'-OO + H 

is followed by the d i s soc i a t i ve e lec t ron-cap ture 
react i on 

e" + Mitaî coo" - MI. + fi^con' o 

The long lived rad ica l s produced in s teps 1, 2 
d ispropor t iona te on d i sso lu t ion of the i r r ad i a t ed 
so l id in 0?-free water to give ace t i c acid and 
iminoacetic ac id . 

CM .QXl fS) 

Radiation Energy G(Fe3V 
He 2* 34 8.3 

i* 4* 
34 
91 

(3.3) c 

6.5 
Ce 6* 102 5.2 

N e 1 0 * 
102 
206 

(5.0) c 

4.8 
a . 0 1 NFe 2* in 0.8 NH, S 0 4 , a i r s a tu ra t ed . 
G represents the number of product species formed 
per 100 eV absorbed energy. 

cNumbers in paren thes i s are l i t e r a t u r e values ob­
ta ined at high flux d e n s i t i e s with mechanical s t i r ­
r ing ( e . g . , J . Am. Chem. Soc. 79, 1565 (1975)). 

.Abstracted from Biochem. Biophys. Res. Commun., 
in p r e s s . 

The l a t t e r then hydrolyzes spontaneously t o give 
ammonia and glyoxylic ac id . The observed 
stoichiometrv for y-ravs corresponds to 
G(NH3) = 5 = G(CHOCOOH) + G(Clr?COnH); 
GfCHOC(X)f0 = G(CH3C00H) * 2 .5 . " Product y i e l d s 
obtained with the heavy-ion beams are compared 
in Figs , la and lb with the y-ray da ta . 

Ke find in Fig. la t ha t the product y ie lds 
r e su l t i ng from the charge-separat ion react ions 
(1 •• 3) decrease with increasing LET and then tend 
t o level off a t li-T values above ** 10 cV/A. These 
r e s u l t s are in good agreement with the theo re t i ca l 
p red ic t ions that there i s an e q u i - p a r t i t i o n of 
energy between knock-on c o l l i s i o n s and glancing 
c o l l i s i o n s in the in te rac t ion of the heavy-ions 
with e lec t rons along the t rack c-f the primary 
p a r t i c ] \ We a l so find in Fig. Ih tha t processes 
in addi t ion to react ions (1 - 3) become increasingly 
important with increasing LET. These processes 
are associa ted with chemistry within the core and 
are now being inves t iga ted in d e t a i l . 
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o. G I C H J C O O + N H J C H C O O ) 

o GICHjCOOH) 
• G(CHOCOOH) 
V G(CH 3COOH+CHOCOOH) 

L E T U V / & 1 

3. RESEAJ--H PLANS FOR CALENDAR YEAR 1976 

Warren ' i . Garrison and Associates 

S t u d i o of LET e f f ec t s in t he r ad io ly s i s of 
b iocbr .aca l systems with heavy-ion beams from the 
88-:.'jCh cyclotron wi l l cont inue. Both so l id s t a t e 
p.id aqueous systems w i l l be inves t iga ted . The 
r lyc ine work w i l l be extended to firmly e s t a b l i s h 
the radia t ion-chemical processes involved both in 
the core and in t he penumbra of heavy-ion t r a c k s . 
Other compounds such as the N-acyl amino ac ids and 
the o l igopept ides wi l l a l so be inves t iga ted . Work 
on the measurement of rad ica l and molecular product 
y i e l d s i;\ water under heavy-ion r a d i o l y s i s wi l l be 
expanded. We are hopeful t ha t heavy-ion r ad io ly s i s 
w i l l be expanded, and we a r e hopeful tha t heavy-ion 
beams from the Bevalac w i l l soon be ava i l ab le at 
su f f i c i en t i n t e n s i t i e s to permit rad ia t ion chemical 
s t ud i e s of the above systems a t energies in the 
1000 MeV/nucleon range. 

• G ( N H j ) 
• G ( C H 3 N H 2 } 
a G(CH3COON+CHOCOOH) . 

4. 1975 PUBLICATIONS AND REPORTS 

Warren M. Garrison and Associates 

LBL Reports 

I. M. K. Jay* '. -L. Tung, G. P. Welch and 
K. M. Garrison, Methodology in the Radiolysis of 
Biochemical Compounds with Cyclotron Beams at Low 
Flux Densities, LBL-4098, Aug. 1S7S. 

ET ( e V / £ ) 

Abstract of paper presented at the F i r s t Chemical 
Congress of the North American Continent, Mexico 
Ci ty , November 30 - December 5 , 1975. 

i . A. Cha t t e r j ee , H. D. Maccabee and C. A. Tobias , 
Radiation Res. 54, 479 (1973). 
2. W. M. Carr ison, "Current Topics in Radiation 
Research", Vol. IV (1968). 

Fig. I . Product y i e lds as a function of LET in 
the h e a w - i o n r a d i o l v s i s of so l i d g lvc ine . 

(XB1. 7511-9506 5 XBI. '511-9505} 



B. CHEMICAL AND GEOPHYSICAL ENERGY 

1. CHEMICAL ENERGY 

a. Formation of Oxyactds of Sulfur from S O A 

F"'cert E. Connick, Principal Investigator 

1. THE CHEMISTRY OF SULFUR DIOXIDE AND RELATED 
COMPOUNDS 

a. Aqueous Solutions of Sulfur Dioxide 

Eckart von Deuster and Ron Chelsky 

Since i t s incept ion in the summer of 19"5 t h i s 
projec t has been mainly devoted to developing the 
use of Raman spec t ra for de tec t ing and measuring 
q u a n t i t a t i v e l y the concentrat ions of sulfur-
containing species in aqueous s o l u t i o n s . Consider­
able d i f f i c u l t y lias been experienced in ge t t ing 
reproducible i n t e n s i t i e s , pr imari ly because of 
l imi t a t ions in the cons t ruc t ion of the Raman 
spectrograph ava i lab le to us . The f i r s t e f fo r t is 
being d i rec ted to the measurement of the e q u i l i ­
brium. 

msol - n,o + s 7o* 

There are two widely d i f fe r ing values in the l i t e r ­
a ture for t h i s important e q u i l i b r i a cons tan t , one 
published j u s t t h i s year . The equi l ibr ium is 
d i f f i c u l t to measure because appreciable amounts of 
S-rt."̂  are formed only a t ca . 1 M HSO- and higher . 
i t i s hoped that the Raman spect ra of the two 
species wi l l provide a more r e l i a b l e measure of 
t h e i r concentrat ions than the u l t r a - v i o l e t spect ra 
used in the previous measurements. In addi t ion to 
the above spec ies , Raman spec ' r a have been obtained 
for a number of o ther su l fur containing species of 
importance in SO? s o l u t i o n s . Already they have 
indicated qua] i t a t i veJy the d i sp ropor t i r a t ion of 
HSO5 so lu t ions standing at room temperature for ;i 
number of days in the absence of oxygen. 

b . The Reaction of s:i-) v.ith Ammonia 

Beat Mayer, Lye I Pe ter , 
William Mi 1 l iken 

Preliminary experiment 
react ion of ^ 3 with SO2, 
important environmental o 
atmosphere.1»~ Although 
been made near room tempe 
of i n t e r e s t to t r a p the r 
temperatures, and then 1< 
warming the mixture. At 
phase react ion y i e lds a h 
condenses as a red-brown 
contain a mixture of i l l 
several of which probabl> 
the presence of water, th 
( W 4 j 2 S - , 0 5 or (W4J2SO3, 
of materials."* Ifc have < 
under three d i f ferent cor. 
matrices containing M13:S 

r.met McCombor, 

have been run on the 
a react ion which has 
insequences for the 
i number of s tud ies have 
•ature and higher , i t was 
ac tants together at low 

t them react by slowly 
room temperature, the gas 
rown gas which quickly 
.olid-1* which is known to 
den t i f i ed spec ie s , 
contain S-N bonds. In 

1 main product i s 
lepending on the r a t i o 
iserved the reaction 
J i t i o n s : aj in rare gas 
) 2 in r a t i o s between 1:10 

and 10:1 and with corresponding matrix r a t i o s of 
0:1000. Furthermore, the influence of water and 
IbO t races in the r a t i o 0-10 was s tud ied . Matrices 
were NT and Kr. b) Similar experiments were 
conducted in so l ids condensed at 20 °K or "b°K, 
without matr ix; and cf sealed pyrcx t tines O.R cm 
outer diameter and 10 cm long, containing SOj and 
MI3, wen. prepared by condensing the vapors at 
~o°K IVOIT a vacuum l ine in the desi ivd sequence. 
Highly pur i f i ed gas, a* well as a r t i f i c i a l l y 
moistened gases were used. 'Hie course of the 
reaction and the react ion [irodticts depend on 
temperature and pressure . In a l l matrix exper i ­
ments, a white so l id is formed which sublimes 
below -3i'"'J in the high vacuum system wi thout 
leaving t raceable react ion products, The same 
holds for slowly codejx>sited gases without matr ix . 
In sealed tube:;, a slow iva„tion is observed at 
about -50°C, i . e . , j u s t belou the melting point 
of the renctar . ts . ijjxin melting, the reaction 
proceeds very rapid lv , it' excess Ml^ is r re sen t , 
a flaky white so l i d is formed which Is pa r t ly 
soluble in the excess l iquid .VJÎ . Hiix-r^ and 
Ogawa3 prepared the same m:iteri;il by i v a c i o n in 
organic so lve ius , and ca l l ed the product 
OJI4ISO7NH2, ammonium ami do sulfurous ac id , if 
excess SO? is p resen t , a red so l id forms, which 
is qu i t e soluble in l iqu id Su-> forming a yellow 
solut ion whic* Coehring' 1 iden t i f i ed as vol low 
NJ!(S0Mhi?, iinido d i su i f i n i c ac id . Above about 
4(>°C, the flak> white so l i d turns red, 'Ibis 
material might contain the ammonium s a l t of inudo 
disulfonic .icui, Y'jNfSOAH.j} ? f . lander"l; the red 
so l id sub l ines , but eventual ly r e a c t s , forming an 
orange c r y s t a l l i n e substance which is s t a b l e under 
dry NT, All the above mentioned N-S confounds 
have been only iden t i f i ed by molecular weight and 
elemental ana lys i s . We have recorded Raman 
spectra of a l l these substances and mixtures in 
s i t u . Raman spect ra have been found useful for 
following the reaction conditions and for de te r ­
mining the number of end products that arc formed. 
I t i s our goal to determine the iden t i ty of 
products and to assign the various Raman frequen­
c ies to the "roper v ibra t ional modi's with the 
help of H s and JSj). this work will also help 
the in t e rp re ta t ion of thermodynamic measurements 8 

which have been reported for so l ids of unknown 
composition. 

1. R. J . Carlson, Science 184, 156 ( iy?4 ) . 
2. H. McLaren, A. J . Vencha,"J. M. Kushmir and 
V. A. Mahnen, Tell us 26, 2(.)1 fl!)7'l). 
3 . R. Doebermeier, J . Chcm. li Phvs. £7, 119 fl826). 
4. A. Fock and K, Kluss> Her. 22, 3149 11890). 
5. t . Diver and M. Ogawa, J . CHcm. Soc. London 
16, 104 ("1900). 
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b, M. Becke-Coehring, 1. Anorg. Ailg. Chern. 264, 
•18 (1951). 
7. ti. Jander, H. Knoll, H. Inming, 2. Anorg. 
Al lg . Chen.. 232 1 119 (1937). 
B. R. LandretK, R. «. dePena and J . Heikren, 
J . Phys. Chcm. 79, 1785 (1975). 

2. KKSI-AKai PLANS FOR CALENDAR YHAR 1976 

Robert L:. Connick 

The chemistry of su l fu r dioxide i s of c r i t i c a l 
irHJortance because of the la rge amounts p resen t ly 
being released in to the atmosphere from power 
p lants and the even la rger amounts tha t w i l l have 
to be dea l t with in the future as mort h igh-su l fur 
coal and o i l a re consumed. Currently *Jie isost 
e f fec t ive way to remove S07 from stack gases i s 
the wet limestone process Which involves the 
absolut ion of the SO? from the gas phase into an 
aqueous l imestone s l u r r y . Considerable d i f f i c u l t i e s 
have been encountered in the development of t h i s 
process (and o thers ' ) , in par t because the d i e n d s t n ' 

of the process i s not c l c a i l y understood. Sulfur 
dioxide obso~b|d in a so lu t ion of low a c i d i t y can 
form HSO3, S2O5 and SO3 . in addi t ion i t can 
d i sp ropor t ina t e to higher and lower oxidat ion 
s t a t e s a t a f i n i t e r a t e anil i t car: be oxidized by 
ox/gen to higher oxidat ion s t a t e s . He propose to 
study these ^ t a c t i o n s , both as regards e q u i l i b r i a 
and r a t e s , in order t o lay a firm foundation for 
furthci process development ty o the r s . Studies 
w i l l be completed on the HSO3 - SjOlj equi l ibr ium. 
A completely uncharacter ized yellow species formed 
a t high HSC- - SO2 concentrat ions w i l l be inves t i ­
gated and i t s formula determine! . 'Hie products and 
the k i n e t i c s of the decompositiun of SO? - KSO3 - SO3 
so lu t ions wi l l he s tudied . Oxidation of SO2 solu­
t i ons by oxygen w i l l be inves t iga ted . RiT-an 
spect ra w i l l be used in these s t u d i e s , bu t , where 
app l i cab l e , absorpt ion spectroscopy and o the r 
physical methods of measurement wi l l a l so be 
employed. 

Ihe reac t ion of N-ig v i t h SO2 i s important to the 
fate of SC'2 re leased in to the atmosphere. The 
in f ra red ar.d Raman data a l ready cbtained a t low-
temperatures wi l l be analyzed and fur ther expe r i ­
ments performed to e s t a b l i s h the course of the 
reac t ion under these cond i t ions . 
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b. Synthetic and Physical Chemistry 

William I, Jolly, Principal Investigator 

1. X-RAY PI-KTOELECTRON SPLCTROSCOPY 

a . The Corre la t ion of Vibra t ional Broadening of 
Core Lines in X-Ray Photoelectron.Spectra with 
Valence Bond Resonance Structures '" 

William L. J o l l y and Theodore F. Schaaf 

France-Condon v ib r a t i ona l e x c i t a t i o n c o n t r i ­
butes ijnportantly t o core pho to- l ine broadening 
in molecules. In gene ra l , the pho toe l ec t r i c 
process y i e l d s a molecule-ion in which the nuc le i 
a re not in t h e i r equi l ibr ium p o s i t i o n s . The more 
s t r a ined geometry of the core-hole ion can be 
represented as an ordinary chemical species by 
applying the equivalent cores approximation. Then 
s i n p l e ru l e s of c l a s s i c a l valence bond theory 
can be used t o p r ed i c t changes in the weighting 
of resonance s t r u c t u r e s and corresponding changes 
in bond o rde r s . Thus q u a l i t a t i v e changes in 
r e l a t i v e l inewidths can be p red ic ted . 

For example, t he equiva len t -cores represen ta ­
t i o n s of t he f luor ine I s hole s t a t e s of CF4 and 
CH3F a r e , r e s p e c t i v e l y , 

F H 

1 1 
F — C — ND and H — C Ne 

I I 
F H 

In the case of CFsNe"*", one expects considerable 
- bonding in the C-F bonds, corresponding to 
significant contributions from "no-bond" resonance 
structures of the following type: 

F — C Ne 

Inasmuch as the CF3 + ion would be expected to be 
a planar triangular species with relatively short 
C-F bonds, one predicts that the tetrahedral core-
hole ion of CF4 is formed in a highlv strained 
state, yielding a broad line. In the case of 
Qi?Ne no n bonding can occur, and so the core-
hole ion of CH3F is not formed in as strained a 
configuration. 

The X-ray photoelectron spectroscopic work was 
largely supported by a National Science Foundation 
grant. 
Abstracted from Chem. Phys. Letters 33, 254 (1975). 

b. Evidence for llyperconjugation from an X-Ray 
Photoelectron Spectroscopic Study of Isoelectronic 
Compounds* 
Steven C. Avanzino, William L. Jolly, Marc S. 
Lazarus, Uin field 8, Perry, Richard 11. Rietz, 
and Theodore F. Schaaf 

The shifts in core electron binding energies of 
oxygen, chlorine, and carbon atoms in some gaseous 
isoelectronic isostructural compounds can be 
readily explained in terms of simple trends in 
atomic charges. However the fluorine Is binding 
energies for some fluoro compounds of silicon, 
phosphorus, sulfur, and chlorine show unusual 
shifts that suggest that hyperconjugation is 
important in the bonding of these compounds. 

We have measured atomic core electron binding 
energies for several series of isoelectronic, 
isostructural compounds in the gas phase. 
Isoelectronic compounds were chosen for study 
because of the probability that the .nature of 
the bonding in such compounds changes in a fairly 
systematic way with changes in the atomic numbers 
of the atoms in a given series of compounds. A 
core binding energy can be accurately represented 
as a linear function of three quantities: the 
atomic charge, the electrostatic potential due 
to the other atoms of the molecule, and the 
electronic relaxation energy. To a good 
approximation, the electronic relaxation energy 
for an atom of a particular element in a series 
of isoelectronic, isostructural compounds can be 
assumed to be constant. Therefore chemical 
shifts in binding energy can be ascribed to changes 
in atomic charge and changes in potential. We 
made minimal use of estimated atomic charges in 
our interpretations; hence our conclusions are 
relatively free of the weak" -sses and assumptions 
of theoretical methods for estimating atomic 
charges, 

Consider the five series of isoelectrcnic 
compounds listed in Table 1. In the first four 
series, halogen atoms or methyl groups are 
replaced stepwise with oxygen atoms as the atomic 
number of the central atom is increased stepwise. 
The last series of compounds may be looked upon 
as the compounds generated by the stepwise 
transfer of protons from one of the fluorine 
nuclei of SiF4 to the silicon nucleus of that 
molecule. We believe it is reasonable to assur.e 
that, on progressing down through any one of the 
five series, the charge of the central atom 
increases. This increase in charge, coupled with 
the decrease in size, 01* the central atom 
would be expected to cause increased electron 
withdrawal from a given type of ligand atom. 
Hence the increase in the charge of the central 
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atom is probably responsible for the observed 
corresponding increase in the oxygen, chlorine, 
and carbon binding energies within each series. 

Notice, however, that the fluorine Is binding 
energies do not follow the siinple predicted trend. 
In both the fourth and fifth series, the fluoiine 
Is binding energies increase to a maximum value 
and then decrease. We believe that the increase 
between S1F4 and POF3 is caused by the dominating 
effect of the increased positive charge and 
electronegativity of the central atom. The 
decrease in fluorine binding energy between SO2F2 
and CIO3F and between POF3 and SNF3 is apparently 
due to an increase in the negative charge of the 
fluorine atoms. This increase in negative 
charge tends to decrease the binding energy; 
clearly this effect is greater than and opposed 
to the effect of the increase in potential 

caused by the increase in positive charge on the 
central atom. 

We beliove that the increase in the negative 
charge of the fluorine atoms is due to the 
dominating effect of a large increase in the 
extent of hyperconjugation. Ifyperconjugation 
Csometimes called "nc-bond resonance") corresponds 
to the contribution of resonance structures of 
the types shown below. 

F 

0.4-
F" 

Abstracted from Inorg. Chem. 14_, 1595 (1975). 

Table 1. Oxygen Is, chlorine 2P31,, 
energies. 

carbon Is, and fluorine Is binding 

Eg, eV 

Compound C 1 2P5/2 

TiCl 4 

V0C1 3 

Cr0 2Cl 2 

H1O3CI 

S1CI4 
POCI3 
SO2CI2 
Si(CH 3) 4 

P(CH 3) 30 
S(a! 3) 20 2 

SiF 4 

POF3 
S0 2F 2 

CIO3F 

SiF 4 

POF3 
SNFj 

38 .73 . „ . 
38.89? 
39.431 "• 

538.73 
538. 
539 

3/ .BU1 , 
530.34' 

535.88 
537.57 

8 - S | 1. 
°-3 0. 
l . l l 

538.9) , , 
5 4 o . 3 | 0 ; s 

2 t , S - 7 7 { 0.16 
2 0 5 - S 3 0 OS 206.OH " • ° 8 

207.28f 1 ' 2 7 

206.77 
537 .80 t , r , 207.16 

207.3Z 

0.39 
0.16 

694. .56 
695. .4 
695. ,4 
694 .2 

694. ,56| 
695. •4 

695. .0 1 

• 0.8 
: 0.0 
:-i.2 



c . An X-Ray Photoelectron Spectroscopic Study of 
Charge Di s t r ibu t ions in Tetracovalent Compounds of 
Ni trogen "and Phosphorus* 

Winfield B. Perr>', 
William L. J o l l v 

Theodore F. Schaaf, and 

Ihe bonding in four-coordinate compounds of 
ni t rogen and phosphorus can be represented by 
I . However, because 

(T) 

R 

these compounds generally have short M-X bond 
lengths and high M-X stretching frequencies, 
multiple bond character has been postulated for 
the M-X bonds. Such multiple bonding can be 
explained by hyperconjugation, i.e., no-bond 
resonance, II. When the central atom is phosphorus, 
however, it is conceivable that the phosphorus 3d 
orbitals 

(II) 

R 

R — M = X 

may s i g n i f i c a n t l y p a r t i c i p a t e in the bonding. In 
t h i s case , a resonance s t r uc tu r e having no formal 
charges , such as i n , would be appropr i a t e . The 
l a t t e r s t r uc tu r e implies pir-+-dir bonding between 
the cen t r a l phosphorus atom and the per iphera l 
X l igand. 

( I l l ) 

To help resolve the question of the bond.ng in 
these compounds, we have measured the core binding 
energies of the following tetracovalent compounds: 
N(CH 31 3BH 3, N(CH 3) 30, PfCH 3) 3BH 3, P(CH 3) 3CH 2, 
P(G1 3) 3NH, PCCH3)30, P(CH3)3S, POCI5, and PSC1 3. 
he have also measured binding energies for the 
simpler compounds N(CH 3) 3, P(CH 3) 3, PC1 3, NH 3, 
and PH 3. We have interpreted the chemical shifts 
qualitatively using simple electronegativity con­
cepts and quantitatively using results from ex­
tended Huckel theory (EHT) and CNDO/2 molecular 
orbital calculations. 

Although direct evidence for or against the 
presence of multiple bonding in these compounds 
W£.s not obtained, certain conclusions may be 
inferred from our data. If the phosphorus 3d 
orbitals of the phosphorus compounds participate 
in pTT-*-dTr bonding, these interactions would be 
expected to increase the electron density of the 
phosphorus atoms at the expense of the formally 
charged peripheral atoms, X. Because we were able 
to obtain good correlations of the core binding 
energies of phosphorus and the X atoms by three 

different methods, all of which neglected or 
minimized pir + du interactions, the following 
conclusion seems reasonable. Hither the d 
orbitals are of comparable importance in determin­
ing the charge distributions of all of phosphorus 
compounds, including P!f3, P(CH 3) 3, and PCI3, or 
they do not strongly affect the charge distribu­
tions of any of the compounds stt«lied. We believe 
the latter hypothesis is correct. 

Certain specific data also argue against d 
orbital bonding. The E Is and 0 Is binding 
energies of the compounds M(CH 3) 3BH and MfCH 3) 30 
r.re lower when M = P than when M = N. This 
result indicates that the RH 3 and 0 groups have 
a greater negative charge in*the phosphorus 
compounds than in the nitrogen compounds, in 
agreement with simple electronegativity predictions. 
This behavior is inconsistent with the presence of 
appreciable p7T-*d^ bonding in the phosphorus 
compounds. 

Abstracted from J. Am. Chcm. Soc. 97, 4839 (1975). 

**• An X-Ray Photoelectron Spectroscopic Study of 
Volatile Vanadium Compounds* 

Richard R, Rietz, Theodore F. Schaaf, and 
William L. .Jolly 

The CHIiU'Q electronegativity equalization 
procedure for calculating atomic charges has been 
successfully used, in conjunction with the point-
charge potential equation, to correlate core 
electron binding energies for a wide range of 
simple organic and inorganic compounds. The 
method has been parameterized for transition 
metal compound? and has been used to a limited 
extent for such compounds, but no systematic 
study has been made of the applicability of the 

Fig. 1. Plot of experimental vanadium 2p 3/2 
binding energies versus binding energies calculated 
by the "transition-state" point charge potential 
equation. Standard deviation, 0.46 eV; correlation 
coefficient, 0.992. (XBL 755-6304) 
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method outs ide the main-group elements. In t h i s 
study we measured gas-phase core e lec t ron binding 
energies for nine vanadium compounds and we drew 
conclusions about t he na tu re of the bonding in 
these compounds from the da ta . This work was the 
f i r s t gas-phase XPS study of a s e r i e s of compounds 
of a t r a n s i t i o n r.etal covering a wide range of 
metal oxidat ion s t a t e s . 

Vanadium 2p 3 / 2 binding energies were co r re l a t ed 
using CHELEQ atomic charges and the " t r a n s i t i o n 
s t a t e " poin t charge po ten t i a l equat ion. Excellent 
c o r r e l a t i o n was obtained for s ix compounds which 
are well represented by s ing le valence bond 
s t r u c t u r e s . A p lo t of experimental vs ca lcu la t ed 
binding energies for these compounds shown in 
Fig. 1. In the case of the o ther t h r e e compounds 
( i . e . , (Tr-C5H5)V(CO)4, (7i-C 7H7)V(C0) 3, andVCCO) 6), 
information regarding the r e l a t i v e con t r ibu t ions 
of var ious resonance s t r u c t u r e s and the importance 
of back-bonding was obtained by comparison of 
experimental and ca lcu la ted binding ene rg i e s . 
The data ind ica te s t ronger back-bonding to the 
CO l igands than t o t he C5H5 and C7H7 l i gands . 

Abstracted from Inorg. Chem. 14_, 2818 (1975). 

e . An X-Ray Photoelectron Spectroscopy Study of 
Vo la t i l e Tin Compounds* 

Steven C. Avanzino and IVilliam L. J o l l y 

Core-level x-ray photoelectron spec t ra of 
f i f t een compounds of t i n have been measured in the 
gas phase. The measured binding energies a r e 
given in Table 2 . The t i n binding energ ies span 

4 9 5 

4 9 3 

Eg i c a l c l , e V 

Fig . 2 . Plot of Eg(expt) vs Eg(calc) for t i n 
3ds/2 binding energies for the following 
compounds: (1) S n 2 ( C H 0 6 , (2) (QiHgHSnOO^, 
(3) Sn(CH 3 ) 4 , (4) ICH 3 ] 5 SnI , (5) (CH 3) 3SnBr, 
(6) fCH3)3SnCl, (7) S11H4, (8) (CH 3)2SnCl2, 
(9) S n l 4 , (10) CH 3SnCl 3 , (11) SnBr 4 , (12) SnCl 4 . 

(XBL 755-6358) 

Table 2 . Experimental binding ene rg ies . 

V e V > AEjfeV) 

Compound 
Sn 3 d 5 / 2 C I s CI 2 p 3 / 2 CSn 3c S/2 - S n 4 d 5 / 2 > 

SnH4 492.74 460.97 
Sn(CH 3) 4 491.38 289.47 461.03 
S „ 2 ( C H 3 ) 6 491.01 289.27 460.85 
(CH 3) 3SnCl 492.27 289.92 204.43 460.85 
tCH 3 ) 2 SnCl 2 493.21 290.42 204.96 460.84 
CHjSnClj 494.06 290.98 205.52 460.92 
SnCl, 494.92 206.19 460.85 
SnBr 4 494.46 460.93 
Sn l 4 493.75 
(CH 3) 3SnBr 492.23 289.89 460.78 
Cffl 3) 3SnI 492.02 289.81 460.80 
(C^Hg^SnOCHj 491.31 

(ay3sn>h(co)5 
491.16 461.01 

Sn(N0 3 ) 4 495.36 

sn{N[si(ay 3i 2! 2 
491.93 289.36 
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a range of 4.4 eV and are v e i l co r re la ted by the 
" t r a n s i t i o n - s t a t e " point-charge po t en t i a l model 
equation using atomic charges ca lcu la ted by the 
CHELEQ e l ec t ronega t iv i t y equa l iza t ion method. 
A p lo t of experimental vs ca lcu la ted binding 
energies i s shown in Fig. 2. As expected, the 
empir ical ly determined parameter k for t i n i s 
smaller than the k values obtained in previous 
work for carbon, s i l i c o n , and germanium. For 
Sn(N03)4 and SniNfSUCHs^]?)?, the bonding can be 
described as a weighted average of several 
resonance s t r u c t u r e s . In these cases the binding 
energy data were used in conjunction with the 
CHELEQ method t o determine the resonance s t r uc tu r e 
weight ings. 

A fu l l descr ip t ion of t h i s research w i l l soon 
appear in the Journal of Electron Spectroscopy 
and Related Phenomena. 

2. BORON HYDRIDE CHEMISTRY 

a. Kinet ics of t he Reaction of Ammonium Ion with 
Hydroborate Ion in Liquid Ammonia* 

Thomas S. Briggs and William L . J o l l y 

We have s tudied the k i n e t i c s of the following 
reac t ion in l i qu id ammonia from 25 t o 45°: 

NH 4

+ + BH4" •* H 2 + BH3NH3 

In addi t ion t o obta in ing r a t e constants and a 
heat of a c t i v a t i o n , we have determined the e f fec t 
of ion ic s t r eng th from u = 0.01 M t o u = 1.92 M 
and have i d e n t i f i e d t he p r inc ipa l product as 
BH3NH3. 

From logi(P»-P)/P=>] vs time p l o t s , the reac t ion 
was found t o be f i r s t order in both Nty* and BH4". 
The second order r a t e constants ca lcu la ted from 
the s lopes of such p l o t s for var ious temperatures 
a re given in Table 1. A log k vs 1/T p lo t of 
t he data gave a l eas t - squa res heat of a c t i v a t i o n 
of 38.5 ± 0.6 kcal /mol . Our data may be compared 
with those of Gardiner and Co l l e t , * who s tudied 
the aqueous r eac t ion of NH4+ with BH4". They 
obtained a r a t e constant of 2.4 * 10~4 M~* see"* 
a t u = 1 and 25° and a heat of a c t i v a t i o n of 
23 ± 2 kcal /mol . a t u = 0 . 5 . The h igher r a t e 
constant and lower ac t i va t ion energy of the 
aqueous reac t ion may be due t o the p a r t i c i p a t i o n , 
in t he aqueous r e a c t i o n , of water molecules 
hydrogen bonded _o the ammonium ion . A Grot thuss-
type proton t r a n s f e r such as the following may 
be involved: 

HjN - H • • • 0 — H HBH3* - HjN H - 0 H2BH3~ 
H H 

Because hydrogen bonding i s r e l a t i v e l y unimportant 
in l i qu id ammonia, the analogous mechanism in 
l i qu id ammonia i s un l ike ly . 

Table 1. Rate constants in l iquid ammonia at 
|j = 0 .9 . 

l e ra tu re , °C k CM"1 s e c " 1 ) 

25 5.88 x i n " 6 

30 1.79 x 10" 5 

35 5.04 x 10" 5 

40 1.43 x 1 0 ' 4 

42 2.17 x 10" 4 

45 3.40 x JO" 4 

The Bronsted-Bjerrum method for c o r r e l a t i n g r a t e 
constants with ionic s t rength was shown t o be 
cons i s ten t with our da ta . 

Abstracted from Inorg. Chem. 14_, 2267 (1975). 
1. J . A. Gardiner and J . IV. Co l l a t , J . Amer. 
Chem. Soc. 8J7, 1692 (1965). 

b . A Study of the Hydroxyhydroborate Ion 

Janice W, Reed and William 1,. Jo l l y 

We have shown t h a t , in aqueous so lu t i on , BH3OI1' 
i s a more powerful reducing reagent than BH4 ." 
I t wi l l reduce organic functional groups that 
are not reduced by BH* . Ethyl benzoate i s nearly 
q u a n t i t a t i v e l y reduced t o benzyl alcohol by 
BH3OH" under appropr ia te condi t ions . Several 
organic co-solvents were used in the reac t ion 
mixtures t o improve the m i s c i b i l i t y of the e s t e r 
ant! EII5OI!" in the aqueous reac t ion mixtures . I t 
was found t ha t by using CH3CN as co-so lvent , the 
best y i e ld of benzyl a l coho l , 91%, was achieved 
in 43-48 hours_at 0° a t a pH of 11.90. The molar 
r a t i o of BH3OH" to e thyl benzoate was 1 0 : 1 . 
Nitrobenzene was reduced t o an i l i ne in y i e lds of 
851 in 5 hours a t 6° and pH 11.80. Again CH3CN 
was used as co-solvent . The molar r a t i o of BH3OH" 
t o nitrobenzene was 4 : 1 . Benzoni t r i le was 
reduced to benzylamine producing y ie lds of 8S% 
in 16 hours at 25° and between the pH's of 12.30 
and 12.50. The molar r a t i o of BH3OH" t o 
benzon i t r i l e was 10 :1 . 

3. GERMANIUM CHEMISTRY 

Duck J. Yang and William L. Jolly 

Some germanium compounds have properties that 
are very different from those of the analogous 
carbon compounds. Thus, although aqueous acetic 
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acid and a c e t a t e ion a r e very s t a b l e , GellsCOOH 
and i t s conjugate base undergo the fo]1owing 
deeonfX)sition r eac t i ons : 

Gel!.COOn a c i d s o l n - . \ f f c l l , ) x " • CO • l l 2 0 

hot neu t ra l o r -
GcUX(\ + Oil — — . . . . > GelL + CO " 

•> 2 mildly a lka l ine 4 3 
so ln . 

hot s t rongly 7 

rcHsco2- • mf a l k a U n e s o l n - . 4n2 • a o j - * co; 

In our study of t h i s system during the l a s t year , 
we have shown tha t the f i r s t reac t ion follows the 
r a t e law 

-d(CeH3COOU)/dt = kj (l! +) (GelLCOOH) 

and has an a c t i v a t i o n energy of 16 kcal /mol. H'e 
have shown tha t_ the t h i r d reac t ion is f i r s t order 
in both GPHTCO? and OH and has an a c t i v a t i o n 
energy of 22 kcal /mol . The t h i r d reac t ion 
involves the formation of an intermediate brown 
p r e c i p i t a t e which mav be GefOH)? or a polvmer akin 
to " (GelbV"-

4. RF.SKARCH PLANS FOR CAJJ-APAR YEAR 197& 

William L. . lol ly 

a. X-Ray Photoelectron Spectroscopy 

the following p ro j ec t s are nearing completion, 
and the r e s u l t s wi l l soon be ready for publ ica t ion : 
( i ) a study of TT bonding in cyclophosphazenes, 
( i i ) core binding energ ies of some metal 
0-d ike tonatcs and i^-diketones in t he vapor phase, 
and ( i i i ) ^-donor re laxa t ion in the oxygen Is 
ion iza t ion of carbonyl compounds. 

lVe have i n i t i a t e d a s tudy of the r e l a t i v e 
baclcbonding a b i l i t i e s of var ious metals in a 
s e r i e s of cyclopentadienyl compounds of formula 
MCCgHc)?. So fa r , t he da ta suggest t ha t charge 
t r a n s f e r from the metal d o r b i t a l s i s r e l a t i v e l y 
unimportant in t he se compounds. Our measurements 
should be extended t o o the r metals and t o o ther 
aromatic l i gands . By studying compounds of the 
type (H-C5H5) tt*(C0)3-x(L)x and 
(•n-C5H5)Co(CO)2-x(L)x» where L can be a backbonding 
l igand such as PF3, P(0R)3, PR3, e t c . , i t should 
be poss ib le t o determine whether the C5H5 group 
ac tua l l y engages in s ign i f i can t backbonding, 

KB plan t o study the modes of coordinat ion of 
ligajids (such as CO, C7Hg, C7H7, and C$Hg) in 
var ious complexes t o e l u c i d a t e the XPS spectra 
of such molecules adsorbed on c a t a l y s t sur faces . 

We propose t ha t a four-parameter function, 
aF + bK, be used t o c o r r e l a t e core binding energy 
s h i f t s . The parameters a and b would be used t o 
cha rac t e r i ze binding energy s h i f t s in a p a r t i c u l a r 
c l a s s of compounds, and the parameters F and R 

would c h a r a c t e r i z e subs t i tuen t groups. Wt plan 
to evaluate the parameters by a l eas t - squa res 
ana lys i s of binding energy da ta . 

b . Boron Hydride Chemistry 

A prel iminary study ind ica tes t ha t the pyro lys i s 
of NH3BH3 in an ammonia atmosphere y i e lds the new 
compound BI}(NÎ 2)2 • h e P* 3 1 1 t 0 i s o l a t e the mater ia l 
in pure form and t o determine i t s physical and 
chemical p r o p e r t i e s . 

The k i n e t i c s of^the hydrolysis of aqueous 
so lu t ions of BH3OH" w i l l bt s tud ied . The r e s u l t s 
wi l l be s ign i f i can t with respect to the use of 
such so lu t ions in syn the t ic ro-iuctions. 

c . Germanium Chemistry 

The structures of "Ge(0H)2" (an amorphous 
material precipitated from aqueous solution) is 
unknown. It may be a polymer containing Ge-H 
bonds, and may be related to the amorphous material 
"(GeH2)x" formed in the decomposition of many 
germanium hydride species. Ke plan to investigate 
the structures of compounds of this type. 

IVe hope to prepare transition metal coordination 
compounds containing the groups GeHs-, GeHsCO-, 
and Gel^CO?- to permit comparison with the carbon 
analogs. 

d. Nitrogen Chemistry 

Nitrosy1 cyanide (ONCX) is a blue gas which, 
according to our preliminary studies, decomposes 
in the dark as follows: 

30NCX - N, + N X + CO. + (CN), 

IVe sha l l use 1 5 N - l a b e l l e d mater ia l (GNC 1 S.\), 
combined with mass spectrometry, t o c l a r i f y the 
mechanism of the decomposition r e a c t i o n . The 
compound has i n t e r e s t as a poss ib le means fcr 
simultaneously adding NO and CX groups t o a 
t r a n s i t i o n metal complex. 

5. 1975 PUBLICATIONS AND REPORTS 

William L. J o l l y and Associates 

Journa l s 

1. W. L. J o l l y , Science 167, 340 (1975); Book 
Review: "Electrons in F l u i d s , " Springer-Verlag, 
1973. 

2. IV. L. J o l l y and T. F. Schaaf, The Correla t ion 
of Vibrat ional Broadening of Core Lines in X-Ray 
Photoelectron Spectra with Valence Bond Resonance 
S t r u c t u r e s , Chem. Phys. Le t t e r s 35, 254 (1975) 
(LBL-3598). 

3. S. Avanzino, K. L. J o l l y , M. S. Lazarus, 
W. B. Perry , R. R. Rie tz , and T. F. Schaaf, 
Evidence for Hyperconjugation from an X-Ray 
Photoelectron Spectroscopic Study of I soe lec t ron ic 
Compounds, Inorg. Chem. 14_t 1595 (1975)(LBL-3502). 



4. K. B. Perry, T. F. Schaaf ;ind IV. I.. J o l l y , 
An X-Ray Photoelectron Spectroscopic Study of 
Charge Dis t r ibu t ions in Tetracovalent Compounds 
of Nitrogen and Phosphorus, J . Amer. Chem. Soc. 9^, 
4S99 (1975) (LBL-351.). 

5. S. Avanzino and W. L. J o l l y , An X-Ray Photo-
e l ec t ron Spectroscopy Study of Vo la t i l e Tin 
Confounds, J . Electron Spect rosc . Rela t . Phenom. 
7, 000 (1975) (LBL-3952). 

6. T. S. Briggs and K. L. J o l l y , Kinetics of the 
Reaction of Ammonium Ion with Hydroborate Ion in 
Liquid Ammonia, Inor$. Chem. 1£, 2267 (1975) 
(LBL-3769 ) . 

7. R. R. R ie t z , T. F. Schaaf and IV. L. J o l l y , 
An X-Ray Photoelectron Spectroscopic Study of 
Vo la t i l e Vanadium Conpounds, Inorg. Chem. 14, 2813 
(1975) (LBL-5918). 

Papers Presented 

1. h . I. J o l l y , An X-Ray Photoelectron Spectro­
scopic Study of Some Isoelect ronic Compounds, 
Symposium on Photoelcctron Spectroscopy, ACS Nat l . 
Meeting, April 1975, Phi ladelphia , Pa. 

2. i, F. Schaaf and IV. I.. J o l l y , Effects of 
Chemical Structure on Relaxation Energies in 
X-Ray Photoelectron Spectroscopy, Symposium at 
Regional ACS Meeting, Hawaii, June 1975. 

3. S. C. Avan^mo and IV. L. J o l l y , X-Ray 
Photoelectron Spectroscopy' Study of Tin Compounds, 
Symposium a t Regional ACS Meeting, Hawaii, June 
1975. 

4. K. L. fol ly, Core Electrons and Chemistry, 
Calif . S ta te Univers i ty , Ix>ng Beach, C a l i f . , 
Nov. 1975. 



229 

c. Electromechanical Systems 

John Sennan, Principal iK-op.atiaaUj' 

1. ROTATING RING-DISK 1:U:CTR0IH.S 

Peter P ie r in i and John Newman 

Rota t ing- r ing-d isk e lec t rodes a re becoming 
common research t o o l s . Thus cotiputat ional proce­
dures to explain the behavior of these devices were 
developed for s i t u a t i o n s in which e lec t rode k ine t i c s 
and concentra t ion v a r i a t i o n s a re important. ' Methods 
presented by Newman- for p o t e n t i a l d i s t r i b u t i o n s and 
concentrat ion va r i a t i ons were used. Data for The 
f e r ro - f e r r i cyanide redox couple 3 * ' 1 taken on a 
sect ioned e l ec t rode operated p o ' e n t i o s t a t i c a l l y 
below the l imi t ing current was well represented by 
the theory and the kinetic_model developed by 
P i e r i n i , Appel and Newman.^ Calcula t ions were a l so 
done expla ining anomalous diffusion coe f f i c i en t s 
measured with a r ing e lec t rode operated at the 
l imi t ing current and a zero net cur ren t t o the d i sk , 
by a current d i s t r i b u t i o n on the d i sk . Col lect ion 
e f f i c i enc i e s for various modes of e lec t rode opera­
t i on were a l so computed. 

3. THE DEPOSITION OF COPPER FROM AN AQUEOUS SALT 
SOLUTION CONTAINING I WIN AND COPPER CHLORIDE 
COMPLEX IONS 

Ralph L h i t e , .Jim Trainham, and John Newman 

A d e s i r e to l imi t th? sr.vilonmental po l lu t ion 
assoc ia ted with the commonly p rac t i ced technique of 
leaching copper from i t s ore with su l fu r i c acid has 
i n t e r e s t in a l i t t l e - u s e d copper o re r e f in ing tech­
nique. The technique uses a concentrated aqueous 
s a l t so lu t ion as a leaching agent . One stream t h a t 
e x i s t s in t h i ^ process contains iron and copper 
complexed with ch lo r ide . I t may be economically 
des i r ah l e t o design an electrochemical c e l l t o 
remove the copper from t h i s stream d i r e c t l y r a t h e r 
than f i r s t removing the i ron , as i s of ten done now. 
We are conducting a f e a s i b i l i t y study to determine 
i f such an electrochemical c e l l could be designed. 

4. THE FLUID MOTION fSNERATKD BY A ROTATING DISK: 
A COMPARISON OP SOLUTION TECHNIQUES 

1. Peter P i e r i n i and John Newir.an, LBL Report No. 
LBL-4S49 (December 1975). 
2. John Newman, The Fundamental P r inc ip l e s of 
Current Dis t r ibu t ion and Mass Transport in E lec t ro ­
chemical C e l l s , in E lec t roana ly t i ca l Chemistry, 
Vol. 6, A. J . Bard, e d i t o r (Marcel Dekker, New 
York, 1973), p . 187. 
3. K. H. Smryl and J . Newman, J . Electrochem. Soc. 
I IP , 212 (1972). 
4"." K, H. Smryl* p r iva t e communication (January 
1975). 
5. P. Pierini, P. Appel and J. Newman, LBL Report 
No. LBL--V1S (February 19~5). 

2. CURRENT DISTRIBUTION ON A DISK ELECTRODE FOR 
REDOX REACT IONS 

Peter P i e r i n i , Pe ter Appel and John Newman 

Current and concentrat ion d i s t r i b u t i o n s on a 
ro t a t i ng disk e l ec t r c ie were computed for a general 
surface r eac t i on whete the product concentra t ion 
must be included in the a n a l y s i s . The p o s s i b i l i t y 
of mul t iple o r s ide reac t ions was excluded but the 
r e s u l t s do apply t o multi-component r eac t ions . 
At tent ion was fur ther r e s t r i c t e d to the case in 
which the e f f e c t s of migration on the reac tan t s and 
products could be suppressed by a support ing e l e c ­
t r o l y t e . Equations were developed and implemented 
t o determine the concent ra t ion v a r i a t i o n of t he 
supporting e l e c t r o l y t e , extending Newman's o r i g i n a l 
a n a l y s i s 1 to an a r b i t r a r y number of components." 

Ralph White, Charles M. 
and John Newman 

Mohr, J r . , Peter Fedkiw 

1. J . Newman, Electrochemical Systems. (Prent ice-
H a l l , 1973), pp. 359-364. 
2. P. P i e r i n i , P. Appel and J . Newman, LBL Report 
No. LBL-3715 (February 19 3) , 

The se t ^f coupled, non l inear , ordinary d i f f e r ­
e n t i a l equations for the f lu id motion of a r o t a t i n g 
disk which a r i s e from von Karman's t ransformation 
to the Navier-Stokes equation were solved by an 
extension of Cochran's method and by f ive d i f f e ren t 
numerical t e c h n i q u e s . 1 » -

The r e s u l t s of the extension of Cochran's 
method a r e the most accurate values ava i l ab le for 
the c h a r a c t e r i s t i c parameters , a, b , A, B, and a. 
The values a r e : 

a = 0,51023262 , 
b - -0,61592201 
A -- 0.92486355 
B = 1.20221175 , and 
a - 0.88447411 

The five numerical techniques used to solve 
the set of governing equations with appropriate 
boundary conditions are: 

1) Simultaneous solution, as a boundary-value-
problem * of the coupled, linearized, equations 
by the method developed by Newman.J 

2) Two techniques of extending the above 
method to order accuracy h1", where h is the 
mesh interval. 
5) A decoupling by improper linearization. 
In an iteration cycle, the equations are solved 
one by one and not simultaneously. 

4) A "shoot-and-correct" method with Runge-
Kutta integration. 
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This study ind ica tes t ha t Newman's method i s 
t he most convenient, r e l i a b l e , and d i r e c t so lu t ion 
technique. 

1. R. White, C. M. Mohr, J r . , P. Fedkiw and 
J . Newman, LBL-3910 (1975). 
2. R. White, C. M. Mohr, J r . , LBL-4161 (1975). 
3 . J . Newman, IPC Find. 7, 514-517 (1968); 
UCRL-1"59 (August 1967). 

5. CREEPING FLOW THROUGH A PERIODICALLY 
CONSTRICTED TUBE 

Peter Fedkiw and John Newman 

Work has begm on microscopical ly modeling ti e 
mass t r a n s f e r c h a r a c t e r i s t i c s in a porous packed 
bed r eac to r with creeping flow. The flow channels 
a r e envisioned as a grid of pe r iod i ca l l y cons t r i c t ed 
tubes . This idea was developed by Paya takes .e t a l . 1 

The Nusslet numbers for t h i s geometry wi l l be 
ca lcu la ted . 

1. A. C. Pavatakes, Chi Tien, R. M. Turian, AIChE 
J . , Vol. 19, No. 1, 58-76 (1973). 

6. MULTIPHASE EQUILIBRIA IN SYSTEM? CONTAINING 
WATER, HYDROCARBONS AND VOLATILE WEAK ELECTROLYTES* 

'rtiomas J . Edwards, Toshikatsu Hakuta, John Newman 
and John M. Prausni tz 

The vapor- l iquid e q u i l i b r i a behavior of vola­
t i l e weak e l e c t r o l y t e s p lays an important pa r t in 
the proper design of pol lut ion-abatement processes 
in i n d u s t r i a l complexes. 1 A thermodynamic framework 
has been formulated^ which c a l c u l a t e s the e q u i l i b ­
rium compositions of aqueous systems conta ining one 
o r more of t he v o l a t i l e weak e l e c t r o l y t e s — ammonia, 
carbon d ioxide , and hydrogen s u l f i d e . The pr'-sent 
model i s va l id from 0 - 100°C and for low solu te 
concent ra t ions . Projected processes ( c o a l - g a s i f i ­
ca t ion and l i q u e f a c t i o n ) , howe/er, demand tha t the 
present temperature and composition ranges must be 
extended t o h igher va lues . 

Due t o t he s ca rc i t y of ava i lab le da t a , an 
apparatus has been constructed allowing the sampling 
and analys is of a three-phase system (vapor, hydro­
carbon, and aqueous) conta ining t he se weak e l e c t r o ­
ly tes up t o 175°C and 30 atmospheres. The r e s u l t s 
of these experiments w i l l be used in a new, improved 
t h e o r e t i c a l model of the system. Equations a re used 
to descr ibe t h e a c t i v i t y of weak e l e c t r o l y t e s in 
concentrated so lu t ions which are in agreement with 
P i t i e r ' s work 3 on s t rong e l e c t r o l y t e s . 

This work supported by the National Science Found­
a t i o n . T.H. i s supported by the Science and Tech­
nology Agency of Japan. 

1. M. R. Beychok, Aqueous Wastes from Petroleum 
and Petrochemical P l a n t s , (John Wiley f, Sons, 
London, 1967T; 

2. T. J . Edwards, J . Newman and J . M. Prausn i tz , 
AIChE J . , 21 , 248 (1975). 
3. K. S. PTtzer , J . of Phys. Chem. 77, 268 (1973). 

7. MAXIMUM EFFECTIVE CAPACITY IN AN OHMICALLY 
LIMITED î OROUS ELECTRODE* 

William Tiedemann and John Newman 

A model based on ohmic cons idera t ions was 
developed* for optimizing the performance of porous 
e l ec t rodes . Equations were developed which pred ic t 
the optimum e lec t rode poros i ty and thickness as a 
function of the so lu t ion and so l id phase conductiv­
i t i e s , spec i f ic charge capac i ty , separa tor conduc­
t i v i t y and th ickness , current dens i ty , and the 
allowable ohmic l o s s . Treatment of t h t porous LiAl 
e lec t rode was presented as an example. 

Work supported by Globe-Union, I n c . , Corporate 
Applied Research Group, Milwaukee, Kl 53201. 

1. J . Newman and IV. Tiedemann, J . Electrochem. 
Soc. 122, 1482-1485 (1975). 

S. PRIMARY RESISTANCES TOR RTNG-D1SK ELECTRODES 

Joseph J . Miksis, J r . and John Newman 

A system cons i s t ing of a disk e l e c t r o d e , a 
concentr ic r ing e l e c t r o d e , and a large counterc lec-
- -ode a t i n f i n i t y has th ree independent r e s i s t ance 
values descr ib ing the primary po ten t i a l di f ference 
between any two e lec t rodes when current i s passed 
between any two e l ec t rodes . ^» - These r e s i s t ance 
values were ca lcu la ted and are presented as dimen-
s ion less co r r e l a t i ons as functions of the r a t i o s 
of r a d i i of t he disk and r ing in Figs . 1-3. 

1. J . J . Miksis, J r . , M.S. Thes is , LBL-4S3" 
(November 1975). 
2. J . J . Miksis, J r . and J . Newman, LBL-4106 
(July 1975). 

9. MASS TRANSFER TO A ROTATING DISK IN 
TRANSITION FLOW 

Charles M. Mohr, J r . and John Newman 

An experimental study of mass- t ransfer to a 
ro t a t i ng disk electroi ie has been employed to deter­
mine an empirical c o r r e l a t i o n for *he mass- t ransfer 
r a t e in the Reynolds number regime ly ing between 
simple laminar and turbulent f l o w s . 1 ' - This domain, 
apparent ly charac te r ized by a regu la r vorUx pa t ­
t e r n , was found t o extend from a Reynolds number 
of 2 . 0 * 1 0 5 t o approximately 5.0 * 10 . The resu l tan t 
c o r r e l a t i o n for the average t r ans f e r r a t e , in terms 
of dimensionless Nussel t , Reynolds, and Schmidt 
numbers, i s 

Nu = 0.89v 1 0 5 R e " 1 / 2 S c 1 / ' ; S + 9.7 * 10" 1 5 R e S S c 1 / 3 . 

1. C. M. Mohr, J r . , Ph.D. Thes is , LBL-3913 
(October 1975). 
2 . C. M. Mohr, J r . and J . Newman, LBL-4145 
(August 3975). 
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1. Correlation of the disk resistance. 
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Fig. 3. Corre la t ion of the r ing r e s i s t a n c e . 
(XBL 757-6827) 

I. Corre la t ion of the i n t e r ac t i on r e s i s t a n c e . 
(XBL 757-6826) 

10. THE EFFECT OF SURFACTANT ON THE l.NTERl'ACIAL 
VELOCITY OF A BUBBLE OR DROP 

M. Douglas LeVan and John Newman 

Stream functions were derived for a spher ical 
drople t in creeping flow with an a r b i t r a r y surface 
tens ion gradient at i t s i n t e r f a c e . The stream 
functions a r e used to show tha t the i n t e r f a c i a l 
\ j l o c i t y i s re ta rded near the r ea r of the d rop le t 
when a t r a c e of sur fac tan t i s present in the con­
t inuous phase and surface aging i s con t ro l l ed by 
d i f fus ion . The ef fec t on terminal veloci ty was 
a lso evaluated. 

11. ELECTROCHEMICAL REMOVAL OF SILVER IONS FROM 
PHOTOGRAPHIC FIXING SOLUTIONS USING A POROUS 
FLOW-THROUGH ELECTRODE* 

John Van Zee and. John Newman 

S i lve r ions were removed from a simulated 
pnotographic f ixing so lu t ion by us ing a porous flaw-
through e l e c t r o d e . A feed of 1000 mg/2 of s i l v e r 
was reduced to l e s s than 1 mg/fi. in a S.5 cm th ick 
bed and t o l e s s than 10 rng/H in a 4.0_cm th ick bed. 
The flow r a t e in both cases was 22 cnP/min across a 
superficial area of 61 cm-. Side reactions reduced 
the current efficiency to 45% at these low product 
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concen t ra t ions . Optimization of incremental power 
cos t s and recovered s i l v e r suggests tha t fur ther 
reduction of s i l v e r concentra t ion i s economical. 

*Work supported by the Univers i ty of Ca l i fo rn ia . 

12. CURRENT AND POTENTIAL DISTRIBUTIONS IN 
PLATING CORROSION SYSTEMS 

William H. Smyrl and John Newman 

The numerical determinat ion of cur ren t and 
p o t e n t i a l d i s t r i b u t i o n s for p l a t i n g corrosion sys­
tems has been accomplished. The d i s t r i b u t i o n s 
depend on c h a r a c t e r i s t i c parameters for the disk 
anode and surrounding plane cathode and a l so reveal 
t ha t each of the e l ec t rodes influence the o the r due 
to t h e i r proximity. The r e s u l t s were appl ied to an 
array of d isks and i t was found tha t the corrosion 
p o t e n t i a l of t he system i s a '.-,*iezr function of the 
area r a t i o of anode t o cathode. This may be con­
t r a s t e d to t he logarithmic dependence found w'len 
ohmic e f f ec t s a re neg lec ted . 

13. INTEGRAL TEST FOR CONSISTENCY OF VAPOR-LIQUID 
EQUILIBRIUM DATA 

John Newman 

This t e s t can be used ox*er a r e s t r i c t e d range 
of composition, i s e s s e n t i a l l y independent of the 
values used for the vapor pressures of the pure 
components, and avoids any d i f f e r e n t i a t i o n of 
experimental d a t a . 1 

1. J . .Newman, LBL-3954 (June 1975). 

14. ENGINEERING ANALYSIS OF SHAPE CHANGE IN ZINC 
SECONDARY ELECTRODES* 

King K. Choi, Drannan Hamby, Douglas N. Bennion, 
and Joiu" Newman 

Shape change, the r e d i s t r i b u t i o n of a c t i v e 
mate r ia l over t he surface of the zinc e lec t rode as 
a r e s u l t of c e l l cyc l ing , i s caused by connective 
flows driven pr imar i ly by membrane pumping e f f e c t s . 
A mathematical model i s formulated on the bas i s of 
the above hypothesis for t he z i n c - s i l v e r oxide 
secondary c e l l . The model y ie lds numerical predic­
t i o n s of mater ia l r e d i s t r i b u t i o n and f lu id flow 
ra te s which can be compared to experiment. The 
r e s u l t s suggest that shape change can be el iminated 
i f the c o n v e c t n e flow in the zinc e lec t rode com­
partment p a r a l l e l to t he e l ec t rode surface i s 
stopped. 

Data on z i n c - s i l v e r oxide secondary c e l l s a rc 
used t o evaluate the convective flow hypothesis on 
the cause of shape change in zinc e l e c t rode s . Two 
ce l l designs have been used. A ce l l with flooded, 
vented e l ec t rodes which allows normal convective 
flow has been used to study f luid flow r a t e s and 
material r e d i s t r i b u t i o n under convective condi t ions . 

A second c e l l , designed to minimize convective flow 
in the zinc e lec t rode compartment has been used to 
study material r e d i s t r i b u t i o n under condi t ions of 
l imi ted convective flow. Experimental r e s u l t s a re 
presented which are supportive of the convective 
flow hypothes is . 

*Work supported by the U.S. Air Force, Air Force 
Systems Command. 

15. REMOVAL OF HEAVY METALS IN \T.KY DILUTE 
SOLUTION USING IVROUS FI.OK- IHRlHlGH ELECTRODE 
REACTORS 

James A. Trainham and John Newman 

Three metal ions in p a r t i c u l a r are being 
considered: Cd *, Hg +*, and l 'b* + . Preliminary 
r e s u l t s on t he removal of Hg*+ ion from brine solu­
t ions has been q u i t e successful . A feed concentra­
t ion of 4 mgA has been reduced to less than 10 ppb. 

Problems have been an t i c ipa ted with hydrogen 
evolut ion in the removal of I'b * and Cd+* ions and 
su i t ab l e e lec t rode mater ia ls which wil l reduce t h i s 
problem are being t r i e d . 

A c r i t e r i a for determining the -owest a t t a i n ­
able concentra t ion in a porous e lec t rode reactor 
lias been developed and was discussed at the annual 
meeting of the AlChE. 

l b . CURRENT DESTRUCTIONS REIjOh' THE LIMITING 
CURRENT IS POROUS FMV.V-THROUCI1 EIBTROpi, 
REALTORS 

James A. Trainham and John Newman 

A computer program is being developed which 
models the behavior of ;i porous flow-through e l e c ­
trode reac to r operat ing below the l imi t ing cu r ren t . 
The program incorporates s ide reac t ions which wi l l 
allow an opt imizat ion of the current densi ty versus 
the current e f f i c iency . The irogram forms the 
bas i s for the design and optimizat ion of s ing le 
and mul t ip le reactor s y s t ^ i s . 

17. RESEARCH PIANS FOR CALEXUArt YEAR 1976 

John Newman and Associates 

Ihe d i s so lu t ion r a t e of cad* ;wi hydroxide from 
cadmium wi l l be measured by u t i l r ;ng a ro t a t i ng 
r ing-disk e l ec t rode . The nickel-t;« ,inuim b a t t e n -
wil l be modeled. Experimental inves t iga t ions of 
mass t r ans f e r in turbulent flow wit'r* r ing-disk 
systems wil l be developed. Fluid fh)v near the 
equator of a ro t a t ing sphere wi l l ht a i r t h c r inves­
t iga ted numerical ly. Modeling of the w r i o d i c a l l y 
cons t r i c t ed tube wil l be continued. V a l y s i s of 
an iron ro t a t i ng disk under pas s ivn t i c t k ine t i c s 
wil l be i n i t i a t e d . 

IS. 1975 PUBLICATIONS AND REMITS 

John Newman and Associates 
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J o u r n a l 

* l . Miigf. A. Mas-.aldi, Inhn Newman and (". Judson 
king, "Max train Droplet drouth Mien Cooling a satu­
rated s o l u t i o n " , Oiviii. IJIV. Sc i . 30, 7>to-"M> M ' . ' " : . 

Charle> M. Mohr. Ir. and John Newman, "Ma<< 
IransiVr to :tn l.ccent lit. Rotating Disk I lect rode", 
.1. I k-ctrocheiiu Soc. 1J- , *.»2fc-'.»M i r.>" i 

* 3 . John Newman and M i l i a r : 1 U'dt^ann, "Maximum 
I f foct ivr I'apacitv in an Ohmicallv Lini ted i'oimiS 
Llect rode" , J . I le-ctrucher. Soc. i : : , l-is;-Msfi 

*4. 'lliomjis ' . Ldwards, John M. Prai tsni t : and John 
Newman, "Thermodynamics of Aqtii'ous Snlu.jnn.-
Containing Vo la t i l e Weak L l e c t r o l v t e s " , AI Chi .1. 
: i , :ia-:y> i i i i - s i . 

S. John Newman and William 'I udemaim, "Porous 
P.lect rode Theorv v i t h K i t t e n - App] ic. ' , ions", AlChl 
.?. zu -5-^i ni>\si (uu.-M'ri. 

*d. John Newman and William Tiedomann, "Pouhle 
Ltyce Capacitv ikcteminnt ion of Porous P lec t rodes" , 
.!. I lectrochcm. Soc. 12±. ~"-~4 (19*51. 

rape re ilreseirte_d 

1. "I nginei-ring .Analysis of Shape Change in l ine 
Secondary h l e c t r o d c s . " I I . Lxperimcntal (with Kin*; 
W. Choi, Drarman ilamby and TVmplas \ . Beimion, 
March y present ing the paper! . General Session of 
the Battery Division at the Hi 11 as meeting of the 
Plectrochemical Society , October' . : , 1!>~5. 

- . "Analysis of Parous Llectrodcs with Sparingly 
Soluble React a n t s . " I I I . -Short Time Transients 
(with Hiram Gu and Itouglas \ \ Bonn ion, who presented 
the paper ) . General Session of the Bat tery Division 
at the Dallas meeting of the FJectrochemical Socictv, 
October 9, I9~5. 

7*. "Removal of Lead Ion? from Dilute Solut ions 
Using Porous Plow-Through II lee t rade Reactors" (with 
J . A. Trainham, who presented the paper ) . Symposium 
on Klectochcmical Methods in Water Po l lu t ion Control 
a t the IJOS Angeles meeting of the American I n s t i t u t e 
of Chemical Hngineers, Nove.nher 20, 1975. 

*Not funded by »1RD. 

4. "Primary Resistances for Ring-Disk E lec t rodes , " 
l e c tu r e ;it the Lab^ratoric Physique des Liquide? et 
i.lectrochcraie, Ih i iv- f - i tv of Par is VI, September 
11, 1 9 " . 

5. "Mass Transfer in the I rans i t iona 1 Region on 
a Rotating Disk," Lecture at the Technical Chemistry 
Colloquium, Swi>< federal I n s t i t u t e of Technology, 
l u r i c h , September 18, U'~f>. 

i). "Lnginecring . \nulysis of Shape Giange in Zinc 
Secondan - I.lee* rode>." I . fuith King K. Choi, 
Dramiafi Mamhy, and Douglas N. Kennion, who presented 
the pape r i . General Session oi the H a t t e n - Division 
at the Dallas "leeting of the ['.lcctrochenieal Societv, 
a - t o h e r (.', J9"5. 

1.BI. Reports 

I. Ralph White, Charles M. Mohr, Peter Fedkiw 
:ma .lohn Newman, "The Pluid Motion Generated by a 
Rotating Disk: A Comparison of Solut ion Techniques", 
IRL-.V'IM (November I 9 " S . I . 

1. Joseph John Miksis , J r . , "Primarv Resist-uices 
for Kinn-Di**-. U e e t r o d c s " . M.S. Thes i s . LM.-15" 
'November t: ;".'<'. 

5. Peter P i e r i n : , Peter Appel and John Newman, 
"Current Dis t r ibu t ion on a Disk Hlectrodc for Redox 
React ions" , UU.-.V15 fl :cbniar> - 1P"5). 

4. Pe ter W. Appcl and .lohn Newman, "Appl icat ion 
of the I.imiting-Current Metlwd t o Mass Transfer in 
Packed Beds at Very Lou Re>*nold.' Numbers", LBL-J51" 
fNovember i?"Si , 

5. Charles M. Niohr, T r . , "Mass Transfer in Rotat­
ing Plectrode Systems", Ph.D. Thes is , LBL-3913 
(October 1975). 

c. Ralph Wii te , Diar ies M. >bhr, J r . and John 
Neuman, "Tlie 1-Tuid Motion Due to a Rotating Disk", 
LBL-4161 {August 197S,S. 

Charle1-" M. Mohr, J r . and John Newman, "Mass 
Transfer t o a Rotat ing Disk in Trans i t ion Flow", 
LBL-4145 (August 19~S"k 

8. Joseph J . Miksis , J r . and John Newman. "Primary 
Resistance for Ring-Disk Elec t rodes" , LBL-4106 (July 
1975). 

**. Joiui Newman, " In tegra l Test for Consistency of 
Vapor-Liquid Equilibrium Data", LBL-3964 (June 1973). 
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d. High Energy Oxidixers ond Heavy El«m«nt Chemistry 

.Veil Barzlett, Pi'in^zpa' .'westi-jazer 

1. PREPARATION" OF GRAPH H: FLU0RITSU1.FATF VXD BORON 
NITR1UF. FLUOROSULFATF. 

Neil B a r t l e t t , Richard r argioni and Kevin Lean-

Graphite and graphi t i 
in teract spontaneously i.: 
peroxydisul furyldi f luor i 
t u re {- >0°C). The S^V 
p u r i t y , des i r ab le for th 
sequence of r eac t ions : 
Xe(OS0;>F):; Se(OSO-.Fl^ 
S ^ F i ' i s ' i n equilTbruo; 
which has a high e lec t ro ; 
incorporated in to the gr 
there i s an accompanying 
along the c 0 ax is of eat 
symmetry m a t e r i a l s . Ttie 
ordinary temperatures api 
leas t for pyro ly t ic graph 
case may be as high as (F 
blue and are good conduc 

The boron n i t r i d e s a l ' 
example of such a deriva" 
n i t r i d e . Although many -
described over the years 
advanced for i n t e r c a l a t i 

boron n i t r i d e each 
th high pu r i t y 
<•*, S20&F2 a t room tempera -
2 i s prepared in the- high 
s syn thes i s , bv the 
elo + 2H0SO-.F •'. :i!F • 
\c * SiOfiF-tT The 
.vith the SO3F radical 
a f f i n i t y . As SO3F" is 

phi to or boron n i t r i d e , 
swelling which occurs 
of the hexagonal 

l imit ing composition at 
•ars to be CpSO^F (at 
re) but for the'UN, 

\ 'USC»TF. These s a l t s are 
rs of e l e c t r i c i t y . 

represents the f i r s t 
:ve of g raph i t i c boron 
raphi te s a l t s have beer, 
few claims have been 
compounds of fiN and 

those few have been c o n t e t e d . l This d i f ference 
111 behavior of graphi te a.id BN could have s ign i f i ed 
a difference in the bondi; g in the two ma te r i a l s . 
Indeed i t has been argued that the bonding in tlie 
BN sheet involves only si-.gle BN bonds> 

X-ray powder photograp s indicate tha t the 
graphi te and boron n i t r id t - s a l t analogues a re 
isomorphous and are hexagonal. I t appears that 
the interatomic d i s tances within the graphi te or 
boron n i t r i d e sheets do n^t change s ince a 0 i s in 
each case a simple numerical r e l a t i v e of HQ for 
the parent m a t e r i a l . The e i s considerable expan­
sion along CQ. For CpSC^F and i t s boron n i t r i d e 
analogue tl<e X-ray pow3er photographs indicate 
t ha t c 0 i s - & A or a simple mult iple of that 
va lue . This i s in harmon> with the i n t e r c a l a t i o n 
:»f a s ingle layer of appr. ximately t e t rahedra l 
SO3F* ions between each p a i r of adjacent graphi te 
or boron n i t r i d e shee t s . The i .ntsr-sheet spacing 
for graphi te i s 3.35 A am for BN is 3.33 A. 

Some observations whic. 
t ha t the oxidat ion of the 
occurs in s tages as previ ' 
o ther graphi te s a l t s . 1 

we nave made ind ica te 
;,V and the graphi te 
isly described for 

1. W. Rudorff, Advances in Inorganic and 
Radiochemistry ]_» 261 (1958). 

2. "Comprehensive Inorganic Chemistry", 
J. C. Bailar et al. eds., Pergamon Press, Oxford 
1973, Vol. 1, p. 918. 

: . i.vnx-urnoN OF <\ KITH a , 
Neil Harr ie t t ;uui Richard Biargicni 

Hie e a r l i e r findings of Richardson have been 
confirmed but no dec i s ive c h a r a c t e r i s a t i o n of thi ' 
purple adduct of 0_» + and i!U lias yet been achieved. 

1. T. .1. Richardson. Ph.It. Thes is . \\X. R-rVelev, 
1!>~4, I.BI.-3IS3. 

3. simsirnmii UF uwmisw 
Konrad Seppelt :md Neil Hartiett 

The compound Ui''rI"el ̂  i(l has been prepared b\ 
the following routes: 

iJF * :Bii'iei-.!, • U'faoi-_ 1 • : w . 
i'F * M',siiv[cJ - - tiM^i-i. i * (,sir, 

It is a yellou crystal line solid, 111. p. lt>0"f, which 
sublimes in vacuo to yield well formed^crystals. 
A crystal structure has been completed" and this 
shews the solid to be a close packed assembly of 
tl('Hel;')t) units. The U atom in U(OTel;5)t, is 
octahedrally coordinated in oxygen atoms and each 
Te atoms has an approximately octahedral coordina­
tion in the five I ligands and the ox>'gen atom. 
The U-O-Te .-ingle is 1"0°. In spite of the Iigand 
crowding about the U atom the compound hydrolyses 
readily in moist air. 

Efforts to isolate other pure compounds in the 
series l'xU(OTeFcJ{,-x always resulted in mixtures, ii 
our hands. 1 9 r NMR'spectni of the orange liquids 
produced by mixing u"F& with less of the OYeFc 
containing reagent than necessary to bring about 
full substitution of the UTf, F-ligands always 
gave evidence of mixtures. The OTeFj groups are 
identified by their characteristic AB4 spectrum 
which are seen - +50 ppm from CFCl^ as standard-
The F 1igands bound to uranium are located between 
•750 and -82(1 ppm fCFCl^ standard] and such a 
region is shown in Fig. 1. In all cases, 12 lines 

Fig. 1. 1 9 F chemical shifts (relative to t'TCl-) for 
F banded to uranium in the scries FYUfOToI:c 1,, v 
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TAB1.F 1. * F NMR data of the confounds FjUfOTeFc),;^. Only uranium 
bonding f luorine atoms are l i s t e d , 56.A M",-:, CFC1, s tandard. 

ppm , (Hz) 

IUJ • CITel" 

c i s - F 4UlOTeF 5), 

t rans • I^UIOTeF^), 

asvm- I-U(OTei,J. 

c i s - F nI!(OTeF.) 4 

t r ans - F,UfOTelvl 

-764 .0 

M 4 A: - 7 5 9 . 5 ; •V -785 .7 

A , B 2 
A , : - 7 7 ; . 5 ; 

-802.4 

- " 8 . 3 

B , : -796.4 

Ait-, 

4 

A: - " 8 3 . 7 ; 

- 784 .5 

-811.4 

B-,: -81)6.2 

• " 8 7 . 0 

9 

14 

were observed in t h i s region. Ihe s t rong l i n e at 
-~64 ppm is due to UFf,. The other l ines are 
assigned as indicated in F ig . 1. f!n the bas i s of 
these assignments, which are tabula ted in Table I , 
the co r re l a t ion shown in Fig. 2, of chemical sh i f t 
of F bonded to 0 , aga ins t tnc t o t a l mimber of 

•910 

•9qo 

1 (CFClj) 

suto-T.tyj 

. POpT.ljl, X ' ^ 

X 

tran* 

F 
XUF, 

X^DOT.F, 

floorliu «toau 

Fig. 2 . Cor re la t ion of the chemical s h i f t of the 
uranium bonded f luor ine aga ins t the t o t a l number of 
uranium bonded f luorine atoms. The resonances a re 
found on two l i n e s : f luor ine atoms s tanding t r ans 
to another f luorine atom are on the lower l i n e , 
f luorine atoms in t rans p o s i t i o n t o an OTeFg groups 
a re found on the upper l i n e . (XBL 753-6000) 

uranium - bonded F atoms, was der ived. Evidently 
a l l compounds F^UfOTeF^l^.jj occur . Moreover, 
the l i ne i n t e n s i t i e s in the ^ F MR spectra 
indicated tha t the occurrence of c i £ and t^ans 
isomer*, of F 4 U(OTtF 5 ) 2 , symmetric and asymetric 
F}U(0TeFO3 and c i s and t r a n s F^HOTeFs),, i s 
e s s e n H a l l y as an t i c ipa t ed on the bas i s of chance 
replact-wnt of the UFf, F l igands . 

i . K. Se] 'pelt , Covalent Compounds of Urani'.mi, 
Giemische Ber ichte , in p r e s s . LBLo991. 

2. K. Seppel t , ],. K. Templeton, D. H. Templeton 
and N. B a r t l e t t , to be published. 

4. RESEARCH PLANS FOR CALENDAR YEAR 1976 

Neil B a r t l e t t 

Delocalized-Electron So l id s . Graphite and 
boron n i t r i d e s a l t s wi l l be fur ther inves t iga ted . 
Special a t t e n t i o n wi l l be given to the oxidat ion of 
well o r ien ted graphi te and BN sanples . The depen­
dence of the p rope r t i e s upon the composition and 
s t r uc tu r e w i l l be s tud ied . The oxidat ion of anthra­
cene, boraz ines , carboranes and o the r aromatics t o 
y i e l d s a l t s of the aromatic c a t i o n s , Aromatic +X", 
(with X^SOjF", AsFc) w i l l a l so be attempted s ince 
the e lec t ron d i s t r i b u t i o n in such ca t ions should 
provide in s igh t in to t h e e l ec t ron d e r e a l i z a t i o n 
in the more extended systems. 

Electrochemistry. The anodic oxidat ion of SOjF" 
and TluK w i t l be s tudied. Simultaneously an ef for t 
w i l l be made t o explo i t g raphi te s a l t s such as 
Cj^S0 3F" as anode ma te r i a l s . 

Further Studjss of o | S a l t s . The o j , CI? adduct 
wi l l be fur ther s tudied , t h i s probably*involves a 
novel Lewis acid-Lewis base i n t e r a c t i o n in which r* 
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electrons of Cly are donated to the empty TI* orbital 
of Ot. The 0-.h radical molecule may exist at 
ordinary temperatures and efforts will be made to 
generate it in ponderable amounts. Coordination 
of 0* salts by crown ethers may provide for dissol­
ution of the 0* salts in ether solvents. 

S. 1975 PUBLICATIONS AND REPORTS 

Neil Bartlett and Associates 
Journals and Books 

1. A. H. Cockett, K. C. Smith, N. Bartlett and 
F. 0. Sladky, The Chemistry of the Monatomic 
Gases", Pergamon Press, Oxford (1975), 330 pages. 

2. Neil Bartlett, Argo, "Enciclopedia della 
Qmica", USES Edizioni Scientifiche Fironze, 
(19 ) Vol. II, pp. 127-131. 

5. Neil Bartlett, Cripto, "Enciclopedia della 
Chimica", USES Edizioni Scientifiche Fircnze, 
(19 ) Vol. TV, pp. 128-132. 

LBL Reports 

1. Neil Bart let t and Kevin Leary, Qi*ii\quevalent 
Cold S a l t s , LBL-4166. (Accepted for publication in 
the issue of "Revue de Chijnie Minerale", dedicated 
to Professor Wilhelm Kleram,) 

2. Neil B a r t l e t t , Boris Zemva and Lionell Graham, 
LBL-4195. (Accepted for publ ica t ion in the issue 
of "Journal of Fluorine Chemistry", dedicated to 
Professor George H. Cady.) 

3. Kevin M. Leary, Simple and Complex Fluorides 
of Gold and Palladium, (Ph.D. Thes i s ) , LBL-37J6, 
(May 1975). 

Invi ted Lectures 

1. "The Chemistry of o t " . a t the Universi ty of 
V ic to r i a , V i c t o r i a , B.C., Canada, on February 7 , 
1975; and Simon Fraser Univers i ty , Burnaby, B.C. , 
Canada, on Apri l 50, 1975. 

2. "A New MF4 (M= Hh, I r , Pd, Pt) S t ruc tu re Type 
and I t s Rela t ionship t o MFc, MF, and MF̂  St ruc tures" , 
a t the Symposium on So l id -S ta te Chemistry of Fluo­
r ides and Oxyfluorides at the 169th American Chem. 
Soc. Meeting in Phi ladelphia , April 9, 1975. 

3. "Noble-Gas rhemistry and I t s S igni f icance" , 
Phi Lambda Upsilon Award Address, the Univers i ty of 
Nebraska, Lincoln, Nebraska, October 16, 1975. 

4. "Superoxidizers - From 0 2 Sa l t s to C f iFt S a l t s " , 
Chemistry Department, Universi ty of Nebraska, 
Lincoln, 'Nebraska, October 17, 1975. 



C. MOLECULAR AND ATOMIC SCIENCES 

l.CHEMICAL PHYSICS 

o. Energy Transfer Processes in Organic Solids 

Charles b. Harris yal Investijator 
1. EMISSION A\T> RHFL .TrANCE SPECTROSCOl'Y OF 
AROMYHC IIYIMTCARBONS .VISORREI) ON GYTALYTIC METAL 
SURFACES* 

Antonio R. Gal lo , Charles 
Shultz 

Harr is and Man' Jane 

The study of surface phenomena and the 
in te rac t ion of molecules adsorbed on surfaces 
has received much a t t e n t i o n . Various t o o l s have 
been developed to probe surface p r o p e r t i e s . These 
include IJOW Energy Electron Diffract ion (LEELT). 
Auger Electron Spectroscopy (AES), Photoelectron 
Emission Spectroscopy, and Mult iple Reflection 
Infrared Absorption Spectroscopy. Areas of 
i n t e r e s t include the mechanism of adsorp t ion , the 
identification of adsorbed species and their 
chemistry* the determination of the geometry of 
the adsorbed molecules, and the study of the 
nature and strength of the forces involved. 

In the past year we have developed a UHV system 
that incorporates 1.EED, AES and quadrupole mass 
spectroscopy that is capable of operating over 
a large temperature range. The system will be 
used to develop phosphorescence and reflection 
spectroscopy of molecules adsorbed on single 
crystal oriented metal surfaces. It is the 
purpose of this program (1) to develop and adapt 
the methods of reflectance, fluorescence and 
phosphorescence spectroscopy to aromatic and 
azaaromatic hydrocarbons adsorbed as monolayers 
(or less) on a variety of transition metal and 
alloy surfaces; (2) to develop optically detected 
magnetic resonance (ODMR) as a technique for 
studying the molecular and electrcnic structure 
of these molecules adsorbed on catalytic 
surfaces; and (5) tc apply the powerful methods 
of phosphorescence crowave double resonance 
(PMDR) to surface *• lies to determine what expli­
cit changes in the i. lecular geometry, electronic 
structure, the radiative and radiationless decay 
channels occur upon adsorption to transition metal 
and alloy surfaces. These studies will also be 
correlated with the existing data obtained 
principally through LEE and AES. The investiga­
tion will start with th* (111) and (100) surfaces 
of nickel and the nickel High Miller index faces, 
characterized by stepped surfaces, and then will 
be extended to other transition metal and alloy 
surfaces. A detailed comparison of the molecular 
and electronic structure of aromatic hydrocarbons 
on different transition metal surfaces and the 
correlation of this information to catalysis is 
an important aspect of this program. 

Because of the sensitivity of optical detection, 
as few as 10* molecules in a sample can be 

investigated. This makes i t ideal as a new tool 
for surface investigations. Preliminary calcula­
tions on aromatic hydrocarbons indicate that the 
emission spectra can be obtained on as few as 10^ 
to 10& molecules per mm2. Monolayer coverage for 
these molecules is 10*1 molecules per mm2. We 
expect that measurements of a 0.15 coverage will 
yield a good signal-to-noise rat io. 

In the past year we have combined both UHV and 
cryogenic technologies and built an ultrahigh 
vacuum chamber, with a liquid nitrogen heat 
shield and a liquid helium cooled sample t ip 
(cf. Figs. 1 and 2) to be used in these studies. 
We should be able to achieve a base pressure of 
10" 1 1 Torr over a sample temperature range from 
2°K to 450°K. 

In designing the equipment for the experiments, 
we have considered the explicit angular dependence 
of the radiation field on the sample. Consider 
a near normal incident beam of l ight, for example, 
impinging on an isotropic organic monolayer or 
thin film adsorbed on a metal, and the associated 
reflected beam. These beams will interfere to 
form a standing wave with an electric field of 
zero to the f irs t order at the surface. This is 

Variable 
Temperature 

Cold Tip 

UHV 
Chamber 

I (reflected) 

I (incidence) 
Fig. 1. Schematic of cold tip and sample 
orientation relative to plane of incident light. 

(XBL 762-6381) 
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Fig. 2. Cold tip assembly with a nickel crystal 
sample. (XBB 764-3531) 

METAL 
SUBSTRATE 

Fig. 3. Schematic of the model system used to 
calculate relative absorption of ndlayer on a 
metal substrate showing electric field amplitudes 
and optical constants of the isotropic layers. 

(XBL 761-6323) 

due to a 180° phase shift of the incident wave 
upon reflection. As a consequence, i t would seem 
that molecules absorbed on the surface would be media shown in Fig. 3. The Il's are mathematical 
difficult to detect by optical methods. Such sums of a]] waves which are traveling in the 
is not the case when graaing incidence geometries directions shown in each medium. By imposing 
are considered. boundary conditions on both i: and II in the wave 

equations, one obtains a set of coupled equations 
This can be seen by writing expressions for in the l;'s in terms of two parameters, a and 6. 

propagating electroiiagnetic waves in the isotropic These are as follows: 

CI) (cos^HEj + Ej) = [(a 2cos$2)/(n 2 - ik 2 )][E, + F.'2) 

(2) nj(Ej - E[) = fn2 - ik 2)(E* - Ej) 

(3) {Ej expK-2nD/i)CB2 + ia 2cos*,)] + F-j exp[(2*ty\) (B, + ia,cos<|>2) ]) 

x [(a2cos<i>2 - iB 2 ) /(n 2 - ik 2 )] = 

{E* exp[C-2irD/X)(B3 + ia 3 cos* 3 )])[(a 3 cos* 3 - iB 3 ) / (n 3 - ikj)] 

(4) {exp[(-27iD/A)(B2 + ia2cos*2)]E2 - exp [ (2TTD/A) (B2 * ia2cos<|>2)]E2} 

x (n2 - ik 2 ) = exp[(-2nD/X)(B3 + ia3cos.)>3)]E3rn..| - ik 3 ) 

where 

2 „2 . .2 . . 2 . a. = n.sin^j/sin*. (j = 2,3); at - Sj = n ; - k ; 

6j - n.kVa.cos*. 
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Fig. 4 . Calculated r e l a t i v e absorpt ion \ r ersus 
angle of incidence for a weakly allowed e l ec t ron i c 
t r a n s i t i o n . (XBI. 761-6325) 

r e n e e t e a Ream versus m e incident Deam. jn is i s 
[jivcn by the r a t i o of the modulus square of the 
i : ' s , i . e . , R = | n f | - / ! E | [ 2 . A convenient form i s 
the absorption fac tor A = [R° - R)/R°, where R° 

40 60 
*, (deg) 

The important quantities are not the amplitudes 
but rather the ratio of the intensity of the 
reflected beam versus the incident beam. This is 
give: 
I:' 
the : 
i s the ref lec tance of the system when the organic 
layer i s not absorbing, i . e . , ko = 0. Although 
the equations are complex, they ar^ e a s i l y soli'ed 
by computer i t e r a t i o n procedures for a given set 
of o p t i c ' l parameters. 

The r e s u l t s of these ca l cu l a t i ons a re important 
insofar as they define the experimental geometry 
for any p a r t i c u l a r experiment. Typical p lo t s of 
absorption factor versus angle of incidence are 
shown in Figs. 4 and 5 for a nickel metal 
subs t ra te with an absorbed organic layer having 
op t i ca l cons tan ts typ ica l of weakly allowed 
e l ec t ron i c t r a n s i t i o n (Tig. 4) and/or moderately 
strong infrared t r a n s i t i o n (Fig. 5 ) . he note 
tha t the re is a marked change of optimum angle 
of incidence for the two wavelengths. 

2 4 -

X= 5 4 , 0 0 0 A 
n 2 =l 3 - 0 . l t 
n 3 = 492 - l2 .4 i (NICKEL BULK} 

20 40 
0, (deq) 

6 0 80 

Fig. 5. Calculated r e l a t i v e absorption versus 
angle of incidence for a s t rongly allowed infrared 
t r a n s i t i o n . (XBI. 761-63241 

P a r t i a l l y supported by NSF. 

2. Tin: RSI- OF TUF.RMU MODULATION SPECTROSCOPY IN 
"nil: STUDY OF i-VERGY TRANSFER PROCESSES IN CRYSTALS 

Alan R. Bums, Charles R. Harr is and Marc F.. 
Tarrasch 

Ry u t i l i z i n g che technique of con t ro l l ed heat 
pulses in molecular s o l i d s , the phenomena of 
phonon-induced t r a p - t o - t r a p exc i t a t i on migration 
and s p i n - l a t t i c e r e l axa t ion processes in exci ted 
s t a t e s are being s tudied . Heat pulses h a w long 
been used *n inves t iga t ions deal ing with second 
sound propagation in l iqu id and so l id helium. 
Hie d i s t i n c t advantage of the pulse method over 
conventional steady s t a t e temperature experiments 
l i e s in the tcnjxn-al and s p a t i a l r e so lu t ion of the 
detected thermal modulation. 

Small s ing le c r y s t a l samples a rc placed in 
thermal contact with a th in film nichrome r e s i s t o r 
that has been vacuum evaporated on a polished 
quartz subs t r a t e (cf. Fig. i ) . Short duration 
(j-iscc to msec) current pulses a re appl ied t o the 
r e s i s t o r , r e su l t i ng in the generat ion of a wide 
band of high frequency phonons centered a r und 
kT]/h, where Tj is the temperature of t he t h in 
film. The theo re t i ca l bas i s for the experiments 
has been dcrU'ed s t a r t i n g from the Stephan-
Boltrmann equation for Mackbody r a d i a t i o n : 

V (2 V/5h s cp (t[ - T:J) en 
from which the temperature of the th in film can 
be ca lcu la ted . In t he above equa t ion , I i s the 
current through the thin film re s i s t ance Rj| having 
an e f fec t ive area A, Ĉ  i s the ve loc i ty of sound 

http://3-0.lt


EXPERIMENTAL APPARATUS FOR 
MICROWAVE-HEAT PULSE MULTIPLE RESONAN.c 

A QuortE subSUOte 
B Cu leods 
C Gold fthinfilm) 
D 50 a Nichrome 

(thin (Urn) 

E Crystol 
F 50rimicrowove fine 
G Stow wave helix 
H Support 

Fig. 1. Apparatus for heat pulse experiment. 
(XB1. 7M-634.7) 

in the thin film, and T 2 is the ambient bath 
temperature. 

Mien the product of the phonon Bose-I:instein 
distribution and the density of states for both 
the thin film heater and the crystal is integrated 
over the area of the crystal-heater interface, 
one obtains an expression for the net flux of 
phonons of frequency v propagating into the crystal 
sample: 

N(v) = AaTr^/CjIHlexpOw/kTj) + l ] " 1 

l ] " 1 ) C2) 

Thj phonon transmission coefficient r is an 
integral function of the relative densities and 
acoustic velocities of the crystal and the heater. 
In this expression, the crystal is assumed to be 
at the bath temperature T2. Khen Eq. (2) is 
integrated over al l frequencies greater than 
that required to delocalize a "trap" s ta te , but 
less than the Debye cut-off of the thin film, 
the phonon flux for this frequency range can be 
calculated as a function of the heater ten^erature. 
From Eq. (1) and the integrated form of Eq. (2), 
one can calculate the phonon flux as a function 
of the power dissipated in the heater and the 
ambient bath temperature. The calculated phonon 

Ni THIN FILM 
THCRMAL RADIATION 

(CALCULATED) 

MEAT PULSE POWER (WATTS) 

Tig. 2. The calculated phonon flux vs heat pulse 
power for phonons having energies greater than 
22 cm' 1. ' " ' (XBI, 761-62041 

flux for the range between 22 cm"^ and 307 cm"* 
(the cutoff for nickel films) is shown in Fig. 2. 
a. Thermal Modulation of Trap and Exciton 
PhospHo rescene e 

•\t temperatures below the A point of liquid 
helium f2.17°K), there exists a non-Boltzmann 
distribution of excited states partitioned among 
the exciton band and the multiple traps in a 
crystal of dj-TCB. At temperatures al«ove the A 
point, the partitioning approaches a fcoltzmann 
distribution. It is expected that the thermal 
modulation of the two different relative 
population distributions of the trap and the 
exciton states will induce different changes in 
the respective phosphorescence intensities. This 
can be seen m Figs. 3 and 4. In these experi­
ments, a shutter is placed in front of the de­
tection monochromater so that the dark current 
of the photomultiplier can be determined. This 
is followed by the opening of the shutter which 
gives the steady state level of the phosphores­
cence intensity emitted from each state. This 
method allows one to estimate the subsequent 
modulation depth or percent change in 
phosphorescence intensity induced by the heat 
pulse. The peak of the modulation for each state 
was measured as a function of heat pulse power isx 
the non-Boltzmann region (Fig. 5) and the 
Boltzmann region (Fig. 6). It is evident that the 
nature and the extent of the heat pulse-induced 
derealization of trap states can be controlled 



PHOSPHORESCENCE RESPONSES 
TO A I 5 m sec , 2 0 8 W HEAT PULSE 

0 0 6 % H 2 . 5 0 % HD IN D 2 -TC9 
BATH TEMPERATURE = 2 0°K 

EXCITON 
1D?-TCB) 

SHALLOW TRAP 
(HD-TCBJ 

-STEADY STATE INTENSITY 

-PHOSPHORESCENCE SHUTTERED 

J — 1 HEAT PULSE 

10.0 15.0 20.0 
TIME (msec) 

25.0 30 .0 

Fig. 3. The thermal modulation of trap and 
exciton phosphorescence for the mixed isotopic 
1,2,4,5-tetrachlorobenzene (TCB) crystals in the 
non-Boltzmann temperature region (2.0°K). 

(XBL 761-6206) 

by the a..junt of input power, and hence one can 
extract relative phonon cross-sections for 
promotion to the exciton band. 

b. Thermal Modulation of Triplet State Spin-
•Sublevel Populations 

If a trap is present far below the exciton 
band, phonon-assisted promotion to the band 
states becomes energetically prohibitive at low 
temperatures. Jn these cases the thermal 
modulation of the non-Boltzmann spin distribution 
among the excited triplet state sublevels becomes 
possible to detect. The results presented in 
Tigs. 7 and 8 depict the thermal modulation of 
the ĥ -TCB trap state which lies 1456 cm"1 below 
the band states of durene. The population 
redistribution of the spin sublevels upon 
application of a heat pulse can be analyzed in 
terras of the rapid increase in the rate of 
phonon-assisted spin lat t ice relaxation. 

c. Kinetics of Heat Pulse Induced Biergy 
Migration and Spin lattice Relaxation 

Optically detected spin locking and adiabatic 
demagnetization experiments have yielded kinetic 
information on the absolute promotion rate of 

localized excited state populations into the 
delocalized exciton bands in one-dimensional 
exciton conductors. Work is now in progress 
that will provide more information regarding the 
phonon multiplicities of those interactions that 
result is. derealization and migration. These 
experiments involve the application of a heat 
puise at a specific time during the course of 
the microwave pulse sequences. Since the phonon 
flav through the crystal is a function of the 
heat pulse power, i t is possible to obtain more 
detailed kinetic data on the promotion and migra­
tion rates induced by the heat pulse. Preliminary 
spin locking heat pulse experiments have been 
completed on the I17-TCB in durene system. In 
this case, only spin lattice relaxation, induced 
by the heat pulse, is expected to lead to the 
decay of the spin locked ensemble. As is shown 
by the preliminary data in Fig. 9, there is a 
decrease in the lifetijne of the spin locked 
ensemble as the heat pulse power is increased. 

d. Heat Pulse Transmission in Molecular Crystals 

The thermal rise time of the thin film heater 
is expected to be less than 10"8 sec, since 
phonon-electron interactions in metals are very 
rapid. However, the thermal response time of 

PHOSPHORESCENCE RESPONSES 
TO A 0 3 msec , 2 0 8 W HEAT PULSE 

0 06%H 2 , 50%HD IN D2TCB 
BATH TEMPERATURE =3 3°K 

* ^STEADY STATE INTENSITY 
u PHOSPHORESCENCE SHUTTERED 

n HEAT PULSE 

0 5 0 100 15 0 200 25 0 3 0 0 
TIME (msec) 

Fig. 4. The thermal modulation of trap and 
exciton phosphorescence for the mixed isotopic 
TCB crystal in the Boltzmann temperature region. 

(XBL 761-6205) 
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CHANGE IN PHOSPHORESCENCE INTENSITY 

WITH HEAT PULSE POWER 
OOG%H2-TCB. 50XHD-TCB IN D2-TCB 

2 0*K 

MOLECULE EMISSION HEAT PULSE 

Fig. 5. Modulation depths of trap and exciton 
phosphorescence intensity in the non-Boltzmann 
temperature region as a function of heat pulse 
power. (XBL 761-6213) 

HEAT PULSE POWER (WATTS) 

Fig. 6. Modulation depths of trap and exciton 
phosphorescence intensity in the Boltzmann 
temperature region as a function of heat pulse 
power. (XBL 761-6212 

~r ~r T " _r_ 
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1% 1 ,2 ,4 ,5 - TETRACHLOROBENZENE IN OURENE 
4 2 " K 

PHOSPHORESCENCE-MICRO­
WAVE- DOUBLE-RESONANCE 

IPMDR). 1746 GHz 

~V*y*> —AJL 
B, 0 

THERMALLY MODULATED 
SPECTRUM (TMS) 

3 VOLT, 8 msec. HEAT 
PULSE 

«v^^^rf^ft*irt/'H«vHvw 

. . • >T; 

3615 (B 2 g» 3782 lAg) 
A 

-°2g 
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Fig, 7, Phase-detected thermal modulation and 
microwave-induced changes [PMDR) in phosphores­
cence intensity for hj-TCB in durene. The 
initial non-Boltzmann spin distribution of the 
h2~TCB triplet state in zero field is depicted 
at the right. Upon application of a heat pulse, 
the spin distribution in all three sublevels is 
thermally equalized, thus there is a decrease in 
emission from the xz sublevel 0>2g) a n ^ a 

concurrent increase in the emission from the Ty 
sublevel (a g). The microwave field simply inverts 
the Ty and x 2 populations (IT pulse), so the 
phosphorescence changes differ quantitatively 
but not qualitatU'ely from the thermally modulated 
spectrum. (XBL 761-6214) 

the crystal sample and/or the bath temperature 
is expected to be much slower because of such 
factors as the thermal boundary resistance at the 
crystal/heater interface, the inherent thermal 
conductivity of the crystal, and heat losses to 
the helium bath. It as iirftrtant therefore that 

O 250 500 750 KX> 
TIME [msec) 

Fig. 8. Measurement of the lifetijne of the long-
lived or "dark" T X sublevel by way of heat pulse-
induced delayed phosphorescence. In this experi­
ment, the exciting light was shuttered, so that 
the beginning of each trace corresponds to the 
steady state light intensity at the origin (ag). 
The exciting light is tlvn turned off; thus one 
sees a rapid decay of light emitted from the 
"fast" Ty sublevel and the much slower decay from 
the T X sublevel. At delay times corresponding 
to multiple lifetimes of the Ty sublevel, a heat 
pulse is triggered. The amount of population 
left in the slow T „ sublevel is then rapidly 
equalized among all three sublevels, resulting 
in a jump in the emission intensity (M) from the 
Ty sublevel. The insert shows that the jump in 
light intensity vs the heat pulse delay time 
yields the lifetime (T x) of the T X sublevel. 

(XBL 761-6203) 

some of these features be experimentally deter­
mined. To this tad, work is now in progress 
using a fast (< 10" 8 sec) and sensitive semi­
conductor thi-; film germanium bolometer. The heat 
pulse-induced response of the bolometer will be 
correlated with the observed phosphorescence 
changes, the calculated phonon fluxes, and film 
temperatures. The optically detected phosphores­
cence changes can be used to measure the average 
time scale of the thermal modulation process. 
The rapidity of the bolometer response time and 
the location of the bolometer with respect to 
the crystal surface opposite that in contact with 
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H 2-TCB IN DURENE 
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Fig. 9. Phosphorescence intensity changes follow­
ing the final probe pulse (TT/2) of spin locking 
heat pulse experiment as a function of heat 
pulse power. The decrease in the light change 
AI is associated with a greater loss of spin 
coherence. (XBL 761-6211) 

the heater film will provide a different temporal 
resolution of the modulation as well as a spatial 
resolution of the heat pulse. With such experi­
ments, one can measure the instantaneous tempera­
ture rise associated with the gradual rise of the 
bath temperature after Boltzmann, equilibrium has 
been achieved in the phonon states. 

3. COHERENT ENERGY TRANSFER IN SOLIDS: 
DETERMNATION OF AVERAGE COHERENCE LENGTH ON ONE-
DIMENSIONAL SYSTEMS USING TUNABLE DYE LASERS* 

Oiarles B. Harris, Robert M. Shelby and 
Ahmed H- Zewail 

The rohprent nature of energy propagation in 
niDlecular crystals at low temperatures was 
studied via the time-resolved phosphorescence 
response of the crystal to short optical pulses 
obtained from a nitrogen laser-pumped tunable dye 
laser, The information obtained from these 
measurements reflects the nature of triplet 
exciton-phonon interactions and the dynamics of 
exciton-trap equilibria. We have applied these 
techniqi.es to two systems, 1,2,4,5-
tc'rachlorobenzene (TCB) and 1,4-
dibromonnphthalene (DBN), which exhibit one-
dimensicnal triplet exciton band structure. In 
the DBN system the presence of multiple 
localized states helped in exploring the many 

Fig. 1. Kinetic model for a coupled system of 
one trap and a one-dimensional triplet exciton 
band. K-j and KQ are the trapping and detrapping 
rate constants respectively, while Kp and K t arc 
rate constants for decay to the ground state of 
the exciton and trap levels respectively, 

fXBL 757-6633) 

routes of communication between the band and traps 
which must be understood in order to further 
elucidate the nature of coherence in this system. 
However, the complexity of this system does not 
allow an unequivocal demonstration of coherence 
at this time. Such Is not the case, however, 
with the simpler TCB system. In this case-, only 
one trap is interacting with the band, and the 
bandwidth (~-l enf *) is small compared to the trap 
depth C21.3 cm"*). This allows the dynamics to 
be described by a simple kinetic model, and a 
minimum triplet exciton coherence length can be 
estimated. 

The TCB system is represented schematically 
in Fig. 1, which shows the various pathways for 
the population and depopulation of the band and 
trap levels. The phosphorescence response 
resulting from laser excitation of the exciton 
band is shown in Fins. 2 and 3 at two different 
temperatures. By fitting the kinetic equations 
which we schematically represented in Fig. 1 to 
such measurements over a range of temperatures 
from 1.2°K to 4.2°K, we were able to estimate 
the value of Kj_, the trapping rate constant. The 
data and fit to the theoretical model is shown 
in Hgs. 4, 5, 6 and 7. Together with the know­
ledge of the trap concentration and some simplify­
ing assumptions, this enabled us to obtain for 
the first time a minimum coherence length for 

http://techniqi.es
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Fig. 2. Phosphorescence response of neat TCH to 
pulsed l a s e r e x c i t a t i o n in the low temperature/ 
slow dotrapping regime. Note t ha t the exciton 
decav and t r a p bui ld-up ra t e s a re s im i l a r . 

(XBI. 757-6639) 

EXCnOM AND 1=!AP PHOSPHORESCENCE RESPONSE TO 
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Fig. 3 . Phosphorescence response of neat TCI* t o 
puised l a s e r exc i t a t i on in the high temperature/ 
fas t dct rappmg regime. Note t ha t the exciton and 
t r a p decay a t the same r a t e and no t r a p population 
huild-up i s observed. (XBl- 757-6640) 

Fig. A, Temperature dependence of steady s t a t e 
phosphorescence emission of the x - t r ap o r i g i n of 
neat TCB c r y s t a l . The so l id curves were 
ca lcu la ted for d i f f e ren t values of t he exciton 
chain length by assuming a Boltzmann d i s t r i b u t i o n 
of population among the band and t r a p s t a t e s . 
The bandwidth was taken as 1 an'1 and t r a p depth 
as 21,3 an'1. (XBL 757-6638) 
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Fig. 5. Calculated fits to the experimental data 
for the fraction of exciton population which 
decays with a rate constant equal to the tr3p 
population build-up rate constant, a_. _The solid 
curve corresponds to the best fit for N£/.\'0, and 
gi\'es the values of KQ VS 1/T shown in Fig. 6. 
The dotted curve corresponds to values of KQ 
obtained from the plot of a_ vs 1/T fsee Fig. 71. 

(XBL 757-6641) 
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l-'ig. 6. Detrapping rate conrtanc vs l/T obtained 
from the solid curve in Fig. 5 and calculations 
based on the kinetic rrodel. £E represents the 
energy difference between the trap level and the 
intermediate which is assumed to be active iri 
mediating phonon-assisted detrapping. 

(XBL 757-6642) 
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Fig. 7. Calculated fits to the data for a,, the 
trap population build-up rate vs l/T. The solid 
curves were calculated from the model equation 
using the values of KQ VS l/T from Pig. 6. The 
curve for Kj = 125 sec - 1 corresponds to 
Kj. = Kg = 23 sec"* rather than the values shown 
in the figure. The dotted curve is the best fit 
to a_, and the corresponding values of Kg vs l/T 
were used to calculate the dotted curve m 
Fig. 5. These latter calculations give a %'alue 
of AE of 20 cra-1. (XBL 757-6643) 

excitons in molecular crystals at low tempera­
tures: S^an ^ 700 A = 186 molecules. This value 
of the measured coherence length indicates that 
exciton-phonon plays an important role in 
shortening the coherence length for very long 
linear chains. 

Partially supported by NSF. 

4. ENERGY TRANSFER BETOEEN MULTIPLE LOCALIZED 
STATES IN MOLECULAR SOLIDS STUDIED BY ZEROFIELD 
OPTICALLY DETECTED MAGNETIC RESONANCE 

Charles B. Harris, Alan M. Nishimura and 
Ahmed H. Zewail 

Energy transfer in crystalline media, although 
complex, can be classified into two broad 
categories that are determined by the nature 
of the systems between which energy transfer is 
taking place. If the transfer involves two or 
more different systems, the roles of the various 
systems in the energy transfer process are dictat-;< 
by their respective zero point energies and 
charge distributions, in addition to their 

relative concentrations and locations in the 
crystal. A typical example would be relatively 
low concentration guest molecules (acceptors) 
receiving excitation from a high concentration 
host molecule, or perhaps from another low 
concentration guest molecule (donor). A second 
possibility exists, in which the donor and 
acceptor molecules are identical species. This 
could arise either from transfer between various 
lattice defects in a pure crystal or in the dimer 
states of a quest in a host crystal. In the 
case of two neighboring guest molecules, i.e., 
a dimer, energy transfer not only depends on 
the host properties but also on the local symmetry 
of the pair in the host lattice and the magnitude 
of the resonance interaction between the molecules. 
In both categories, the possible pathways for 
energy transfer certainly depend on the geometries 
of the molecules in the lattice. 

In an attempt to understand the rather complex 
processes of molecular enargy transfer, one would 
like to choose as simple a system as possible. 
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J-ip. 1. Zero f i e ld microwave t r a n s i t i o n s of 
1,4-dibromonaphthalene t raps ami exc i ton . The 
exciton resonances together with the e r r o r are 
represented by the dashed a r ea s . The two points 
represented by so l id t r i ang les a rc the monomer 
and d iner frequencies. B represents hi phenyl, 
Ii represents dichloroben^ene, and N represents 
naphthalene. (XBL ?45-6Jf)"\) 

In view of the strong influences of geometry on 
energy t r a n s f e r , var ious inves t iga to r s have 
n a t u r a l l y grav i ta ted t o the study of one-
diniensional host bands with the in ten t t h a t t h i s 
would be the simplest of systems tha t contains 
a l l of the phenomena of i n t e r e s t . Using the 
knowledge gained from t h i s s i t u a t i o n , one could 
then apply i t t o understand the dynamics of 
multidimensional energy migration in both the 
coherent and incoherent l i m i t s . Fur ther , the 
jnani t e s t a t i o n s ol these migration processes in 
both op t i ca l and F.PR spect ra could answer many 
quest ions pe r t a in ing t o the dynamics of spin 
i n t e r a c t i o n s between t r aps and exc i tons . The 
t r i p l e t band of 1,4-dibromonaphthalene (PBNT has 
been shown t o approximate a one-dimensional 
System qui te w e l l . In add i t i on , the p a : r 
S t ructure in i so top i ca l l y mixed c r y s t a l s has been 
iden t i f i ed from both op t i ca l and EPR spec t ra . 
For these reasons, a systematic study by double 
resonance spectroscopy of the loca l i sed s t a t e s 
of DBN, both as a d i l u t e guest in host c r y s t a l 
and as a t r ap in the neat c r y s t a l , was undertaken. 

The k ine t i c parameters associated with the 
various " loca l i zed" t r i p l e t s t a t e s have been 
determined. These include the r e l a t i v e i n t e r -
system crossing r a t e s , the r e l a t i v e r a d i a t i v e 
r a t e s from the spin s t a t e s to the e lec t ron ic and 
vibronic o r i g i n s , and the t o t a l deplet ion ra t e s 
from the individual spin sublevels . The r e s u l t s 
of these s tud ies ind ica te tha t the co r re l a t ion 
of the magnetic s t r uc tu r e of t rap s t a t e s and the 
energy difference between t rups and a host band i s 
not s t ra ight forward, even for one-dimensional 
systems (see Fig. 1) , Moreover, these r e s u l t s 
ijiply that spin exchange and equi l ibr ium between 
t raps and band s t a t e s can severely influence the 
dynamics of energy migration and must be 
incorporated i n t o any temperature dependent l i n e 
shape analys is of the exciton t r a n s i t i o n s , 

p a r t i c u l a r l y for DBS because of the s i m i l a r i t y in 
t rap and exciton t-PH frequencies. 

5. PlRI-in AMI 1MURT.CT liNERlTt TRANSFER IN ONE-
ItlMIASTiK-U. SPI.ILK 

Charles E. Ha r r i s , Mark T. Lewellyn and Ahmed H. 
Zewai1 

A full understanding of the mechanise and 
pathways for energy t ranspor t in rea l molecular 
c rys t a l s can only be obtained by considering the 
important e f fec ts of l a t t i c e imperfections such 
as d i s l o c a t i o n s , impur i t i es , and o the r types of 
energy t r a p s . Both opt ica l and magnetic resonance 
s tud ies have shown that exc i t a t ions are t rans fe r red 
among di f ferent t rap s i t e s by at l ea s t two 
d i s t i n c t processes . The f i r s t involves the d i r ec t 
exchange of energy between t rap s i t e s via a 
v i r t u a l coupling"with the host s t a t e s whTle t he 
second i s an ind i rec t pathway involving the decay 
into delocal ized host s t a t e s fexciton band), 
migration in the band, and ret rapping. These 
processes are i l l u s t r a t e d in Fig- 1 for the 
exci ted t r i p l e t s t a t e of an one-dimensional, 
i s o top i c a l l y mixed 1,2 ,4 ,5- te t rachlorobenzene 
(TO) c r y s t a l . 

BAND-TRAP AND TRAP-TRAP INTERACTIONS 
IN TCB MIXED CRYSTAL 

HCc 

A{HD) 

A(H-) 

Fig. 1. A schematic for the s t ruc tu re of the 
exci ted t r i p l e t s t a t e of i so top ic TCB c r y s t a l s . 
A i s the t r ap depth, and H2 or HD re fe r to the 
d i f fe ren t i so top i c spec ies . The s o l i d arrows 
represent emission to the ground s t a t e or 
trapping to t r a p s i t e s ; emission of the exciton 
t o the ground s t a t e i s not shown. The dot ted 
arrows represent detrapping processes t o t he 
band and the wiggly double-arrowed l i ne represents 
t he communication between t r aps via a " d i r e c t " 
•nechanism. (XBL 7 5 J - 1 3 9 7 ) 
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Fig. 2 . (A) A schematic for the spin locking 
pulse sequence and the hypothet ica l phosphores­
cence response. (B) A typ ica l decay of a spin 
locked t r i p l e t s t a t e spin ensemble of the 0.06? tv> 
c r y s t a l . (C) and (D) show p l o t s of t he promotion 
r a t e constant vs 1/T for the 0.06* and 5% c r y s t a l s , 
r e spec t ive ly . The AE values assoc ia ted with the 
promotion processes approximate the h? (22 cm~l) 
and hd (11 cm" 1) t r ap depths . (XBL 755-1405) 

Deta i l s of t r a p - t o - t r a p energy t r ans f e r in 
i s o t o p i c a l l y mixed c r y s t a l s of TCB have been 
s tudied using a v a r i e t y of techniques including 
pulsed e l ec t ron spin coherence experiments and 
steady s t a t e luminescence s t u d i e s . These 
experimental t oo l s were u t i l i z e d to inves t iga te 
t he e f f e c t s of temperature and t r ap concentra t ion 
on e x c i t a t i o n t r a n s f e r between monoprotonated (hd) 
and perprotonated (h?) t r aps in perdeutera ted TCB 
host c r y s t a l s a t low"temperatures (< 2.2°K), 
Opt ica l ly de tec ted spin locking experiments 
y ie lded k i n e t i c information on the absolute promo­
t ion r a t e s of exc i ted s t a t e population out of the 
h2 t r aps to higher energy hd t r a p s and host d? 
s t a t e s . 

By examining the temperature dependence of the 
promotion r a t e cons tan ts (see Fig. 2 ) , i t has 
been determined t ha t in c r y s t a l s containing low 
h2 t r a p concent ra t ions (0.06%) promotion i s 
predominantly to the band s t a t e s of the hos t , 
favoring an i n d i r e c t exchange mechanism, while 
in c r y s t a l s conta ining higher h2 t r a p concentra­
t i ons (5%) promotion i s predominantly t o hd t r a p 
s t a t e s , i nd i ca t ing a d i r e c t exchange mechanism. 

Applicat ion of these experimental teclmiques 
to o ther one-dimensional systems i s cu r r en t l y 
being inves t iga ted . 

6. ENERGY TRANSFER DYNAMICS IN SUBSTITUTIONALLY 
DISORDERED SOLIDS USING A TUNABLE DYE LASER 

Charles B. Harris and Dirk A. Zwemer 

Many so l i d s a re charac te r ized by s t r u c t u r a l 
and/or s u b s t i t u t i o n a l disorder on the molecular 
l e v e l . Energy t r anspor t in these systems i s 

p a r t i c u l a r l y dependent on such d isorder and often 
shows sharp d i s c o n t i n u i t i e s in the region of a 
c r i t i c a l z ^ - n r ' t " concent ra t ion , intcrmolecular 
spacing, or temperature. A ..n^.1. ~tu£f*,S s ample 
would be e l e c t r i c a l conduction in amorphous semi­
conductors a t the l imi t s of theo re t i ca l t r a c t a -
h i l i t y . Our approach lias been to inves t iga te the 
d e t a i l s of the migration of e l e c t ron i c e x c i t a t i o n 
in disordered molecular s o l i d s , where advantage 
can be taken of the "one-dimensional conduction" 
p rope r t i e s of c e r t a i n organic compounds. 

One system studied was a mixture of pe rp ro toOn) -
and perdeu te ro(d i ) -1 ,2 ,4 ,5 - te t rach io robenzene (TCB) 
with an addi t ional low concentra t ion impurity, 
pyrazine . In such an isotopic mixture the 
c ry s t a l s t r uc tu r e and chemical p rope r t i e s remain 
constant along the molecular chains and only the 
di f ferences in energy of the f i r s t exci ted t r i p l e t 
e l e c t r o n i c s t a t e s of thf th ree randomly d i s ­
t r i b u t e d species (see Fig. 1) define a disordered 
po ten t i a l surface . Ihe energy p a r t i t i o n i n g 
between I12-TCB and pyrazine, which arc energy 
" t r a p s " with respect to the d2-TCB exci ton band, 
r e f l e c t s the a b i i i i v oi" the t r i p l e t exci ton to 
migrate between h?-rCB t r a p s . 

Br i e f ly , the t r i p l e t exciton can e i t h e r be 
loca l ized on a h2"TCB molecule, or t r ave l to 
another such molecule, by two processes : 
( i ) thermally ac t iva ted promotion in to the 
delocal ized energy l eve l s of neighboring d^-TCB 
molecules, or ( i i ) by d i r ec t quantum-mech.inical 
tunnel ing through in tervening molecules t o another 
t r a p . After some average number of these jumps, 
the t r i p l e t exci ton wi l l f i na l ly reach a pyrazine 
molecule, which being a t much lower energy t raps 
i t completely u n t i l i t decays back t o the ground 
s t a t e . I f the ndgrat ion is s u f f i c i e n t l y rapid 
t ha t most of the e x c i t a t i o n reaches a pyrazine 
molecule within the t r i p l e t s t a t e l i f e t i m e , the 
phosphorescent emission observed wi l l be pre­
dominantly t ha t of pyraz ine , ec:n though the 
pyrazine concentra t ion i s orders of magnitude 
smaller than tha t of h2~TCB. The experimentally 
ad jus tab le parameter i s the average d is tance be­
tween h2_TCB loca l ized wave-functions, which i s 

TRIPLET ENERGY LEVELS 

•//rrrr77, 

GROUND STATE 

Fig, 1. Energy levels of first excited tr iplet 
states in three component mixed crystals. 

(XBL 761-6327) 



RELATIVE PYRAZINE PHOSPHORESCENCE INTENSITY 
vs h 2-TCB CONCENTRATION AT I 7 °K 
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PERCENT h 2 - TCB 

Pig. 2. Experimental dependence of relative 
supertrap phosphorescence on h?-TCB concentration. 
Phosphorescent states excited directly with dye 
laser tuned to h2"TCB triplet origin. Intensities 
of h?-TC!i and pyrazine were integrated over first 
150 X of spectra. (XBL 761-63261 

Tunneling Times 
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Fig. 3. Interaction energies and exciton tunneling 
times between localized h2~TCB bands assuming 
iesonant transfer. Kxciton lifetine is 
23 ' 10-3 s e c . fXBL 761-6540) 

controlled by varying the concentration of hi' and 
d2-TCB in a series of mixed crystals. 

The excited t r i v e t state is prepared with a 
nitrogen-pumpec1 na.-row line tunable dye laser. 
This has sovra] advantages over conventional 
broadband ilJuuiination. First, a single energy 
level can be selectively excited so that energy 
transfer pathways can be unequivocally identified. 

Relative Pyrozene Phosphorescence at 
l.6°K Following 10 ns Pulse into the 

Singlet Bond 
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Fig. 4. Experimental dependence of relative 
supertrap phosphorescence on tn-TCB concentration. 
Triplet phosphorescent states were prepared by 
excitation of singlet states with broadband 
illumination centered at 2800 A. (XBL 761-6342) 

Second, the high power densities available How 
the molecule to be excited directly into the 
triplet state in spite of the low transition moment. 
Consequently, effects from migration within the 
singlet band are eliminated along with high local 
exciton densities which can lead to trap satura­
tion, biexcitonic annihilation, and other non­
linear effects. Third, the ten nanosecond 
duration of the dye laser pulses allows additional 
information on the exciton migration rate to be 
extracted from the time-resolved phosphorescence 
measurements, which have been taken down to the 
microsecond range with transient digitizer and 
signal averaging eq^dprnent. 

In order to separate thermally-activated proces­
ses from direct transfer, the first experiments 
were done at 1.7°K. In a classical one-dimensional 
conductor, appreciable pyrazine phosphorescence 
should not appear until h2_TCB concentration 
reaches the limit of 100%, Experimentally, a 
ste-?p rise between 90% and 100% (see Fig. 1") 
indicates that barriers of two or three d2-TC3 
molecules are the rate-determining features of 
the substitutional^ disordered one-dimensional 
system for a 23 msec triplet lifetime. Figure 5 
l i s t s the appropriate tunneling timos for a given 
barrier in these systems. At these high I12-TCB 
concentrations, we must consider long-range 
intermolecular tunneling interactions to explain 
the data. The data also permits us to set upper 
limits on the translational inequivalent 
interaction between molecules on different linear 
chains. 
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Energy transfer in the triplet manifold is 

considerably different than in the singlet. This 
can \*. seen from Fig. 4 which demonstrates that 
the singlet bands for the proto and deutero species 
are amalgamated and hence one obtains a linear 
dependence in emission with i_oncent ral' on in the 
lr> species. 

single phonon P(E) of energy e and decaying into 
a specific band state |k ) via an intermediate 
state |T| > having energy Hj is given to the 
second order bv 

kE VM(n(c)> T|(TP(c)|M T p|i il'fc - t.))|" (1) 

" . STUDIES OF NONTUniATlYE DI-CAV OF ISCERGV FROM 
IMPURITY STATES INTO DELOCALIIEP BAND STATES IN 
SOLIDS ISINC nPTIC-U.LV DETECTED ELECTRON SPIN 
COHERHNCE* 

i i e n r y C. B r e n n e r , J o h n C. Brock and C h a r l e s B. 
Harris 

The efficiency of energy transfer in solids is 
limited largely by the interaction of mobile 
excitons with crystalline impurities and 
dislocations that provide localized "trap" states 
for the excitation. Once trapped, however, an 
excitation can be thermally promoted to the 
exejton band where it can decay to the ground 
state , "retrap" at the same impurity s i te , or 
delocalize and migrate to another impurity s i te . 
The efficiency of this last process is expected 
to depend on the density of states in the exciton 
band (inversely proportional to the impurity 
concentration) as well as the lat t ice temperature. 

Quantitatively, the probability per unit time 
of a localized state |T ) interacting with a 

x TjPfe - I-jlllI^.tkPfc - L\}>|'p(r:.} 

The term <:i(e)> T |(TPU)||[ T | , | T iPU - I^lM 2 gives 
the probability for creating the *ntermediatc t j . 
<n(e)>-|- is the average number of phonons having 
energy e at temperature T given by the Planck 
distribution function times p(tO, which is the 
density of phonon states as given by the phonon 
dispersicn. The radiationless decay into the 
exciton manifold of k states at an energy F.j above 
the localized state is g'ven by 

l < T i r f t " • V ' 1 1 ! ! - ; 1 1 ^ " *V>l"ptiV f 2 ) 

where pfH-j) is the exciton density of states 
function evaluated at Hj. 

The total probability per unit time for the 
phonon-assisted promotion of a localized state 
to die exciton band, Kp, is obtained by summing 
over all phonons with energy c > L-i and then 

DECAY OF LOCALIZED STATES INTO DELOCALIZED BAND STATES 
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Calculated using 
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Theory 
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Experimental 
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Fig. 1. Comparison of theory and experiment. 
(XBL 762-6389) 
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Dependence of the E»citon "Qoontum Yield" on the Host Density ol Stotes 

% f j - l . 2 . 4 , 5 l«.rochle!ot>eni«ne in 02-1,2,1,5 t«tr;.ch>o<ot>cflicfl« 

3~S 54 ' 06 ' 09 I 02 ' 04 ' 06 ' OB I 02 04 06 08 
i /T IK"') r/T IK - 1) l /TfK-'l 

Fig. 2. Quantum features of the quantum y i e l d 
for e x c i t a t i o n d d o c a l i z a t i o n upon thermal promo­
t ion of loca l i sed impurity s t a t e s as a function 
of temperature and impurity concentra t ion. The 
ord ina tes for 0.003% and 6?. c r y s t a l s are not the 
same. (XEL 76F3328) 

sunning over a l l intermediate s t a t e s |TJ_) which 
have energies Ej *iqual t o t he energies of the 
band k s t a t e s , i . e . , 

- £ Z f5) 

1 1 1 r 
DECAY OF LOCALIZEO STATES 

INTO MOBILE WflVEPACKETS IN 
TETRACHL0R08ENZE N E 

h 2 - l ,2 ,4 ,5 TCB in 

02-1.2.4.5 TCB 

D-E: 3578.0 MH: 

0 70 0 65 0 60 0 55 0.50 0 45 0.40 
l/T IK") 

Fig. 3, Experimentally measured valuer of the 
r a t e constants for promotion of h2~TCB local ized 
t r ap s t a t e s in d2-TCB to the d2-TCB exci ton band 
(sol id c i r c l e s ) , and for h2-TCB t r a p - t o - t r a p 
migration (open c i r c l e s ) . The r a t e constants 
Kp and Km were measured versus temperature by 
means of o p t i c a l l y detected spin locking and 
ad iaba t ic demagnetization in the ro t a t i ng frame, 
respec t ive ly . fXBh 745-64101 

' 1 1 1 T 
QUANTUM YIELD FOR WAVEPACKETS 
FROM PHONON ASSISTED PROMOTION 

OF LOCALIZED STATES IN 
TETRACHLOftOeENZENE 

h 2 - l . 2 . 4 , 5 TCBin 
("2-1,2,4,5 TCB 
D-E: 3578.0 MHz 

Annealed Crystal 

Urtcnneoled Crystol 

0.70 

Fig. 4 . Quantum y ie ld for h?-TCB t r a p - t o - t r a p 
migration in d2-TCB. The quantum y ie ld gi\ ren 
by the r a t i o of the migratiun r a t e constant t o 
the promotion r a t e constant represents the 
f rac t ion of t r a p spins which migrate to o ther 
t r aps a f t e r promotion to the exciton band. 

fXBL 745-6409) 

At low temperatures, however, the phonon distribu­
tion function will weight the values of Kj^ so 
that Kp will effectively represent detrappmg to 
a relatively narrow range of k states whose 
energies are nearest the trap state. 

In order for detrapping to occur, E must be 
at least equal to A, the energy difference between 
the localized state and the exciton band. At 
liquid helium temperatures, kT is much less than 
A in this system, so that one can approximate 
<n(e)>T by p(c) exp(-e/kT). Figure 1 shows the 
calculated values f">r Eq. (3) in the narrow band 
limit for two different bands. It is seen that 
to a good approximation the data is in substantial 
agreement with theory (cf. pig. i). 

Using optically detected spin locking, we have 
measured the rate constant for thermal promotion 
of localized states as a function of temperature 
and imnurity concentration. This information is 
correlated with data obtained from optically 
detected adiabatic demagnetization in the 
rotating frame, a technique which provides 
information on the rate constant k m for trap-to-
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t r a p energy migra t ion , t o determine a quantum 
y i e l d for the de loca l i za t i on of e x c i t a t i o n s upon 
thermal promotion. 

The q u a l i t a t i v e fea tures of t he dependence of 
t he quantim y ie ld on temperature and concentrat ion 
have been determined and are presented in Fig. 2. 
A more q u a n t i t a t i v e inves t iga t ion of the concen­
t r a t i o n dependence is cu r ren t ly in p rogress , a 
study requir ing a more de ta i l ed i n t e r p r e t a t i o n of 
both t he spin locking and ad iaba t ic demagnetiza­
t i on experiments. Resul ts for a s ing le concentra­
t i o n , based on a ?ii^>lified i n t e r p r e t a t i o n of the 
data a r e presented in F igs . 3 and 4. From t h i s 
data we can conclude tha t as the tempeniture 
i n c r e a s e s , the re t rapping of the exciton to the 
same l a t t i c e s i t e inc reases , because the coherence 
of the exci ton i s rap id ly destroyed. 

P a r t i a l l y supported by NSF. 

8. ENERGV EXCHANGE BETWEEN MOLECULES IN COHERENT 
STATES* 

Henry C. Brenner, John C. Brock and Charles H. 
Harr is 

A t h e o r e t i c a l t reatment of the ef fec t of 
energy exchange between molecules in non-equivalent 
o r i e n t a t i o n s (cf. Fig. 1) has been undertaken in 
o rde r t o s tudy the ef fec t of such e x c i t a t i o n 
t r a n s f e r on t he p rope r t i e s of an ensemble of 
coherent ly coupled mul t i leve l systems. The 

^ » . NON EQUIVALENT EXCHANGE 
4 P EQUIVALENT EXCHANGE 

Fig. 1. Resonant energy exchange routes between 
coherent ly coupled molecules. (XBL 761-6329) 

development has revealed t ha t the magnitude of 
the ef fec t on the ensemble's coherent component 
depends not only on the r e l a t i v e o r i e n t a t i o n s 
of the molecules involved in the t r a n s f e r , hut 
a l so on the phase of the coherent superposi t ion 
s t a t e , a r e su l t of some importance i f the 
exchange r a t e i s large compared to the inverse 
coherence t ime. 

Application of t h i s treatment to the problem 
of exchange among exci ted t r i p l e t s t a t e s in 
s u b s t i t u t i o n a l ! ) - disordered molecular c r y s t a l s 
has led t o a pred ic t ion ot the addi t iona l loss 
of the o p t i c a l l y detected coherent component 
produced in spin locking, free induction decay, 
and spin echoes due to non-equivalent t r an s f e r 
of t r i p l e t e x c i t a t i o n s . 

This work not only permits a more q u a n t i t a t i v e 
i n t e r p r e t a t i o n of spin coherence in exc i ted t r i p l e t 
s t a t e s experiments, hut a l so provides a bas i s for 
understanding t h e effect of various re laxa t ion 
phenomena on the induced coherent component in a 
l a s e r media. 

9. IM-KGV MIGRATION IN nXH-WMKYSlONAI. M>I.inJI.\R 
soi.ros 
Charles B. Harr is ;ind Mark "f. Lcwe'llyn 

Optical and pulsed microwave--optical double 
resonance spectroscopic techniques have been used 
t o great advantage in d e t a i l i n g the na ture of 
energy migration in one-dimensional, i so top ica l ly 
mixed c r y s t a l systems such as 1 ,2 ,4 ,5-
te t rachlorobenzene. These techniques a re being 
extended t o o the r one-dimensional systems. 

Fig. 1. S t ruc tura l parameters for one-dimensional 
organic exciton conductors. (XBE 762-6580) 
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t'alile I. 'Vic dimensional exciton systems. 

d 2 0 

1,2,4,5 tctrachlorobenzcne 5.86 5.55 66° 

1,2,4,5 tctraliromobcnzcnc 4.02 5.66 66° 

1,5,5 t r ichloroben-ene 5.S2 3.45 65° 

1,5,5 t rihroinobenzem1 4.08 5.58 62° 
1,4 dichloroljenzene 3.99 5.60 65° 
1,4 dihromobcnzcnc 1.10 5.56 59° 

1,4 dihrcmonaphthrilcnc 4.09 3."0 65° 

pyrarine 5.82 3.65 71° 

pyrimidine 5.81 5.58 70° 

1,5,5 tr i . -cLic 5.64 5.64 90° 

In Table 1 we l i s t some of the systems which 
should exh ib i t one-dimensional exciton conduction. 
In Fig. 1, the one-dimensional s t r uc tu r e of 
1,2,4,5- tetrachlorobcnzene i s i l l u s t r a t e d along 
with parameters associa ted with the s t r u c t u r a l 
homologues in Table I . JVrimidinc i s p a r t i c u l a r l y 
i n t e r e s t i n g because of the large one-dimensional 
exchange in t e rac t ion between the t r a n s l a t i o n a l l y 
equivalent moleculos. s t ud i e s of t h i s system are 
of special in te res t s ince the c rys t a l s t r u c t u r e 
of pyrimidine leads to the formation of two 
d i s t i n c t , imc-dimcnsional, exc i tonic systems. 

The experimental aspects of t h i s p r o j e c t , which 
arc s t i l l in the i n i t i a l s t age , have involved the 
synthe t ic pivpar.i t ion of i so top ica i ly mixed 
pyrimidine c r y s t a l s as well as the spectroscopic 
s tuJ ics mentioned above. 

io. sTiim.Ls or v.\ir- - TRANSPKR PR<XT:SSI-;S AMI 
II.HTKON-UOI.i: PAIR RFOINmiXATION KATI-S IN SOURS 
AMI ^ luvsu ino iN USING Piensttrw) spi-rrRoscopy 

(Carles H. Ha r r i s , Robert M. Shelby and 
Aluned If. Icuai 1 

The study of many aspects of energy t r a n s f e r , 
in p a r t i c u l a r those r e l a t ed to r ad i a t i on l e s s 
t r a n s i t i o n s or involving v ibra t iona l energy trans• 
t e r and re l axa t ion , i s complicated by the 
extremely short fI0~" to J!)~1- sec) time sca les 
involved. 'Hie technique of picosecond l a s e r 
spectroscopy, although present ing considerable 
instrumental d i f f i c u l t i e s , circumvents the 
poorer time resolut ion of more conventional 
techniques through the use of mode-locked l a s e r s 
as sources of u l t r a - s h o r t pulses of high 
i n t e n s i t y , coherent l i g h t . These pulses a re used 
to exc i te the system, and then to spectroscopics!• 
ly monitor the s t a t e of the system at some time 
following e x c i t a t i o n , thus r e f l e c t i n g t h e time 
evolut ion of the system in the inter im. 

Spec i f i ca l ly , i t has been shown tha t i t i s 
poss ible to produce coherent v ib ra t iona l 
exc i t a t i on of organic molecules in the l iqu id 

phase using the phenomenon of st imulated Raman 
s c a t t e r i n g . The decay of both the coherence and 
the v ib r a t i ona l l y excited population i t s e l f can 
then be monitored via the i n t ens i t y of the 
coherent and incoherent an t i - s tokes s c a t t e r i n g , 
r espec t ive ly , of probing pulses of l i g h t , h'e 
have constructed a mode-locked Nd-glass l a s e r , 
and using pulse se lec t ion and la se r ampli f icat ion 
techniques, are i n i t i a t i n g a s e r i e s of experiments 
with two bas ic goals in mind: ( i j to study 
v ibra t iona l energy re laxa t ion and v ibra t iona l 
energy t r ans fe r in s o l i d s , and f i i ) t o study the 
dynamics of e lec t ron-ho le p a i r recombination in 
large band gap semiconductors. The aim of the 
l a t t e r experiments i s to understand the r e l a t i o n ­
ship of surface band bending and e lec t ron-ho le 
pa i r recombination r a t e s to the physics of t he 
photoe loc t ro lys i s of H2O at semiconductor 
sur faces . 

11. lU'-SfcARCH I'lAVS FGK CALENDAR YEAR 1976 

Charles U. Harris 

a. Imerey Transfer from Organic Nfanolayers t o 
Met a r'anxT Semiconductor Surfaces 

"Hie objec t ives of t h i s program are to determine 
the mechanisms for r ed i s t r i bu t i ng the energy in 
photoexcited molecules into the surface s t a t e s 
of metals and semiconductors, with the u l t imate 
goal of understanding and developing mater ia l s 
useful in the surface pho toe lec t ro lys i s and for 
obtaining high conversion of photoenergy in to 
c a r r i e r s in semiconductors. 

I). The Use of Tr ip le t S ta tes in Organic Solids 
as a Probe of t he Molecular and Elec t ronic 
St ructure of Adsorbed Molecules on" Surfaces 

It i s the purpose of t h i s program t o continue 
to develop and adapt the methods of emission and 
re f lec tance spectroscopy to aromatic and 
a-aaromatic hydrocarbons adsorbed on t r a n s i t i o n 
metal , a l l o y , and organic sur faces , and t o 
develop o p t i c a l l y detected magnetic resonance 
as a technique for charac te r iz ing change induced 
in the molecular and e lec t ron ic s t ruc tu re of 
these molecules by physi- and chemiadsorption. 
In p a r t i c u l a r , we are i n i t i a t i n g a se r i e s of 
experiments t o e luc ida te the bonding of a va r i e ty 
of aromatic hydrocarbons t o the N i ( l l l ) and P t ( l l l ) 
surface . I t i s our in tent t o develop re f lec tance 
spectroscopy as a tool ( i ) t o measure chemiadsorp­
t i on bond energies on spec i f i c s i t e s of the metal 
sur faces , ( i i ) to determine which molecular 
o r b i t a l s of the aromatic hydrocarbon p a r t i c i p a t e 
in bonding to the surface, and ( i i i ) to determine 
what the o r i en ta t ion of the adsorbed molecule i s 
r e l a t i v e to the surface plane. I t should be 
noted tha t we are s ix months ahead of schedule a t 
t h i s t ime. Last year we an t ic ipa ted completion 
of the instrumentation l a t e in 1976 and had not 
planned on simultaneously i n i t i a t i n g the 
t h e o r e t i c a l program. 

c . Picosecond Studies of the Photoelec t ro lys is 
of H7O on Semiconductor Surfaces 

http://pivpar.it
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Ke are initiating a series of combined laser-
surface experiments to elucidate the mechanism 
for the photoelectrolysis of H2O to H2 on O2 on 
T1O2 surfaces. In particular, we want (i) to 
determine the role of band bending present at 
different single crystal Ti02 surfaces to the 
photoelectrolysis process, (ii) to locate the 
active site for photoelectrolysis of H2O, and 
(iii) to measure electron diffusion rates from 
the surface to the bulk as a function of the 
position of the pinned Fermi levels to 
quantitatively relate the photo yield of O2 and H2 
to the Fermi level and the electron-hole recombina­
tion rates. 

d. Energy Transfer in Organic Solids 

We will continue to develop techniques and 
methods for understanding exciton migration and 
energy transfer mechanisms in organic solids. 
We will also begin looking at organic surface 
states utilizing our UHV equipment and our 
picosecond laser facility. 

12. 1975 PUBLICATIONS AND REPORTS 

Charles B. Harris and Associates 
Journals 

1. W. G. Brei land, H. C. Brenner and C. B. Ha r r i s , 
Coherence in Mul t i level Systems. I . The Optical 
Detection of Coherence in Excited S ta t e s and I t s 
Applicat ion t o Phosphorescent T r i p l e t S t a t e s in 
Zero F ie ld , J . Chem. Phys. 62, 3458 (1975) 
(LBL-2739). 

2- A. H. Zewail and C. B. H a r r i s , Coherence in 
E lec t ron i ca l l y Excited Dimers. I I . Theory and 
I t s Rela t ionship t o Exciton Dynamics, Phys. Rev. 
B 1 1 , 93S (1975) (LBL-2734). 
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5. M. T. Lewellyn, A. H. Zewail and C. B. Har r i s , 
Energy Transfer in One-Dimensional Molecular 
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3687 (1975) (LBL-3195). 

6. A. M. Nishimura, A. If. Zewail and C. B- Har r i s , 
Zerofield Opt ica l ly Detected Magnetic Resonance 
of Multiple Localized S ta tes in 1,4-
Dibromonaphthalene C r y s t a l s , J . Chem. Phys. 6^, 
1919 (1975) (LBL-3170). 

7. H. Schuch and C. B. H a r r i s , Op t i ca l ly Detected 
Spin Locking of Zero Field E lec t ron ic T r i p l e t 
S ta tes and Cross Relaxation in the Rotating Frame, 
Z. Naturforsch. 30a, 361 (1975) (LBL-4918). 

8. A. H. Zewail, Coherence in the Excited S ta t e s 
of Multidimensional Systems: Dimer and Exciton 
Dynamics in Crys t a l l i ne Phenazine, Chem. Phys. 
Le t t . 33, 46 (1975) (LBL-3521). 

9. C. B. Ha r r i s , Coherent Spectroscopy in Excited 
S t a t e s , Proceedings of Arab Physical Society Conf. 
on Chemical Physics , Damascus, Syr ia , October 1975 
(LBL-4183). 

10. C. B. Harr is and M. J . Buckley, Optical 
Detection of Nuclear Quadrupole In t e r ac t i ons 
in Excited T r i p l e t S ta tes (book c h a p t e r ) , in 
Advances in Nuclear Quadrnpole Resonance, Vol. I I , 
ed i t ed bv J . A . S . Smith, pub. by Heyden 5 Son, 
London, 197S (LBL-3716). 

11 . C. B. Ha r r i s , The F e a s i b i l i t y and Advantages 
of Off-Resonance Lasers in Chemically Reacting 
Systems, in Lasers in Physical Chemistry and 
Biophysics, ed i ted by J . Joussot-Dubien, 
Elsevier Pub. , Amsterdam, 1975 (LBL-3916). 
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of Average Coherence Length in One-Dimensional 
Systems Using Tunable Dye Lasers , LBL-3948. 



255 

bt NucUar Magnetic Resonance Studies 

.Vr-£'t??*: E. ^onr.iak, FrKtiaij-al lrt"Jcsii::si-:,t' 

1 . NUCLEI MMKETIC RESONANCE STUDIES \W HYDRATE!) 
NSITAJ. IONS 

a. Effect on Water Lab i l i ty of Par t i a l Complexing 
of NicTcl Ion by I mi nodi acetate" Ion 

Thomas V. Rowland 

Ihe nickel iminodiacetate complex has two 
geometrical ly d i f fe ren t 

I! 
I 

CH,-N-QI , 

types of water , i . e . , one typo t rans to the n i t r o ­
gen and the o the r c i s to the n i t rogen , with the 
l a t t e r twice as abundant as the former. Nuclear 
magnetic resonance linewidth and chemical sh i f t 
measurements of oxygen-1" in the bulk water wore 
made from 0° to 140°C in order to determine the 
r a t e s of exchange of the bound waters . Two 
d i s t i n c t ra tes were found: one slow exchange s i t e 
with k25 c = 5.3 * 10^ sec"* and two equivalent 
fast exchanging s i t e s with k-^ D = 2.4 * 10 3 sec~^. 
Consideration of the da 'a and comparison with 
water exchange r a t e s for o ther systems loads to 
the conclusion that bond s t r a i n about the 
coordinated n i t rogen, which is p a r t i a l l y re l ieved 
by the el iminat ion of one of the two waters c i s to 
the n i t rogen , i s the most important fac tor in 
producing the grea te r ra te of exchange from the c is 
p o s i t i o n s . These r e s u l t s are in agreement with 
e a r l i e r s tud ies on the water exchange from the 
nickel n i t r i l o t r i a c e t a t e complex and serve to 
e s t ab l i sh the importance of bond s t r a i n of coordi­
nated l igands in l a b i l i z i n g neighboring pos i t ions 
on metal ions . Hie s tud i e s were extended t o the 
b i s iminodiacetate complex of nickel ion to y ie ld 
approximate values for the fract ion of the time 
one ace ta te arm i s d issoc ia ted and the *"ate of 
water exchange at such a "d issoc ia ted" pos i t i on . 

b . Tjie__Rate of Exchange of ha te r Molecules from 
the SoconlTTbordination "sphere^ oT Chromici ion 

William L. Earl 

Although est imates and l imi t s have been se t on 
the ra te a t which waters in the second coordination 
sphere of metal ions exchange with waters fur ther 
ou t , now actual measurements have been made. In 
the present study the values of the longi tudinal 
and t ransverse re laxa t ion times and the chemical 
sh i f t of oxygen-17 in aqueous so lu t ions of chromic 
ion were determined from ca . 10° to 100°C. From 

the data was ca lcu la ted an average l i f e t ime of 
1.0 * 10"!° sec for a water molecule in the second 
coordination sphere of chromic ion . This l i fe t ime 
is appreciably longer than the ca lcu la ted l i f e t ime 
for s e l f diffusion in pure water and consequently 
Trust r e f l e c t the e l e c t r o s t a t i c a t t r a c t i o n between 
the charge on the C r 3 + and the dipole moment of 
the water molecules. 

c . The Lifetime of h'ater Molecules in the F i r s t 
Coordination Sphere of Europous Ion ~~ 

Professor Thomas H. Norris of Oregon State Univ. 

In a continuing program to determine l i fe t imes 
of water in the f i r s t coordinat ion sphere of metal 
ions , the rare ea r th b iva len t ion E u 2 + was inves t ­
igated. While most r a re ea r th ions a re not 
amenable to such s tud ies by nuclear magnetic 
resonance because of t h e i r extremely shor t 
e l e c t ron i c re laxa t ion t imes, gadolinium in the + 3 
oxidat ion s t a t e i s an exception since i t s ha l f 
f i l l e d f o r b i t a l s y i e ld no e l ec t ron i c o r b i t a l 
angular momentum. Europous ion, with the same 
e l ec t ron i c s t r u c t u r e , therefore seemed a logica l 
candidate . After considerable d i f f i c u l t i e s with 
the absolute exclusion of oxygen from the system 
and the establishment of ac id i ty condi t ions where 
the oxidat ion by hydrogen ion was not too s e r i o u s , 
measurements were made of l ine widths and chemical 
s h i f t s from^c-s. 0° to 8(1°C. Using unpublished ESR 
data for E i r + obtained by Myers and P r a t t , i t 
appears that s c a l a r coupling in te r rup ted by chemi­
cal exchange i s the pr inc ipa l mechanism of NMR 
re laxa t ion of oxygen-1" of the water . The data are 
s t i l l being ca lcu la ted hut i t i s evident that the 
water exchange on I:u^+ i s extremely rapid . 

d. Computer Modeling of Exchange Reactions on 
Metal Ions 

Robert E. Connick and Berni Alder of the Lawrence 
Livermore Laboratory 

Attent ion has been focused on e s t ab l i sh ing in 
two dimensions the r igor of the method being used 
to sample rare events s t a t i s t i c a l l y . Since ex­
change with a high ac t iva t ion energy becomes very 
improbable, i t is not possible to h a w the computer 
t rack the p a r t i c l e s u n t i l a s i gn i f i can t number of 
events occurs . Instead one p a r t i c l e i s held in a 
r ing around the center p a r t i c l e and allowed to 
e q u i l i b r a t e , when i t i s suddenly re leased and 
followed forward and backward in t ime. If the 
p a r t i c l e i s near the ac t iva ted complex, i t has a 
reasonable chance of making a net cross ing of the 
react ion b a r r i e r . The de ta i led motions of a l l 
p a r t i c l e s can he followed for such an event on *he 
computer. In addi t ion the r a t i o of c o l l i s i o n s on 
the outer wall to inner wall of the p a r t i c l e con­
fined in the r ing can be obtained for a s e r i e s of 
j u s t touching r ings ranging from the cen t ra l 
p a r t i c l e to the pos i t ion of the ac t iva ted complex. 
The continued product of these r a t i o s gives t he 
p robab i l i ty of finding the p a r t i c l e a t the pos i t ion 
of the ac t iva ted complex. Runs are being made at 
r e l a t i v e l y low ac t iva t ion energy to make sure that 
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the data obtained from the r ing ca l cu l a t i ons agree 
with those from straightforward t r ack ing of the 
p a r t i c l e s with no r ings p re sen t . 

2 . RESEARCH PLANS FOR CALENDAR YEAR 1976 

Robert E, Connidk 

This research i s d i rec ted toward the understand­
ing of r eac t ions of metal ions i n so lu t ion where a 
l igand a t t ached to t he metal ion i s replaced by 
another l igand . Such reac t ions commonly occur in 
chemical processes and are frequently of importance 
i n b i o l o g i c a l systems. The iminodiacetate complex 
of n icke l ion has been inves t iga ted in s u f f i c i e n t 
d e t a i l to y i e l d t he r a t e s of water exchange for the 
two geometr ical ly d i f f e ren t water s i t e s , with the 
conclusion t h a t bond s t r a i n i n - -. amino acid 
l igand l a b i l i z e s the waters c i s to the n i t rogen . 
Studies of the b i s complex gave rough values for 
the f rac t ion of t he time an a c e t a t e arm i s d issoc­
i a t e d from the n icke l and for the l i f e t ime of 
waters coordinated a t such s i t e s . An attempt wi l l 
be made to measure the r a t e a t which the two 
oxygens of a carboxylate group of the b i s complex 
interchange t h e i r p o s i t i o n s from nicke l coordinated 
to noncoordinated. In add i t ion i t i s hoped t h a t 
the p resen t controversy in the l i t e r a t u r e over the 
i d e n t i f i c a t i o n of t he NMl spec t ra of t h e two b i s -
isomers can be resolved and the r a t e of isomeriza-
t i o n measured. Nuclear magnetic resonance measure­
ments of oxygen-17 on water exchange r a t e s w i l l be 

made on the symmetrical and unsymmetrical e thylene-
diamine d i ace ta t e complex of nickel ion to y i e ld 
fur ther information on the bond s t r a i n e f f ec t s and 
carboxylate l a b i l i z i n g e f fec t s ince the data 
p resen t ly ava i lab le cannot be used t o resolve 
these e f f ec t s unambiguously. 

Work on the computer simulation of l igand 
exchange reac t ions w i l l be continued, Once the 
method for sampling r a re events i s proven, the 
computations w i l l be extended to three dimensions. 
One of the b igges t problems in such ca l cu l a t i ons 
i s knowing what data to ask the computer to record . 
While t h i s was adequately resolved in two 
dimensions, going t o the next h igher dimension 
r a i s e s many new quest ions which w i l l have to be 
answered. 

3 . 1975 PUBLICATIONS AND RETORTS 

Robert E. Connick and Associates 

LBl Reports 

1. Thomas V, Rowland, 0xygen-I7 NMR Studies of 
the Rate of Water Exchange from P a r t i a l l y Complexed 
Nickel Ion, Ph.D. Thes is , I.BL-3122, October 1975. 

2 . William L. E a r l , Oxygen-17 Nuclear Magnetic 
Resonance Studies of the Second Coordination Sphere 
of Chromium ( I I I ) in Aqueous Solu t ion , Ph.D. Thes is , 
LBL-3712, November 1975. 



2S? 

c. Electron Paramagnetic Resonance 

Rollie J. Myers, Principal Investigator 

1 MMXKTIC INTERACTIONS FOR C u 2 + - C u 2 + and 
\ i 2 * - N i 2 4 PAIRS IN ZnScO "6H,0 

Michael R. St. John and Rollie .1. Myers 

In our previous studies we determined the 
magnet ̂ exchange interactions hctveen the 
\i(H20) 6- + ions in a-NiS04-bH?O and other ions 
such as C u 2 + and V 2* substituted into this lattice. 
Since each ion is surrounded by a variety of 
neighbors the total interaction is the sum of 
many interactions. However, with our molecular 
field model we can satisfactorily solve.,for the 
net exchange interaction between the Ni~ + and a 
variety of ions. 

All of our calculations are based upon a pair-
wise model in which we assume that the largest 
exchange interactions come from hydrogen bonded 
nearest neighbors. In order to check this ^ 
assumption we have substituted sufficient Cir* 
and Ni- + into the isostrucr.mil InSeiV}* Wbi' to 
give a reasonable number of Cu 2 +-Cu- + und~Ni 2 +-Ni 2 + 

pairs. 

The resulting electron paramagnetic resonance 
spectra arc quite complex. In addition to various 
types of weak pair spectra there arc also intense 
single ion spectra. The various pair spectra 
result from the fact that there are four ions 
per unit cell and this gives both similar and 
dissimilar pairs, each with its own set of 
coordinates relative to the magnetic field axis. 
Iicspite these difficulties we have solved for the 
inotropic exchange parameter for hoth pairs. Our 
values do indicate that next nearest neighbor 
exchange is only about 20% of nearest neighbor 
exchange, however, it seems most likely that they 
are of the opposite sign so that the actual 
nearest neighbor interaction is at least 25?. 
greater in a-\'iS04'6lbO than our simple molecular 
field model would indicate. 

Recently, inorganic chemists have synthesized 
a number of transition metal complexes which 
contain closely coordinated metal pairs. The 
techniques that we have developed for the p-iirs 
in ZnSeO^I^O should 'te directly applicable to 
these pair complexes which are model compounds 
for homogeneous catalysis. 

2. MAGNETIC RESONANCE STUDIES OF CATALYTIC 
COORDINATION SITES IN FERRITIN 

Duane L. Lindner and Rollie J. Myers 

Our use of electron paramagnetic resonance of 
transition metal ions to study the structure and 
function of the iron storage protein, ferritin, 
has continued. As noted last year we have 
observed the presence of mi Fe(III) binding site 
on the protein distinct from the iron storage 
sites. This site is probably of importance to 
the catalytic functions of the protein during iron 
uptake and during iron mobilization. We have 
succeeded in replacing the iron with C u 2 + and V 0 2 + 

in an at romp. *.o probe the structure of the site. 
Under cone*, triors of proper pU and in the presence 
of imidazole, to-1 C u 2 + EPR spectrum shows 
splittings di? ti nitrogenous ligands. Computer 
simulation of :+.'-• .spectrum reveals that there are 
four nitrogen nurlt. of the coordination sphere 
of the copper ior.. A study of the copper content 
of the protein as a faction of pH and the 
knowledge that the V terminal amino acid is 
acetylated shows the copper to be bound by 
histidine residues, as well as coordinating one,, 
or two imidazole molecules. The spectrum of V0- + 

hound to the apoprotein is also ccsi^tent with 
bonding by jjwo or three histidine residues. A 
study of Mn"* binding to npoferritin indicates 
that while there are two different sites on the 
protein where this ion binds, neither of them 
binds it very strongly and from the number of such 
sites available, neither of these can be 
identified with the Cu-* binding site. 

We have been attempting to study the kinetics 
of iron mobilization in the presence of Cu- + ion 
order to confirm the location of the Cu- binding 
site relative to an F e 2 + binding site. 

5. liLiriHON' R-\RAM-\(L\EnC RESONANCE SPECTRA OF 
HI NUCLEAR MJLVALILNE COMPLEXES 

Michael R. St. John and Rollie J. Myers 

Professor James C. Smart, a synthetic inorganic 
chemist in the Department of Chemistry at Berkeley, 
has supplied us with some samples of recently 
prepared bis(fulvalene)dinickel complexes. These 
complexes were prepared as possible catalysts for 
the reaction of CO with H?. 

The samplessupplied had the general formulae 
of N'iT(CinMg)2Z+, where z was 0, 1 and 2. Since 
the ful\'alene''is best represented as a dianion 
this corresponds for the nickel to (3d)8-(3d)S^ 
(3d) 8-(3d) 7, and (3d) 7-(3d) 7 pairs. We examined 
powders of these materials near room temperature 
at 77K and if necessary at 4.2K. The most dis­
tinct electron paramagnetic resonance spectrum in 
these samples was observed at 4.2K for the 
(3d)8-(3d) 7 material. A very similar spectrum 
was observed at 77K in the (3d)"-(3d) 7 material. 
None of these spectra have been assigned and 
further work will have tc be done to work out the 
exchange parameters and energy levels of these 
complexes. 

4. DYNAMIC NUCLEAR ^LARIZATION MEASUREMENT FOR 
AQUEOUS SOLUTIONS Or C u 2 + and V 0 2 + 

Randall B. Wilson and Rollie J. Myers 

During this past year we have assembled a 
dynamic nuclear polarization spectrometer to 
operate at 9 GHz. It is a flow design similar to 
our previous 3 GH2 apparatus. With this 
spectrometer and with 20 watts of microwave power 
we have been able to observe a 501 polarization 
of the proton resonance of a dilute solution rf 
V 0 2 + in water. 

http://isostrucr.mil
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The purpose of this apparatus is to measure the 
spin-lattice relaxation sites for Cu^ + in aqueous 
solution at the higher field. Our previous work 
on Cu- + at 3 GV.z indicated that Ti was quite a 
bit longer than T2 for Cu' + in water. Our old 
results were a little inaccurate and we want to 
establish the real accuracy of this observation 
at 9 GHz. The relative sizes of T] and T? is 
very much determined by the exact relaxation 
mechanism, and despite the fact that several 
papers have been written on this subject, the spin 
relaxation of C u 2 + is still uncertain. 

5. RESEARCH HANS FOR CALENDAR YEAR 1976 

Rollie J. Myers 

A number of transition metal-containing com­
plexes have been found to be important in homo­
geneous catalysis. During this year we plan to 
spend most of our effort in a study of recently 
synthesized complexes that show promise as catalysts 
for reactions of CO with H2. Particular attention 
will be paid to bir.ucl^ar complexes containing two 
transition metals pp.r molecule. Complexes 
containing more than one transition metal site 
can have rather subtle oxidation states and 
coordination properties. These properties make 
them excellent candidates for catalysts. Our 
recent methods developed for the electron paramag­
netic resonance of transition metal pairs should 
be directly applicable to these complexes. A 
series of bisffulvalenejdimetal complexes have 
been prepared in Berkeley with a variety of 
oxidation levels, and we will study the oxidation 
states and coordination of the transition metals 
in these complexes using electron paramagnetic 
resonance. For complexes that are diamagnetic 
we wilL use a multi-nuclear magnetic resonance 
approach, studying the signals from C-13, Co-59, 
Mn-55, or other nuclei. 

There is current interest in two catalyzed 
reactions involving CO. They are: 

CO + 2H 2 -+ CH 3OH 

and 

3C0 + 2I120 - d!3OH + 2C0 2 . 

The first reaction can be catalyzed fairly easily 
although efficient homogeneous catalysts have not 
yet been found. The second reaction ..- 1.11 MUIV 
difficult, although the starting reactants are 
much more reasonable from the energy viewpoint. 
The final product, meth;inol, has been predicted 
to he a very useful fuel ;.nd it is volatile enough 
to be directly used in ordinary gasoline engines. 

We also plan to finish our worV on the iron 
storage protein, ferritin. Our primary interest is 
in the location and coordination of the Fe" at_the 
"active site" where a catalyzed oxidation to Pe-*"* 
is presumed to occur. In addition, wc plan tu 
make some dynamic nuclear polarization measurements 
in aqueous solutions of Cu«- + and establish its 
spin-lattice relaxation times in solution. 

(). 1975 PUBLICATIONS AND RFPORTS 
Rollie .1. Myers and Associates 

LB1. Reports 

1. M. R. St. John and R. .1. Myers, Electron 
Paramagnetic Resonance Spectra of Ions Substituted 
into Transition-Metal I On Lattices (article 
accepted by Phys. Rev.), EBl.-41o5, Sept 19~5. 

2. M. R. St. John, The Electron Paramagnetic 
Resonance of Ions Substituted in Paramagnetic 
Transition Metals Metal Ion Hosts (Ph.IK Thesis), 
LBL-418S, Nov. 1975. 

3. R. C. Wilson and It. J. Myers, Electron 
Paramagnetic Resonance Spectrum and Spin Relaxation 
for Ti(H20)& in Aqueous Solution and Frozen 
Glass [article accepted bv J. Chem. Fhvs.), 
LBL-41S9, Oct. 1975. 

4. R. C. Wilson, Electron Paramagnetic Resonance 
Studies of the Relaxation of Copper[II), 
Titanium(III), and Vanadyl Ions in Solution 
[Ph.D. Thesis), LBL-4162, Dec. 1975. 
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d. Physical ChcmistFy with Emphasis on Thermodynamic Properties 

Kenneth ^. J itr.ei-, h-wr.ci*,:• Invest; t: itr.p 

1. QUANTUM OIIMISTKV I-T1K lll-V.T ATMS 

Kenneth S. i ' i tzer and Ynon S. l.ce 

Considerable progress was made in the develop­
ment of a sound yet feas ib le quantum mechanical 
theory for heavy atoms, ions , and Molecules 
containing such atoms. In progressing from l ight 
atoms to he;:vy atoms one confronts not only the 
great increase in lumber of inner e l ec t rons 
but a l so the need to use r e l a t i v i s t i c quantum 
theory at least for e l ec t ron ic motion near the 
i r c l e u s of n heavy atom. In bui ld ing a foundation 
for a quantum chcuis t ry for heavy atoms we obtained 
r e s u l t s which were reported in three short papers . 

In order to help e luc ida te the effect of the 
4f shel l of e l e c t r o n s , llartree-I-ock fill") ca lcu la­
t ions vtcrc made for the pseudo-atoms corresponding 
to Hff Re, Au, llg, I I , Pb, and Bi without 4f 
e lec t rons and with atomic numbers reduced by 14. 
The o r b i t a l energies for these pseudo-atoms arc 
compared with those from IIP and r e l r t i v i s t i c fPffF) 
ca lcu la t ions for the same atoms. I t i s found that 
the r e l a t i v i s i t c effect and tha t of the 4f she l l 
a re of comparable magnitude and both are larger 
for <»s than for 3d or Gp e l e c t r o n s . (Paul S. 
Bagus, of 1J1M Research Laboratory, San .lose, 
pa r t i c ipa ted in t h i s por t ion of the research . ) 

In order to determine the ef fec t iveness of a 
Hirac o rb i t a l for bonding in e i t h e r a metal or a 
covalent compound, one may examine the angular 
function for each large component and i t s 
capaci ty to overlap the corresponding function on 
adjacent atoms. Al t e rna t ive ly , one ma/ determine 
the appropr ia te functions for the very s t rong 
e l e c t r i c f i e lds a r i s i n g in bonding s i t u a t i o n s . 
Bethe and Salpeter* show tha t for s t rong e l e c t r i c 
f i e lds m£ and m s replace i and m a" the good 
quantum numbers. From the more de ta i l ed considera­
t ion of the angular functions,-*-* one finds tha t 
r e l a t i v i s t i c s o r b i t a l s are appropria te for 
bonding. But a molecular o r b i t a l based on p i / ? 
atomic o r b i t a l s i s 1/3 o bonding and 2/3 n 
antibonding on the b a s i s of the la rge components. 
To obta in full o-bonding charac ter the combination 
O ' 3 P l /2 + 2 / 5 P3/2) m u s t b G T a k e n - The best 
simple approximation for chemical bonding with p 
o r b i t a l s i s to adopt valence s t a t e s with weighted 
average (1/3 p j /2 + 2/3 vyi* ene rg i e s . Similar ly 
for bonding with d orbi ta ' l s the (2/5 d j / 2

 + 

3/5 dg/2) average energies arc appropria te while 
for s e lec t rons the r e l a t i v i s t i c o r b i t a l energies 
may be used d i r e c t l y . These energies are best 
taken from the ca lcu la t ions of Desclaux. 

On the bas i s j u s t described i t was found that 
elements 112 and 114 should be v o l a t i l e and 
r e l a t i v e l y iner t chemically. Specif ic est imates 
a re made for t he free energies of formation of 
various compounds. Our r e s u l t s are general ly 
s imi la r to those of Kel le r , e t al,*" for 114 but 
d i f f e r sharply from any e a r l i e r es t imates for 112. 
These es t imates should be useful in e f fo r t s to 
separate these elements should they be produced 
or be thought to ex i s t n a t u r a l l y . 

Another app l ica t ion of fhese concepts of 
bonding o r b i t a l s and promotion energies was made 
to the f luor ides of radon and element 112. It 
was shown that these might well be ionic M*!" 
compounds ra the r than molecular compounds 
analogous to Xel:2- The very l imited d i t a " con­
cerning radon fluoride con t ras t s with the proper­
t i e s of xen f luoride and seems to support the 
Ionic p i c t u r e . 

1. H. A. IJcthc and K. I. Sal p e t e r , Quantum 
Mechanics of One and Two-Uectior: Atoms (Academic, 
Sew York, T3S*T " 
2. R. li. Powell, .1. Chen. liduc. 45, 55R (1968}. 
3. .J. Ores ^ d ( ; - Mal l i , .P. ChemTThvs. fil_, 434? 
(19-4 1. 
4. -1. P. Itosclaux, At. Hat a Naicl. Data Tables !_:, 
311 (1973). 
5. 0. I. Kel ler , J r . , J . I. Burnett , T. A. 
Carlson, and ('.. \\. Nestor, J r . , .1. Phvs. Chem. "jl_, 
112" (19"0). 
0. I.. S t e in , Science lfiS, 362 (19"fl|. 

2. OXYCIi.\-C-\TALV:i:H NUCU^XR-SriX-SPEt'IFS EFFECTS 
IN TUP ItlLXT CAPACITY OF 0 ! 4 

Cerald J . Vogt and Kenneth S. I ' i tzer 

The marked anomaly in the heat capaci ty of CII4 
shown in Fig. 1 near O.BK has been found to be 

1.2 A —1 1 

I.I •• \ 1 \ CH 4 + 0.8% 0 2 

1.0 < 1 
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Fig. 1. The heat capacity of methane catalyzed 
for spin-species conversion. (XP-L 756-6533") 

quite consistent with the theory proposed by 
Kataolia, Okada, and Yamarr.oto. On this basis 
three-fourths of the 014 molecules are on sites 
of symmetry D?^ and are strongly ordered with 
respect to rotation. The lowest state for spin-
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species T is expected to be about 1.9K in energy 
above the ground state ,'hich is for species A. 
Ke find this separation to be 1.9S1K on the basis 
of the heat capacity below 1.5K. The remaining 
one fourth of the molecules are orientationally 
disordered on sites of synrnetry Oj, and their 
rotational states are much more widely spaced in 
energy. Also the lowest states for the spin-
species E are at higher energy. The interpretation 
of our heat capacity values above IK in terms of 
the appropriate array of levels is progressing 
and should be completed soor. 

1. V. Kataoka, K. Okada, and V. Vamamoto, i:hcm. 
Phys. letters 1£, 3G5 [19?>). 

3. THI.ORY OF MOLECULAR OXYGEN IN A MlilHWl: 
LATTICE VND THE SPIN-SPIN INTERACTION 

Janice -I. Kim and Kenneth S. Pitzer 

In order to help interpret the experimental 
results for soiid HI4 with tv> impurity, a 
theoretical investigation wa^ carried out con­
cerning the quantum energy levels of an 0? 
molecule placed in a vacancy in a QL< lattice. 
The oxygen molecule was described as undergoing 
hindered rotation in a cubic field. The Kramer* 
dipole-dipole interaction between the two unpaired 
electrons in 0? was included. Also considered 
was the mechanism of spin-species conversion of 
CH4 by inieractior with oxygen. The probability 
of various transitions was calculated approximately. 

4. SOLUTIONS OF ELECTROLYTES: THERMAL PROPERTIES 
AT HIGH TEMPERATURES 

Leonard F. Silvester and Kenneth S. Pitzer 

The development of equations f«r the enthalpy 
and heat capacity of aqueous sodium chloride to 
300°C (as well as for the activity arH osmotic 
coefficients) is nearly complete. The resulting 
equations fit the very extensive array of 
experimental data oi' all types substantially with­
in experimental error. For example, if the 
activity and osmotic coefficient data are fitted 
separately at each temperature by equations that 
fit almost perfectly where data are very precise, 
the standard deviation at all temperatures is 
0.003. This is a fair indication of experimental 
error. When the single equation is fitted at all 
temperatures the standard deviation increases only 
to 0.005. The standard deviations for the single 
equation are 3.5 kcal/mole for the enthalpy data 
and 1 kcal/mole deg for the heat capacity. 

Since geothermal brines are largely sodium 
chloride, these results are of great interest in 
dealing with geothermal power systems based on 
liquid brir.-j. A report appropriate for this area 
of application is nearly completed. (This 
activity was also supported by the geothermal 
energy and geoscience programs at LRL.) 

5. SOLUTIONS OF i:.i.h-rnioi.YTi.s: KLAK l u n w i x r i i s 

Kenneth S. Pitrer and Leonard V Silvester 

Equations previously developed and uidclv 
applied to the thermodynamic properties of ^trenv 
electrolytes art* extended to solutions inv.ilving 
a dissociation equilibrium, Excellent agreement 
is obtained with the dat:i for pure phosphoric 
acid to 6M and for phosphate buffer solutions. 
Hie parameters of the strong electrolvte component >• 
of the buffer solutions are taken from other work, 
and the remaining parameters for I!*, Hi;P,14~. -'nil 
H^IIAj are evaluated includuii: a pK of 2 lid. The 
present method avoids ambiguities which formerly 
arose in treating weak acids with as snail nK as 
this. 

0. RESI-ARUI PIANS Ft Hi CAI.F.VWR 1 LAN l'.)-(i 

Kenneth S. Pitzer 

Hie development of a quantum chemistry for 
heavy atoms will proceed toward more d"tniled and 
quantitative calculations. It is expected, at 
this point, that the best approach will follow 
the psoudopotontial pattern. Iliis approai/h has 
been particularly fruitful for solid state 
calculations on a nanrelatiiistic basis. The 
chemically fundamental calculations of bond 
energies in molecules lor lattice energies in 
crystals} are somewhat more demanding than mam -

calculations of solid-state interest, but the 
pseudopotential approach still seems most 
promising. Relativistic effects will reflect 
themselves in a different pseudopotential for 
P1/7 as compared to that for P3/2 orbitals (and 
for d3/2 vs d^/^, etc.), as well as in the 
absolute magnitude of the potentials in all cases. 
Initial applications will include cases where 
anomalous species appear for heaw elements such 
as Hg? +, B r , U0? +, etc. 

The work on the thermodynamics of electrolytes 
will emphasise high temperature properties ;md be 
directed to mixed electrolytes as well as to the 
pure electrolytes, other than NaCl, which are 
important in genchemicaJ and gcothermul brines. 

7. 197a PUBLICATIONS AM) REPORTS 

Kenneth S. Pitzer and Associates 

Journals and Books 

1. Kenneth S. Pitzer, Thermodynamics of Electrol­
ytes. V. Effects of Higher Order Electrostatic 
Terms, J. Soln. Chem. 4_, 349 (i975) (LBL-3105). 

2. Lawrence S. Bernstein and Kenneth S. Pitzer, 
Electric Field Deflection of Molecules with 
Large Amplitude Motions, J. Chem. Phys. 62_, 2530 
(1975) (XBL-3526). 

3. Paul S. Bagus, Yoon S, Lee and Kenneth S. 
Pitzer, Effects of Relativity and of the Lanthanide 
Contraction on the Atoms from Hafnium to Bismuth, 
Chem. Phys. Lett. 33, 408 fl975) [LBL-3787). 
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•J. Kenneth S. P i t z e r , Arc I lements 11J, ]]-! , and 
UK Relative!*-' !net t Crises" .1. I'hem. Phvs. 6 3 , 
103: f i9"si (i .m.-" ' .)5i. _ 

'.. Kenneth S. P i t n c r , f luor ides of Radon and 
I. lenient I I S , f. diem. Soc. c'ht'ni. Comm. ( 1 9 o ) "(>(i 
fl.BI.-39421. 

(>. Kenneth S. i ' i t zer and Laurence S. licrn.itcin, 
'•loleciilar Structure of Xel :

f,, •/. Clioin. Phvs. 63 , 
3S49 (19~5j (LBI.-3934). 

Ik'raid -J. Vest and Kenneth S. Pi t i e r , Spin 
species Conversion and the Heat Capacity of 
Solid Methane near IK, •). diem. Phvs, 63 , 366? 
ny~M (UJI.-59J9I. 

K. I-awrencv S. Bernstein, .Janice J. Kim, 
Kenneth S. Pitzer, Stanley Abramnwitz and Ira W. 

id l.evin, Potential Function for the -jy Vibration 
of Phosphorus Pentafluoride, J. Chem. Phys. 62, 
3(^1 (]975j (LBL-3790). 

9. Interview with Kenneth Pitzer bv David 
»d Kidgway, .1. Chem. Lduc. 52, 219 fl9751. 

LBL Reports 

1. .Janice J . Kim. Topics in Physical Chemistiy: 
Magnetic Proper t ies of Oxygen, Mixed Ulect ro ly te 
Solut ions , and Pseudorotation in MX- Molecules, 
LBL-395S (Ph.iJ. Thes i s ) , Oct. 1975." 

2. Kenneth -S. P i t ze r and Leonard P, S i l v e s t e r , 
Thermodynamics of E l e c t r o l y t e s . VI. Weal. 
E lec t ro ly tes including H^PO-. I -4520, 
(submitted to .J, Soln. Chem., .-. 1975. 
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• . Chemical Dynamic Studies 

^mee R. tfakan, Principal Investigator 

1. MICROSCJ!>IC REVERSIBILITY AND DETAILED 
BALANCE* 

In t h i s paper i t i s shown Itcw the time reversa l 
invar iance of the laws of c l a s s i c a l r;t;chanics leads 
to a s inp le r e l a t i o n between the cross sec Hon of 
a collision process and i t s microscopic reveiv;. 
Assumption of a Boltzmann distribution of transla-
tional energies, and averaging of the microscopic 
collision rate over this distribution then 
produces the relation 

k,, = k. ,© i/2 exp(-AE7]/kT) 

between the rate constant k^2 °f a forward process, 
and the rate constant for its reverse. Here MI 
and U2 a r P t n e reduced masses of reactants and 
products. If the internal states of the r»actants 
and products are also populated according to the 
Boltzmann distribution, tlier. one obtains 

-&E„AT 
K(T) 

That is, the ratio of the conventional rate con­
stants for the forward and rtverse reactions is 
equal to the ratio of the partition functions Qn 
uid Q r for products and reactants, multiplied by a 
Boltzmann factor of the zero point energy differ­
ence. This in turn is equal to the conventional 
equilibrium constant. This work is primarily 
pedagogical, but draws heavily on concepts that 
have been sharpened through research on collision 
phenomena. 

Abstracted from J. Chem. Ed. 52_, 299 (1975), and 
LBL-3197. 

2. THE N - H 2 REACTION 

Bruce H. Mahan and Walter E. Ruska 
In previous work, 1 , 2 the dynamics of the reac­

tion N*fN2,H)NH+ have been investigated at low and 
intermediate initial relative collision energies. 
Electronic state correlation diagrams indicated 
that at low energies, the reaction should proceed 
on a potential energy surface which connects to the 
deep potential well associated with the stable NH2 + 

molecule ion. Experimental evidence was obtained 
in support of this prediction. The correlation 
diagrams also indicated that at high energies, the 
reaction should proceed diabatically on a 3A2 
surface, and that thit. surface should be essen­
tially flat, with no deep wells or prominent 
barriers. Since the N+(H2>H)NH+ reaction is very 
nearly thermoneutral, its dynamics at high energy 
should resemble those found for the 0*(H2,H)0H+ 

reaction.3 

We have measured the energy and angular distri­
butions of the products of collisions of N* with 
H7, HD, and D2 at initial relative energies above 
7~eV. The findings are consistent with our 
predictions as outlined above. The K* - !D case 
is particularly revealing. The NH* product is 
scattered predominantly in the forward direction 
near the peak associated with spectator stripping, 
while the ND + is almost exclusively scattered at 
lar£* angles. In the N* - D 2 reaction, the 
spectator stripping peak disappears entirely when 
product at i.his velocity is unstable with respect 
to dissociatiuu, and does not move to a higher 
velocity in the J:II.-11 angle reaction. On the 
basis of these findings, it appears that the 
retention of small angit» reactive scattering at 
high initial relative energies occurs only when 
the reaction is exoergic, ii'ii the potential energy 
surface displays product repulsion. 

1. E. A. Gislason, C. W. Tsao, B. ;\ Mahan, and 
A. S. Werner, J. Chem. Phvs. 54, 3897 (19711-
2. J. A. Fair and B. H. Mahan, J. Chen,. Phvs. 
6Z, 515 [1975). 
X K. T. Cillen, B. I!. Mahan, and J. S. lv<nn, 
J. Chem. Phvs. 59, 6380 (1973"). 

3. .SPECTROSCOPY OF CiASEOUS IONS 

Richard Davis, Frederick Grieman, Bruce 11. Mahan, 
and Ralph Terkowitz 

We have completed construction cf an apparatus 
designed to obtain the electronic spectra of 
gaseous ions by a laser induced fluorescence 
method. Ions are trapped in a mass selective 
manner by combined radiofrequency and static 
potentials applied to the electrodes of a three-
dimensional quadrupole trap. The ions are then 
irradiated with a pulse of light from a tunable 
dye laser, and the fluorescence so induced i<= 
detected with a photomultiplier. After each 
pulse sequence, the ions are driven from the trap, 
and their number measured so that the fluorescence 
signal can be normalized. The pulse sequence is 
repeated at each wavelength until a satisfactory 
fluorescent signal has accumulated. 

A number of important problems in connection 
with the experiment have been solved in the past 
year. Background radiation from the filament of 
the electron gun used to produce the ions has been 
effectively eliminated by optical baffling which 
permits the passage of electrons. The quadrupole 
trap resolution and general performance has been 
brought to a satisfactory level. Scattered light 
from the laser that reaches the photomultiplier 
has been greatly diminished but continues to be a 
problem. So far, fluorescence of stable molecules 
and electron impact induced emission of ions has 
been observed, but no ion fluorescence has been 
detected. 
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4. IJOK HNT-lRfTr" ION BEAM APPARATUS 

.lames A. Earrar and Bruce M. Mahan 

Ke have neai ly completi-d construct ion of a new 
crossed ion-neutral beam apparatus which is intended 
for inves t iga t ions of ion-mulecule react ion dynamics 
a t laboratory energies below li) eV. The ion source 
is designed to be f lex ib le so as t o be able to 
produce a var ie ty of ions conveniently. Mass analy­
s i s of the p r o j e c t i l e ions is performed magnetically 
with the ions at higher energ ies , and is followed 
by a re tard ing lens chain which brings the ions to 
the desired laboratory energy. The whole ion source 
and ana lys i s chain can be maintained at a high 
temperature so as to p rora te clean surfaces and 
minimize loss of i n t ens i t y due t o s t r ay surface 
charges. The neut ra l beam source i s a version of 
the .•••jpersonic nozzle which leads to an intense 
neutra l beam of well defined energy. The detect ion 
t r a i n employs a 90° e l e c t r o s t a t i c ion energy analy-
"ei -inv* cuadrupole mass f i l t e r enclosed in a chamher 
tha t i s separate ly pumped. The path in the •• ' tec-
t ion t r a i n is short so that losses of product signal 
by extraneous s c a t t e r i n g are minimized. 

5. RESEARCH P1ANS FOR CALENDAR YEAR 1976 

Bruce H. Mahan 

Our immediate plans a re to continue t o es tab­
l i s h the connection between the na ture of po ten t i a l 
energy surfaces and reac t ion dynamics by completing 
the study of the N +-Hi r eac t ion , and examining the 
C*-Wl reac t ion at high energ ies , lilien the low-
energy beam apparatus comes into opera t ion , we 
sha l l i nves t iga te the dynamics of reac t ions which 
are important in t he ionosphere, such as 

0 + + N< •* NO* + N 

N* * 0 2 •+ NO + + 0 . 

fhe high energy beam apparatus will e/entually be 
used to study energy loss processes in the colli­
sions of protons and deuterons with atmospheric 
molecules. During 1976, it should be possible to 
make the first attempts to obtain the spectra of 
gaseous ions with our laser induced fluorescence 
apparatus. If these e>.periments 3re successful, 
we shall concentrate on obtaining infcrmatiun 
concerning the electronic, vibrational, and rota­
tional energy levels of small molecular ions. 

h. 1375 PUBLICATIONS AND REPORTS 
Bruce h. Mahan and Associates 
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1. Bruce II. Mahan, Microscopic Reversibility and 
Detailed Balance, J. Chem. Ed. 52, 29^ (1975) 
fLBL-319?:. 
2. Bruce ri. Mahan, An Analysis of Direct Ion-
Molecale Reactions, in "Interactions Between Ions 
and Molecules", P. Ausloos, editor (Plenum Publish­
ing Co., New York, 197S) (LBL-3155). 
3. Bruce M. Mahan, Electronic Structure and 
Chemical Dynamics, Accounts Chem. Res. 8̂ , 55 
(1975) (LBL-3525). 

4. James A. Fair and Bruce H. Mahan, Dynamics of 
the Reaction of N + with H2- II. Reactive Scat­
tering at Relative Energies Below 3 eV, J. Chem. 
Phyi*. 62, 515 (1975) OBL-3501). 

5. Bruce H. Mahan, University Chemistry, 3rd 
edition (Addison-Wesley Pub. Co., 1975)'. 



264 
f. Theory off Low Energy Atomic and Molecular Collisions 

William H. Miller, Principal Investigator 

^ . QUANTUM MECHANICAL TRANSITION STATE IrlEORY* 

Sally Chapman, Bruce C. Garrett, and William H. 
Miller 

Classical transition state theory provides an 
excellent description of the threshold region of 
chemical reactions which have an activation 
barrier. Figure 1, for example, shows the 
comparison of classical transition state theory to 
a classical trajectory calculation ^the exact 
result within the realm of classical mechanics) 
for the H + H2 -• H2 + H reaction in three 
dimensional space. The agreement is almost exact 
for energies up to 0.4 eV above the barrier 
height and is only 104 in error at 1 eV above the 
barrier height. 

Quantum effects are important in the threshold 
region, however, so that a quantum mechanical 
version of transition state theory is required to 
describe real chemical reactions. The conventional 
quantum mechanical version of transition state 
theory works poorly in the threshold region, 
however, because it assumes that the Hamiltonian 
is separable about the saddle point. To have a 
quantitative theory one must apply transition 
state theory quantum mechanically and without 
approximating the Uamiltonian by a separable one. 

A formal definition of such a quantum mechanical 
version of transition state theory has been given,* 
and its evaluation lias been carried out using 
semiclassical approximations. The rate constant 
for reaction is given in this semiclassical limit 
of the theory by 

k = (ZnhQg)"1 j dE e " S U N(E) , (1) 

where Q a is the usual partition function for 
reactants; the function N(E) is given by 

N ( D " £ -^TTT • {2) 

where E is defined as the root of the equation 

E - (n + i ) M n j . (3) 

The functions 6(E) and ufE) are the classical 
action and stability frequency, respectively, for 
the periodic classical trajectory with energy E 
on the inverted potential energy surface, and they 
replace the "barrier penetration integral" (the 
exponent of the tunneling probability) and the 
vibrational frequency of the "activated complex" 
which appear in conventional transition state 
theory. 

Figure 2 show:, the function N(E) given by 
Eq. (2), compared to the exact result of quantum 
scattering theory, for a collinear version of the 
H + H;? reaction. The good agreement over many 
orders of magnitude indicates that our basic 
hypothesis is correct, i.e., that transition 
state theory does describe the threshold of 
reactions accurately if the separability approxi­
mation is removed. 
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Fig- 1. Microcanonica] cross section for the three-
dimensional II + H2 -*• 1*2 * M reaction from a 
fmicrocanonicalJ classical trajectory calculation 
(CL DYN) and (microcanonical) classical transition 
state theory (CI. TSTJ, as a function of total 
energy above the saddle point of the potential 
energy- surface. (XBL 7410-7518) 
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Abstracted from .1. Am. Chem. Soc. 97, 892 fl9"S); 
.). Chem. Phys, 02, 1899 U975) ; and J . Chcm. Phys. 
03 , 2"1() | 19 7 5J . (Supported in par t by the 
National Science Foundation.) 

1. U. II. Mi l l e r , .). Chem. I'hys. 6 1 , 1823 (19741. 

Figure 1 shows a comparison of the semiclass ical 
and exact quantum mechanical eigenvalues for the 
lowest th ree s t a t e s , as a function of the non-
separable s t rength parameters. One sees that the 
agreement i s qu i t e good, even when the eigenvalue 
is very near the d i s soc ia t ion l imit (shown by the 
dotted l ines.! . 

2. SLMICIASSICAL iilGLWAl.UhS MR MJLTI-MMLVSICVU. 
SYSTIMS* 

Sallv Chapman, Bruce C. Cnr re t t , and William M. 
Mil ler 

he have shown that the semic lass ic j l quantum 
condit ion r e su l t ing from periodic o rb i t theory is 

i = l ! ' " l " 

where 0(h) i s the c l a s s i c a l act ion along the 
per iudic o rb i t with energy h, {wi) are the f-1 
s t a b i l i t y frequencies for the system with f degrees 
of freedom, and {nL) t i = l , . . . , f arc i n t ege r s . 
Although t h i s c l a r i f i e s and co r rec t s some e a r l i e r 
incons is tencies in per iodic o rb i t theory, the 
approach i t s e l f is l imited in tha t i t impl ic i t ly 
assumes that most of the energy is in j u s t one 
degree of freedom. 

A :fiorc s a t i s f a c t o r y approach i s Born's 
formulation* tha t considers the c l a s s i c a l 
Hamiltonian f i r s t in terms of some "zcroth order" 
ac t ion-angle var iab les n and y , 

" (n ,q j • V(n,a) (2) 

where HQ is a reference (i.e., separable) 
II:Li!iltonian and \ is a nonseparable interaction 
which precludes the action variables n = (n.cj} 
from being constants of the motion. The task is 
then to construct a canonical transforation from 
the variables (n,q| to the "good" action-angle 
variables (N,Q)"such that the total Hantiltonian 
depends only on the action variables {Nj}, 

H(\,0J = F(N) CO 
The actions {Nj} are then constants of the motion 
and semiclassical eigenvalues are given by Eq. (2) 
with the {Nil required to be integers. 

We have found a way actually to carry out Born's 
canonical transformation non-perturbatively 
(i.e., numerically) and have applied the relavant 
equations to the following two-dimensional system: 

»fPx.Py.x,y) * T ^ P ^ ' P y 2 ! + \ m{-\ *2 + ^2y2) 

Xx(y • nx*") , 

where A .""id n constants. 

[4) 

Pig. 1. Semiclassical (dashed line) and exact 
quantum (solid line) eigenvalues for the three 
lowest states of the system specified by Eq (4), 
with w, = 0.7, *>2 = 1 »3, and n = -A- The dotted 
line is the position of a saddle point of the 
potential surface as a function of A. 

(XBL 757-6717) 

Abstracted from J. Chem. 63, 996 (1975) and 
LBL-3990. (Supported in part by the National 
Science Foundation.) 
1. M. Born, The Mechanics of the Atom, Ungar, 
N.Y., 1960. 

3. COOLING 01: THE 6 Dl AND 2 CM DOUBLETS OF 
INTERSTELLAR H,C0 BY COLLISION* 

t B. J. Garrison, W 
Miller 

A. Lester, Jr., anJ H. 

The I n "* Ho transition of formaldehyde is 
seen in absorption agains- the 2.7°K cosmic 
background radiation in cool interstellar dust 
clouds, indicating that the lower state (i\\) has 
a population greater than would be expected if 
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the system were in ê qui 1 ibrium with the ..back­
ground radiation.^'*• Towne? and Che mg^ have noted 
that since the 2]^ state spontaneously decays 
(vis a dipole-allowed transition) to the ljj state, 
collisional excitation which favors the It? over 
the 2±i state could produce the observed cooling" 
(i.e., enhancement of the population of the In 
state). They further argue 3 that since the 2i? 
state corresponds to the rotational angular 
momentum being predominantly about the axis 
perpendicular to the plane of the molecule, 
collisional excitation of formaldehyde from a j=l 
state to a j=2 st.Ttc should indeed be preferential­
ly to the 2i2 state. 

To test, this hypothesis of a "collisional 
pump", a completely ah initio calculation has beer; 
carried out. A potential energy surface, 
including electron correlation, was calculated for 
KbCO-He, rotational cross sections were deter­
mined by solving the coupled channel Schrodinger 
equations, and steady-state populations of the 
various rotational levels of IbCO were computed 
by solving the appropriate kinetic equations 
(including radiative processes). The background 
radiation temperature was assumed to be 2.7C'K, 
and the kinetic (i.e., translational) temperature 
was varied between S"K and 20°K. 

Excitation temperatures for the ln-lio (Tl2' 
and 2j2"-U. ("f̂ l levels are shown in l:ig. I. 
(The "excitation temperature" T^T, for example, 
is simply the temperature which, inserted into the 
Boltzmann expression, gives the steady state 
population ratio uf the Jij and 1\Q levels.) In 
the limit of no collisions (i.e., no l!er n - Oi, 
the excitation temperatures approach that Gf the 
background radiation, 2.7°K, while in the limit 
of high density (rapid collisions) they approach 
the kinetic temperature TR. For intermediate 
densities, however, one does see the cooling 
effect, excitation temperatures below that of the 
background radiation. 

ID 7 10 3 10* 10 6 10 6 

Fig. 1. Exci ta t ion temperatures for the l n - l ] ( > 
(Tji j and 2i2-2j] (T34J levels as a function of He 
dens i ty at se lec ted k ine t i c temperatures TR. 

fXBI. 768-10076) 

Our r e s u l t s , t he re fo re , support the c o l l i s i o n a l 
mechanism as the source of the cool ing, 

Abstracted from Astrophys. J . Le t t . 200, LPS 
(1975). (Supported in par t by the National Science 
Foundation and by the Office of Naval Research.) 
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2. \ . J . Hvuns, C>. Morris , T. Sa to , and 
B. aickerman, in p repara t ion . 
.>. C. H. Townes and A. C. L'heung, Astrophvs. I. 
15_\ L103 (lDbPl. 
4. B. J . ( larr ison, h. A. l i s t e r , -Jr. , and M. F. 
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•J. SliMlClASSU'-U ]il.Si:K;p[']ii\ HI- MITKAiTION IX 
i.i_\s"i it: scvmKisc* 
(Jeorge V.. lahr and Iwlliam !i. Miller 

Scmiclassical theory has had notable success 
in describing many of the quantum effects in 
elastic scattering--interference effects, the 
rainbow effect, glory oscillations, etc. 
Diffraction from a purely repulsive potential had 
been thought to lie outside the realm of a semi-
classical description, but the present work shows 
this not to be the cast-. 

In the usual semiclassical approximation to the 
partial wave sum for the scattering amplitude, 

f(6) =•• 4r- S (2iH) l'(cosC-) e *• , (1) 
..IK t = 0 i. 

the values of f. which cont r ibute within the 
s t a t i ona ry phase approximation arc those which 
s a t i s fy ?iic c l a s s i c a l r e l a t i o n 

0 U ) = * v , (2) 

where 0(2,) E 2 n ' U ) i s the c l a s s i c a l de f lec t ion 
function. If the po ten t ia l i s purely r epu l s ive , 
the 0(S.) i s p o s i t i v e for a l l l. so that there i s 
only one value of ' which s a t i s f i e s Iiq. (2J; 
i . e . , there i s no value of 9. which s a t i s f i e s 

QW = -0 • (5) 

Kith only one value of t contributing to the 
partial wave sum there is no interference structure 
in the cross section 

o(6) = \((B)\2 . (4) 

On more thoughtful a n a l y s i s , however, one finds 
tha t liq. (3J does have so lu t ions for complex 
values of I. When t h i s i s taken into" account the 
amplitude has two terms--from the two s t a t i o n a r y 
phase values of i , one real and one complex--so 
that there i s now an in ter ference s t r uc tu r e 
predic ted by i:x\. ( 4 ) . 
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Figure 1 shows how our theory work*, for a simple 
test case. Hie solid line is the exact quantum 
mechanical differential cross section and the 
dashed line the result of our semiclassical theory, 
while the dotted line (with no interference 
structure) is the result of the conventional 
approach. 

the model is defined explicitly by the potential 
funct ion 

Vfx,y,z) = 0, z > Dfx) 
+ », z < D(x) , (1) 
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Fig. 1, Comparison of the quantum mechanical 
differential cross section (solid line) with that 
given by the present semiclassical theory (dashed 
line) and the conventional semiclassical approach 
(dotted line). (XLB 7412-7810) 

Abstracted from Mo1. Phys. 30, 951 (1975). 
(Supported in part by the National Science 
Foundation.) 

5. SEMIOASSICAL THEORY OF ATOMIC SCATTERING 
FROM SOLID SURFACES* 

R. I. Mascl, 7 R. P. Merrill,7 and K. H. Miller 
Diffraction of atoms (or molecules) from 

crystal surfaces is ideally described by 
"classical S-matrix" theory, a general semi-
classical approach that combines classical dynamics 
and quantum mechanical superposition in a 
consictent theory, be have used it to analyze 
measurements of helium atom diffraction from the 
tungsten 112 surface and thus determine the 
potential function which characterizes the 
He-W(H2) interaction. Figure 1 shows the 
calculated diffraction intensity compared to the 
experimental results. 

To verify the accuracy of the semiclassical 
theory we have applied it to a simple model 
problem, a hard sinusoidal corrogated surface 
(i.e., bumpy in one direction but smooth in 
the other), and have also calculated the exact 
quantum mechanical results for the problem. If 
z is the direction perpendicular to the surface, 

Dfx) = all sinfx/a) ; 

II is the "roughness" of the surface and "a" a 
length parameter. 

0.15 

w 0.10 

5 0.05 

0 20 40 60 80 
Scattering Angle (deg) 

Fig. 1. Helium atom diffraction from tungsten 
112, solid line is the calculated (theoretical) 
result and the dots are the experimental 
measurement. i(XBL 768-1007S) 

A number of semiclassical and quantum mechani­
cal results have been calculated for the model 
defined by Eq. (1), and there is in general 
excellent agreement between the two. Figure Z, 
for example, shows the intensity of the specular 
diffraction peak as a functioii of energy, for the 
(exact) quantum mechanical calculation and the 
semiclassical one. The agreement is within a few 
percent over the entire energy range. 
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Fit*. 2. Specular intensitN as a function of the 
reduced wave vector < = ka'. (XBL 768-10077) 

*Abstracted from J . Chem. Phvs. 63 , 996 (1975) 
and Phys. Rev. B. 12_, 5545 (197577 (Supported in 
p a r t by the National Science Foundation.) 
Non-LBl personnel . 

where A i s an atom with an ioniza t ion po ten t i a l 
l e ss than the e x c i t a t i o n energy {- 20 eV) of He*. 
Work i s planned to study in some d e t a i l c o l l i s i o n a l 
ion iza t ion of a diatomic molecule, for which a 
g r e a t e r va r i e ty of products i s p o s s i b l e : 

He + AB •* He + AB+ + c* 

-*• UeA *• B + e 

- MoB* + A + e~ 

- lie + A* + B + v~ 

- He + A + B + + c' . 

Plans a re to compute the po ten t i a l energy surface 
and autoionizatJon ra te for the He -A-B system 
and then to carry out the s c a t t e r i n g ca lcu la t ion 
using c l a s s i c a l t r a j e c t o r i e s (along which 
au to ion iza t ion is allowed to take place with the 
appropr ia te p robab i l i ty ) 

7. 1975 PUBLIC\TT0NS AND W• PORTS 

William II. Mil ler and Associates 

6. RESEARCH PLANS FOR CALENDAR YEAR 1976. 

William H. Mi l l e r 

We have recent ly made considerable progress 
toward solving an o ld , c l a s s i c problem--determining 
the semic lass ica l eigenvalues of a non-separable , 
multi-dimensional system. The most d i r e c t 
app 'Lcat ion of t h i s i s t o the v ib ra t iona l spectrum 
of simple polyatomic molecules. Since the simple 
normal mode approximation breaks down for highly 
exc i ted states—which are probed nowadays with 
in tense l a s e r sources—this theory may provide 
the framework for analyzing highly exc i ted v ibra­
t i o n a l s t a t e s . I n i t i a l app l ica t ion i s planned for 
the v ib ra t iona l spectrum of l-^O. 

A top ic c lose ly r e l a t e d to that above i s 
unimolecular isomerizat ion or decomposition of 
molecules highly exci ted e i t h e r by c o l l i s i o n s 
( i . e . , thermally) or by l i gh t ( i . e . , photochemical-
l y ) . The semic lass ica l eigenvalue ana lys i s tha t 
we have developed can provide a great deal of 
ins ight i n to unimolecular dynamics. One of the 
app l i ca t i ons of some cu r ren t i n t e r e s t i s the 
isomerizat ion of hydrogen isocyanide 

HNC •*• HCN . 

HNC is not stable under laboratory conditions—but 
has been, observed in interstellar space—and one 
would like to understand this on the basis of 
its unimolecular dynamics. 

Fcr several years we have been interested in 
Penning ionization by metastable helium 
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g. Photooloctron Spectroscopy 

David A. Shirley, Principal Investigator 

Introduction. This program transferred from 
Nuclear Chemistry during Divisional reorganiza­
tion, so a brief history will be given. In 1958 
the principal investigator joined Lawrence 
Berkeley Laboratory, and a project was built 
involving hyperfine interactions studied with 
nuclear radiations. In 1966 the first x-ray 
photoelectron spectroscopy program in the United 
States was begun in this project. The photo-
electron spectroscopy program has broadened in 
scope to include solid-state, molecular, and 
atomic studies, while the hyperfine interactions 
work is being phased out. The reports below 
are grouped in several general interest areas. 

A. Band Structure and Surface Physics 
(Reports 1 - 5) 

B. Many-Electron and Correlation Effects 
(Reports 6 - 1 2 ) 

C. Electronic Binding Energies of Elements 
1 - 30. 
(Report 13) 

D. Molecular Orbital Studies 
(Reports 14 - 17) 

E. Hyperfine Structure 
(Reports 18 - 21) 

1. CROSS SECTION AND SURFACE EFFECTS IN SOFT 
X-RAY PHOTOEMISSION FRCM Cu AND Ag VALENCE BANDS 

J. Stohr, F. R. McFeely, C. Apai, P. Wehner, and 
D. A. Shirley 

Photoelectron spectroscopy is the technique 
of choice to study the total electronic vr.lence-
band density of states in solids. Until recently, 
however, this technique has been severely 
inhibited by the lack of suitable variable-energy 
photon sources. Synchrotron radiation can 
provide such a source. In the United States the 
Stanford Synchrotron Radiation Project (SSRP), 
on the SPEAR ring at SLAC, is uniquely capable 
of producing variable-energy pho + n beams in the 
entire 50 - 250 e-V range and in sufficient 
intensity for photoemission studies. Here we 
report such studies on Cu (3d) and Ag (4d) 
valence bands (VB) in the photon energy range 
50 - 175 eV. Experiments were carried out on 
polycrystall ?ne samples that were produced by 
in situ evaporation of the metals under a vacuum 
of -10" 9 Torr. The photoelectrons were detected 
by a cylindrical mirror analyser operated in the 
retarding mode (constant resolution of 0.3 eV). 
Experimental results for Cu are shown in Fig. 1. 
Common features of all spectra are the three 
peaks at -2.3 eV, -3.4 eV, and -4.5 eV binding 
energy (BE) relative to the Fermi level. The most 
distinct changes in the shape of the VB spectra 
occur between 50 and 70 eV. While the peak 
positions remain essentially unshifted the rela­
tive intensities of the two high BE peaks increase 
with photon energy. Above 70 eV this trend 
continues in a less spectacular way. resulting 
in a slightly broader overall structure which 
at the highest energies approaches the spectrum 
observed with Al Ka (hv = I486 eV) radiation.1 
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Fig. 1. Photoemission from the 3d valence band 
of noncrystalline Cu as a function of photon 
energy. (XBL 7el-2()u5) 

Figure 2 shows the photoelectron energy distri­
bution (PED) for Ag. The spectra basically 
consist of two peaks at -4.8 eV and -6.4 eV BE 
relative to the Fermi level. As is the case in 
Cu, the peak positions remain unshifted with 
energy and only the relative peak heights change. 
The most prominent changes occur between 110 and 
130 eV, where the peak heights are inverted 
relative to the higher and lower photon energy 
range. Simultaneously the inelastic background 
on the high BE side increases and at hv = 130 eV 
another smaller broad peak at ̂ 9 eV BE becomes 
apparent. We have analyzed the observed changes 
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Fig. 2. Photoemission from the 4d \ r alence band of 
po lvc rys t a l l i ne Ag as a function of photon energy. 

(XBL 761-2006) 

in the shape of the P0) ' s of Cu by the following 
model of photoemission. The ca lcu la t ion of the 
PED's cons i s t s of a k-space in tegra t ion over a l l 
i n i t i a l and f ina l s t a t e s between which a t r a n s i ­
t i o n can occur (conservation of energy and 
momentum) where each t r a n s i t i o n i s weighted by 
the square of the t r a n s i t i o n matrix element. The 
i n i t i a l s t a t e eigenvalues and eigenfunctions were 
obtained from a l i n e a r combination of atomic 
o r b i t a l s (LCAO) band s t r uc tu r e c a l c u l a t i o n . 2 The 
f inal s t a t e was described by an orthogonalized 
plane wave (OPW) and the eigenvalues were 
ca lcula ted from a free e lec t ron model . 3 

The r e s u l t s of such a ca lcu la t ion a r e displayed 
in Fig. 3a. When compared to the experimental 
PED's in Fig. 3b, i t i s seen tha t reasonable 

agreement e x i s t s for hv < 70 eV and hv > 120 eV. 
The observed PKD's are not reproduced well around 
hv = 90 eV. I t should be pointec' o u t , however, 
tha t our ca lcu la t ion p red ic t s e s s e n t i a l l y constant 
l ine pos i t ions (3 peak s t ruc tu re ) over t he e n t i r e 
energy range, in complete agreement with exper i ­
ment. In Fig. 3c we show the r e s u l t s of a 
ca lcu la t ion tha t assumes momentum broadening in 
the f inal s t a t e . The l i s t e d values for the 
parameter B renresent a measure^of t h e broadening 
in percent ; i . o . , B = 100 A q | / | q | ( i=x,y ,z) 
where q i s the f inal s t a t e momentum. The PED's 
ca lcula ted with t h i s model show good agreement 
with experiment. The peak s t r u c t u r e , which is seen 
to be too pronounced in our ca lcu la t ed s p e c t r a , 
a r i s e s e n t i r e l y from the i n i t i a l s t a t e band 
s t r uc tu r e r a t h e r than from the t r a n s i t i o n matrix 
elements. 

Binding energy (eV} 

Fig. 3. a) PED ca lcu la t ion for Cu assuming 
k-conservation [d i rec t t r a n s i t i o n s ) , b) Experi­
mental r e s u l t s for Cu. The o r ig ina l data shown 
in Fig. 1 were correc ted for t h e i r i n e l a s t i c 
backgromd. c) PED ca lcu la t ion for Cu assuming 
k-broadening in t h e f ina l s t a t e . The broadening 
factors B are discussed in the t e x t . 

(XBL 761-2110) 

Momentum broadening in the final state may 
arise from a minimum in the photoelectron mean 
free path. Figure 4 shows a plot of the electron 
mean free path versus its kinetic energy as taken 
from Ref. 4. As has been discussed by Feibelman 
and Eastman-* such inelastic damping in the final 
state, which restricts the source region of the 
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Fig. 4 . Photoelectron mean free path versus i t s 
k i n e t i c energy. The dot ted l i n e ind ica t e s an 
average for var ious mater ia l s (compare Ref. 4 ) . 

(XBL 7212-4882) 

photocurrent near the su r face , r e s u l t s in an 
uncer ta in ty o r spread of the f i n a l - s t a t e momentum 
component perpendicu la r t o t h e sur face . The 
magnitude of the broadening factors in Fig. 5c 
ind ica t e s t ha t the region of highest surface 
s e n s i t i v i t y occurs around hv = 90 eV or at a 
k i n e t i c energy ( E ^ = hv - work function - binding 
energy) of about 80 eV, which agrees remarkably 
wel l wi th t he minimum of t h e curve in F ig . 4 . 
On the o the r hand, t he observed changes in the 
PED's for hv < 70 eV are pred ic ted c o r r e c t l y by 
the d i r e c t t r a n s i t i o n model. The observed 
changes in peak i n t e n s i t i e s in t h i s region can 
the re fo re be a t t r i b u t e d t o c ross - sec t ion e f f e c t s . 
In t he case of Cu, t he r a d i a l p a r t of t he 
t r a n s i t i o n matrix element i s a monotonically 
decreas ing function of energy (Fig. 5") and can 
the re fo re not be responsible for the observed 
changes. The angular p a r t , however, i s 
s e n s i t i v e l y dependent on which f ina l s t a t e can be 
reached a t a given photon energy. We be l ieve 
t h a t t h i s pa r t of t he matrix element gives r i s e 
t o t he observed e f f e c t s . 

The case of Ag i s more complex. The inversion 
of t h e peak i n t e n s i t i e s in the range 110 - 130 eV 
may be a t t r i b u t e d in pa r t t o the increas ing 
i n e l a s t i c high BE t a i l in t h i s energy range. The 
broad add i t iona l peak at ^9 eV BE, which slowly 
develops in t he region 110 - 130 eV, i s thought 
t o a r i s e from plasmons. I t s absence in a l l o the r 
s p e c t r a seems t o po in t t o a raximum in t he 
e l ec t ron - plasmon s c a t t e r i n g in t h i s energy 
range. Because of the high surface s e n s i t i v i t y 
in t h i s photon energy region, surface plasmon 
e x c i t a t i o n i s thought t o be mainly responsible 
for the enchanced i n e l a s t i c background. At 130 eV 
one deduces a va lue of 3.8 ± 0.5 eV for t he 
separa t ion of t he broad peak a t ~9 eV from the 
middle of the 4d s t r u c t u r e . This value i s in 
good agreement with the values 3.6 eV and 3.9 eV 

4 0 80 120 160 200 240 280 
Kinetic energy (eV) 

Fig. S. Square of the r ad i a l t r a n s i t i o n matrix 
element y 

t ! t f j l 2 ) 
for Cu (3d) and Ag (4d) as a function of the 
k i n e t i c energy of the photoelectron. PW means 
plane wave, OPW means orthogonalized plane wave 
f inal s t a t e . fXBL 761-21061 

which were previously found for the surface and 
bulk :)lasmnn f r equenc i e s . 7 F ina l ly , we point out 
another poss ib le reason why the high BE peak in 
Ag i s more pronounced in the 110 - 130 eV range 
than i s the low BE peak. Prom Fig. 5 i t i s seen 
tha t for Ag the r ad i a l d i p s l e element va r i e s much 
more s t rongly with energy than i t does for Cu 
and has a minimum at about 140 eV. At f i r s t , the 
minimum in 4d c ross sec t ion tends t o emphasize 
the i e l a t i v e i n t ens i t y in the i n e l a s t i c f » i l . 
Secondly, the slope of the curve in Fig. b i s 
s t eepes t for Efcjn > I 0 ° e V ; an^ i n t n i r ' r a n S e 

t he re i s a considerable change in c ross sec t ion 
even over an energy in t e rva l of 3 eV, which 
corresponds t o t he peak separat ion in t he Ag 
valence band. Thus in t h i s range the high BE 
peak wi l l always have a s l i g h t l y l a rge r c ross 
sec t ion than the low BE pea*. Although t h i s i s 
a l so t r u e for Ei<in < 100 eV there a re e f f e c t s 
of t he angular matrix element in t h i s regime 
( e . g . , in Cu) which might compensate for the 
r ad i a l matrix element e f f ec t . On the o ther 
hand for Efcin > 130 eV the rad ia l d ipole matrix 
element favors the low BE peak. 

In conclus ion, photoemission experiments in 
the range 50 - 200 eV reveal several new 
phenomena which are not observed in conventional 
u l t r a v i o l e t (hv < 40 eV) or x-ray (hv - 1 keV) 
spectroscopy. For Cu, we have pointed out a c lose 
connection between surface e f f ec t s and e f f e c t s 
t h a t a r i s e from the angular dipole matr ix element. 
FOT Ag, c ross - sec t ion e f fec t s der iving from the 
r ad i a l matrix element are found to be important. 
Independently, the high surface s e n s i t i v i t y in 
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the region s tudied allows us t o observe i n e l a s t i c 
e l ec t ron loss s t r uc tu r e that i s not seen at o ther 
photon energ ies . 
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B 10, 4932 (1974). 
t.' C. J . Powell, Surface Science 4±> 29 (1974) 
and references t h e r e i n . 
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1. DIRECTIONAL AN.'SOTROPV IN PJJOT0EMISSION FROM 
VALENCE BANDS OF Cu AND Au CRYSTALS USING 52-280 eV 
SYNOIROTROX RADIATION 

J . Stohr, P. R. McFeely, C. Apai, P. Wehner, 
R. S. Williams, and D. A. Shir ley 

Angle-resolved photoemission from s ing le 
cr>'Stals had not been observed u n t i l recent ly 
when spec t ra were reported in the u l t r a v i o l e t 
(UPS) 1 * 2 and x-ray (XPS) 3 range of photoemission. 
We have made the f i r s t inves t iga t ion of t h i s kind 
in the intermediate energy range 32 eV - 280 eV. 

Using the f i r s t s i x 8-hour s h i f t s dedicated to 
synchrotron rad ia t ion on the SPEAR r ing a t SLAC 
(as cont ras ted to running in a p a r a s i t i c mode 
on high-energy physics experiments) , we have 
s tudied the valence bands of copper and gold 
s ing le c r y s t a l s , obta ining angle-resolved photo­
emission energy d i s t r i b u t i o n s (PED) of e l ec t rons 
emitted along the [100] and [111] d i r e c t i o n s . 
Dramatic differences were found between the two 
d i r e c t i o n s and s t rong v a r i a t i o n s with energy were 
observed even a t photon energies above 100 eV. 

In copper (Pig. 1 ) , several d i s t i n c t t rends 
were apparent . The 4s bands, between the Fermi 
energy and 2 eV binding energy, a re s t ronges t 
a t hv = 65 eV in the [111] d i r e c t i o n but a t 
hv = U 0 eV in the [100] d i r ec t i on . A 3d band 
feature a t 4 eV binding energy in the [100] 
spectrum shows a broad resonance in i n t e n s i t y , 
peaking near hv = 110 eV. 

Gold showed s imi la r behavior. Maximal 6s band 
i n t ens i t y war observed a t hv = 40 eV in the [111] 
d i r e c t i o n with a poss ib le broad maximum a t higher 
energy in the [100] d i r e c t i o n (Fig. 2 ) . A 5d-band 
fea ture a t 6 eV binding energy in the [100] 
spectrum shows a resonance in i n t e n s i t y a t 
hv c 100 eV. In the [111] spectrum, a peak a t 
t h i s energy (6 eV) i s very in tense a t hv = 130 eV, 
t h e highest photon energy s tud ied . 

The spect ra obtained here in an angle-resolved 
mode from s ing le c r y s t a l s exh ib i t considerably 
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Binding energy 
Fig. 1. Valence-bard photoemission spectra of a 
copper single crystal in the [100] and [111] 
directions, using variable-energy synchrotron 
radiation from the SPEAR storage ring. Only 301 
of the spectra taken are shown. (XBL 761-2111) 

more structure and variation of structure than 
the angle-integrated spectra studied in the 
previous report. The difference between angle 
integrated photoemission (AIP) and angle resolved 
photoemission (ARP) arises from two macroscopic 
sources: (I) the direction of the photon § 
vector relative to the crystalline axes, and 
(2) the position of the detector relative to the 
crystalline axes. 

For AIP from polycrystalline samples, the 
polarization of the incident photons has no effect 
because all crystalline orientations relative 
to the electric field vector occur with equal 
probability. For ARP from single crystals, there 
is only one orientation of the E vector with 
respect to the crystalline axes, and polarization 
has to be taken into account. Having mentioned 
the presence of polarization effects in ARP, we 
devote our attention exclusively to point 
(2) because ws feel that this is the more important 
and interesting aspect. We shall assume that the 
incident light is unpolarized. For AIP from 
polycrystalline samples, the position of the 
detector determines only the total measured 
intensity. Spectra measured for various detector 
positions are identical (apart from possible 
changes caused by surface effects at low take-off 
angles). 
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Fig. 2. Valence band photoemission spectra of a 
gold single crystal in the [100] and [111] 
directions, using variable-energy synchrotron 
radiation from the SPEAR storage ring. The 
peak at 6 eV in the higher-energy [111] spectra 
may be a surface state. (XBL 761-2112] 

In this case one can envision the photoeffect 
in the following way. Whenever a transition from 
an initial state to a final state in the Brillouin 
Zone (B2) of the crystal is allowed [energy and 
momentum conservation) it can be assumed that the 
photoelectron is detected. The PFJ) is then 
determined by all possible excitations (sum over 
the BZ) and the detection process does not need 
to be considered explicitly. The spectrin 
measured in ARP, however, also depend- on the 
detector position relative to the crystalline 
axes. In this case not all the allowed transi­
tions are stapled, but only those where the photo-
electron momentum vector points into the detector. 
As a result, a much smaller fraction of initial 
and final states in the BZ is sampled, which leads 
to more structure in the FED's. The spectral 
changes with photon energy are more pronounced 
Tor ARP for the same reason. 

Because our ARP studies are very sensitive to 
the initial and final state band structure, they 
can in a sense be compared to photoemission 
studies in the UPS regime. Itere the number of 
available final states is so small that strong 
modulation effects in the spectral shapes are 
observed even for polycrystallLne sanples. 
However, at the photon energies studied in this 
investigation, additional information may be 
obtained as comparer! to the UPS regime, a fact 
which has already been mentioned in the previous 
paper* dealing with photoemission from polycrysta]-
line samples. Because of its better resolved 
structure, ARP actually should be more sensitive 
to the various effects mentioned in Ref. 4. 

Finally we mention another unique advantage of 
using synchrotron radiation for studies of the 
present kind. While photoemission from valence 
bands is dependent on both the initial and final 
densities of states (for an important exception 
see Ref. 3) one may use the tunability of syn­
chrotron radiation to excite photoelectrons from 
core levels into . ! ,e same final state region. In 
this way, final statt effects, which include 
diffraction effects of the outgoing electrons,^ 
may be sorted out. Experiments of this kind 
have not been carried out but will certainly 
be attacked in the near future. 
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3. d-ORBITAL DIRECTED PHOTOEMISSION FROM SILVER 
AND GOLD 
F. R. McFeely, J. Stdhr, G. Apai, P. S. Wehner, 
and D. A. Shirley 

A new angular distribution effect in photo-
electron spectroscopy, completely overlooked 
until now, has been predicted theoretically and 
confirmed experimentally. The effect is an 
essential consequence of the fact that a d shell 
provides two distinct irreducible representations 
of the cubic group: t2g (̂ 25') a n a" eg( r12)- B>' 
selecting photoelectrons emitted along the (100) 
axis or the (111) axis cf a single crystal, it 
is possible to observed photoemission separately 
from e g or t2u states, respectively. 

To develop a physical understanding of the 
effect, consider the ligand-field-theory limit, 
in which the crystal momentum is neglected. 
Photoeiriission is governed by a matrix element 
of the approximate form 

< e ^ - ? |p| *(•))> , 
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where $(d) is the ini t ia l -s ta te , one-electron 
wave function, .^ •* 

represents the final continuum state of the 
photoelectron, and f is the one-electron momentum 
operator. This matrix element vanishes for 
<j(d) = dj^., dyz> cr dZx (the t 2 g orbitals) and 
electron emission in the flTO) and. crystal-
lopraphically equivalent directions, as can be 
shown by direct calculation. Thus photoemission 
in the (100) direction selects the e,, states, 
which have nonzero matrix elements. Hhe opposite 
is true for the fill J direction, along which the 

For many crystalline materials (e.g., metals) 
the crystal momentum must be explicitly included 
in the calculation. This is true for silver and 
gold, which were usod as experimental test cases. 
The effect s t i l l persists, as can be shown by 

expanding the ini t ial band state wave functions 
in the tight-binding formalism; i . e . , in a t2g» e p 
basis.* Provided that the photon energy is re­
latively high, so that the ^-conservation is 
rsadily satisfied, all regions of the Brillouin 
Zone are sampled. The valence-band spectra in the 
(100) and (111) directions are then just propor­
tional respectively to the eg and t2g projections 
of the total valence bands, integrated over the 
entire Brillouin Zone. 

Results for gold and silver are shown in Fig, 1. 
In each case the top panel shows the valence-band 
(100) photoetnission spectrum obtained from a 
single crystal specimen in ultrahigh vacuum 
(8 * 10" 1 0 Torr), using monochromatized Al Ka 
radiation. The corresponding e g projection of the 
d bar.ds is shown as the third panel- The second 
and fourth panels show the (111) spectrum and the 
corresponding t2g projection. The fifth panel 
shows the valence bands on a common energy 
scale . 1 * 2 

Binding Energy («v) 
8 6 4 2 

Binding Energy (»v) 

Fig. 1. X-ray photoemission spectra along (100) 
and (111) axes, partial e„ and t2 g state densities, 
and band structures of "silver (left) and gold 
(right). (XBL 7510-4149 S XBL 7510-4148) 
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Two obvious anisotropy e f f ec t s are present in 
both meta l s : (1) t he h igher binding-energy (E3) 
peak i s r e l a t i v e l y l e s s in tense in t he (100) 
spectrum, because of l e s s e g cha rac te r ; and 
(2) t he lower-Eg peak has r e l a t i v e l y l e s s 
i n t e n s i t y on the low-Eg s i d e . This follows 
because the top occupied band has t2g charac te r 
a t the L, K, and X po in t s in the BriTlouin Zone. 
The ex i s tence of t h i s anisotropy and the c lose 
correspondence wi th theory e s t a b l i s h d - o r h i t a l 
d i r e c t e d photoemission as a r e a l e f f e c t , previously 
overlooked. 

This e f f ec t should be ubiqui tous in d -o rb i t a l 
photoemission. I t should be present in the valence 
bands of o ther t r a n s i t i o n meta l s , and in some 
C e-g«j platinum) i t may be nore pronounced than in 
s i l v e r o r gold. Because it is a symmetry e f f e c t , 
i t should appear a t a l l photon ene rg i e s . 
Remeasurement of XPS spec t ra of a l l t r a n s i t i o n 
metals s tudied t o date using o r ien ted s ing le 
c r y s t a l s may the re fore be expected t o y i e ld useful 
new information about the valence bands. Even 
more d i s t i n c t i v e e f f e c t s a re pred ic ted in 
t r a n s i t i o n - m e t a l complexes, for which the t 2 g and 
eg o r b i t a l s are resolved in energy. There w i l l 
a l s o be d iagnos t ic app l i ca t ions t o o r i e n t a t i o n a l 
problems in absorbates on s ing le c r y s t a l s of ca ta -
l y t i c a l l y a c t i v e me ta l s . I t may be poss ib le t o 
determine t he e g vs. t2g na tu re cf adsorbate-
subs t r a t e bonding in c a t a l y t i c systems through 
d - o r b i t a l d i r ec ted photoemission. Further work 
i s under way. 

1. H. Ehrenreich and L. Hodges, Methods in 
Computational Physics £ , 149 (1968). 
2 . N. V. Smith, Phys. Rev. B3, 1862 [1971). 

o r ig in s of t h i s feature of the XPS spectrum by 
means of parameterized, t i gh t -b ind ing , band-
s t r u c t u r e c a l c u l a t i o n s ; s p i n - o r b i t coupling was 
sys temat ica l ly included and excluded. We have 
shown t h a t the inclusion of s p i n - o r b i t coupling 
i s e s s e n t i a l t o the understanding of the XPS, 
o p t i c a l , and Fermi surface measurements. 

Figure 1 shows the XPS spectrum obtained 
' e t a l . 1 us ins a Hewlett-Packard 5950A 

bv 
Ley 
e l ec t ron spectrometer tha t employed monochromatized 
Al Ko r ad ia t ion (1486.6 eV). IVe note again the 
important fea tures in the spectrum: s - l i k e mi 
p - l i k e bands s p l i t by --2.5 eV, a s p l i t t i n g *.'.f 
1.8 eV in the p-li.<e bands, and a t o t a l occupied 
p-bandwidth of ^3.5 eV. 
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4 . THE EFFECT OF SPIN-ORBIT COUPLING ON THE 
VALENCE BAND DENSITY OF STATES OF LEAD 

Fig. 1. X ray photoemission spectrum of the Pb 
valence band region from Ref. 1. f/HL 752-2325") 

F. R. McFeely, L. Ley, S. P. Kowalczyk, and 
D. A. Shi r ley 

Tne e l e c t r o n i c s t r uc tu r e of me ta l l i c lead has 
been the subject of numerous experimental s t u d i e s , 
mostly concerned with the e luc ida t ion of the 
Fermi sur face . Natura l ly , t he u l t imate aim of 
these experiments i s t o provide the information 
necessary t o cons t ruc t a band s t r u c t u r e which 
will expla in t he Fermi sur face , optical spec t ra , 
photoemission s p e c t r a , and o ther e l e c t ron i c 
p r o p e r t i e s . Unfortunately, t he d i f f i c u l t i e s 
involved in the ca l cu l a t i on cf a full r e l a t i v i s t i c 
band s t r uc tu r e have apparent ly served to de te r 
extensive f i r s t - p r i n c i p l e s ca lcu la t ions of the 
lead band s t r uc tu r e and densi ty of s t a t e s . In 
an e a r l i e r paper , Ley e t a l . * reported a high-
reso lu t ion x-ray photoemission (XPS) spectrum 
of t he lead valence hands, and t e n t a t i v e l y 
in te rpre ted the two-peak s t r uc tu r e a t the top of 
the valence band as the r e su l t of s p i n - o r b i t 
s p l i t t i n g of the p bands. Recently, however, 
Breeze^ has a s s e r t e d , on the bas i s of a non-
r e l a t i v i s t i c LCAO c a l c u l a t i o n , that the XPS 
s p l i t t i n g is instead simply the resu l t of a 
c r y s t a l - f i e l d i n t e r ac t i on . -e have reexamined the 

The t igh t -b ind ing band s t r u c t u r e ca l cu l a t i ons 
used to simulate the XPS spectrum are q u i t e simple. 
The method cons i s t s of using t i gh t -b ind ing Bloch 
functions of the form 

•Vm = v-1/2 iK-H U"(r 

as bas i s funct ions, when U (r - 1) i s an atomic 
function centered at s i t e SL. In these ca l cu l a t i ons 
a bas i s of cne s- and three p-functions (Pv»p v»Pz) 
for each spin were used. All neares t -neighbor 
i n t e r ac t i ons were included, and two second-
neares t -neighbor i n t e rac t ions of the form s-s 
and p-p were t r e a t e d . Mixing between s and p 
bas i s functions was t r e a t e d only in nci.rest neigh­
bors- The l a rges t second-nearest-neighbor in tegra l 
in the f inal parameterizat ion was a fac tor of 
6 smaller than the smallest nearest-neighbor term; 
thus the inclusion of th i rd -neares t -ne ighbor 
in te rac t ions would have only a neg l ig ib le e f f e c t . 
Hie neglect of .^-center terms was undoubtedly of 
g rea te r importance. (Ming t h i s method, the 
sp in-orb i t in te rac t ion is expressed in terms of 
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the atomic sp in -o rb i t matrix elements. We 
performed two s e t s of c a l c u l a t i o n s , one v]xh the 
atomic value of t he spin o rb i t coupling constant 
[Z, = 0.905) and one neglec t ing t h i s term in the 
IJamiltonian. The XPS spec t ra were simulated by 
calculat ing, t h t dens i ty of s t a t e s below t h e Fermi 
l e v e l , and broadening the r e su l t i ng function with 
a 0.7 eV FrfiN Gaussian instrumental response 
function. The importance of the s p i n - o r b i t term 
in the XPS spectrum i s evident in Pig. 2, where 

5. A HIGH-iuSOUTTION X-R/U PH0TOEMISSION STUDY 
OP THE TOTAL VALENCE-BAND DENSITIES OF STATES OP 
GaSe /INT) BiJ.. 

S. P. Kowalczyk, 
D. A. Shirley 

I. Ley, F. R. McFeely, and 

10 9 8 7 6 5 4 3 2 
Binding energy 

I E F 

The physical p rope r t i e s of l aye red- s t ruc tu re 
compounds exh ib i t considerable anisotropy; t h i s 
anisotropy i s a t t r i b u t e d t o the s t rong i n t r a - l a y e r 
bonding as compared t o the r e l a t i v e l y weak van der 
Waals-type bonding between adjacent l aye r s . These 
i n t e r e s t i n g p rope r t i e s have led t o much i n t e r e s t 
in these mater ia l s because of t h e i r many poss ib le 
app l i ca t ions such as in switching and memory 
dev ices . Ke have recen t ly used high reso lu t ion 
x-ray photoelectron spectroscopy (XPS) to obtain 
the t o t a l valsnce-band densi ty of s t a t e s spectra 
for two semiconducting layered compounds, CaSe 
and BU3. In an e a r l i e r comprehensive study of 
the valence band spect ra of I I I -V, I I -VI , and 
a l k a l i ha l ide compounds, we demonstrated that 
XPS y ie lds d i r e c t and de ta i l ed information about 
the occupied d e n s i t i e s of s t a t e s iri s o l i d s . * 

"^e experimental spect ra for GaSe and Bi l^ , 
obtained under u l t ra-h igh vacuum condit ions from 
freshly cleaved s ing le c r y s t a l s , a re shown in 
r i g s . 1 and 2 , r e spec t ive ly . Both spect ra 
exhib i t a c h a r a c t e r i s t i c three-peak s t r u c t u r e . 
From previous work on o ther m a t e r i a l s / we know 
tha t the lowest peak (feature G in GaSe and D in 
B1I3) has e s s e n t i a l l y anion " s " cha rac t e r , t he 
middle peak (E in GaSe and B in B1I3) cation " s r i 

cha rac t e r , and tha t the uppermost peaJc ( features 
C, B, and A in GaSe and A' and A in B1I3) i s 
mostly " p - l i k e " . There have been several band 
s t r u c t u r e ca lcu la t ions for GaSe. Both a 
ca l cu l a t i on based on a two-dimensional t i g h t -
binding scheme (TB) 2 and a three-dimensional 
empirical pseudopotential method (EPM) ca l cu la t ion - 3 

show q u a l i t a t i v e agreement with our experimental 
l e s u l t s , but both leave much to be desired in 
terms of peak pos i t i ons and bandwidths (see 

•- 2 (a 1 XFS valence band spectrum; 
^Ei. • "* :c*d spectrum with sp in -o rb i t coupling; 
ca lcu . ^r.?d spectrum without sp in -orb i t 

coupling. (XR1. "52-2S241 

it leads to a .perior f i t to t he experiment. 
In comparing :.ie :w band s t ruc tu res w 'h the re ­
s u l t s of Fermi surface ' ' and op t ica l^ tS ' i \ a the 
band s t ruc tu re with r = 0.905 cV gjve r.* " iable 
agreement with experiment while the bana .;i mc tu re 
with K = 0 did not . 

1. L. Lev, R. A. Pol lak, S. P . kowulczvk, and 
[i. A. Shi r ley , Phys. Le t t . 4IA, 429 (1972), 
2. A. Breeze, Solid S ta te Comm. 1±, :>95 (1974). 
5. .1 . H. Anderson and A. V. Gold, Phvs. Rev. 159, 
A1459 (1965). 
4 . H. G. U l j e n v a l l , A. G, Msthewson. and 
H. P. Myers, Ph i l . Mag. 22, 243 (19701. 
5. A. G. Mothewson, H. P. Myers, and P. (>. 
Nilsson, Phys. Sta tus Sol idi (b) 57, KM f1973)-
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Fig. 1. Valence-band XPS spectrum of GaSe. 
(XBL 752-2404) 
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Comparison of energies (cV) of character­
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spectrum of Bit, 
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Fig. 2. Valence-band XPS spectrum of BH3. 
(XBL 7S2-2403) 

Table 1)." Charge densities derived from the EPM 
calculation show the interesting result that 
while the bonding in this compound is predominately 
covalent, there is a significant ionic component 
to the Ga-Se bond. Application of the recently 
proposed XPS scale of ionicity,4 which is based on 
the measured "s-band" splitting, to our GaSe 
results, confirms Schliiter's observation. 

Table 1. Comparison of energies (eV) of character­
istic features in the valence band spectra 
from XPS, with EPM and tight binding cal­
culations for GaSe 

Theory 
F"co" IPS* EFH>> TBn 

A 

a 
i.S6{10> 
Z.89{10) 

(-0.5) 
0.8 

-
c 4.38(10) 2.1 l.i> 
0 5.0(3) 2.5 2.(J 
0 ' 6.0(3) -3.0 3.2 
E 7.23(10) 6.4 -5 .5 
F 9.0(2) 6.7 6.S 
C 14.15(15) -13.0 -13.0 

16.0(41 11.6 11.6 
C a J d 3 / 2 . 5 19.39(10) 
Se M W 2 f 54.19(10) 

5e M 3 / I f S4.*2(10) 

* I h i i - o r i ( r e Ja t lv e to the top uf the vulenr c band) 
Reference 3 

Reference Z 
d I h l s peak exhib i t s cha acte r l n t i c energy lo oes a t .2(3) and 16.0;2)«V. 

For B1I3, neither band "Structure calculations 
nor any previous measurement of the valence band 
density of states exist. Our results for BU3 
are summarized in Table 2. Comparison of these 
results with EPM calculations for the layered 
compot-nd Pbl2 5, which should have some similarities 
to B1I3, indicate that there exist problems with 
the theoretical results similar to the GaSe case. 
Using the observed "s-band" splitting to derive 
an ionicity indicates that the bonding in BU3 
is more ionic than in GaSe. 

Feature Eneray' 

A' 

C 

c 
D 
E 

1-6BC8) 
2.07(B) 
i . 9 7 ( H ) 

8.64(81 
12.11 CO) 
U . I ? I A O ; 

Bl S d i / 2 " 26.99(B) 

Bt 5 d ) / 2

b 28.J9(B) 

1 " M l * 48.41(8) 

1 M l / J b 50.11(85 

"ThlB work ( r e l a t i v e t . the » p of the vi lence band). 
Thii peak exh ib i t ! ch 
•nd 15.6<2)eV. 

• r a c t e r l a t lc energy lo sea at 6.0(2 

These measurements set narrow limits on the 
position and widths of the valence bands of GaSe 
and Bil3; they were used to test theoretical 
studies on layered materials. The calculations 
were shown to be in need of further refinements. 

1. L. Ley, R. A. Pollak, F. R. McFeely, S. P. 
Kowalczyk, and D. A. Shirley, Phvs. Rev. B 9, 600 
(1974); S. P. Kowalczyk, 1:- R. McFeely. L. Ley, 
R. A. Pollak, and D. A. Shirley, Phvs. <ev. B 9, 
3573 (1974). 
2. F. Bassani and G, P. Parravicini, Xuovo 
Cimento B 50, 95 (1967). 
3. M. Schluter, ibid. B13, 31? (1973). 
4. S. P. Kowalczyk, L. Lev, F. R. McFccly,. and 
D. A. Shirley, J. Chem. Phys. 61, 2850 (1974). 
5. I. CM. Schluter, and M. SchTuter, Phys. Rev. 
B £, 1652 (1974). 

6. THEORY OF THE NEON Is CORRELATION PEAK 
INTENSITIES 
R. L. Martin and D. A. Shirley 

Photoelectron spectroscopy (PES) is now a well-
established techniqu for studying the electronic 
structure of atoms, molecules, and solids. Thus 
far, its advantage over other spectroscopic 
methods has been due to the fact that the most 
intense peaks in a PES spectrum generally have 
a one-to-one correspondence with the primary 
ionic states of the system and hence, via 
Koopmans' Theorem, the orbital structure of the 
ground state. 

Associated with eacf- strong peak there are 
also usually several weak-r satellite peaks 
which arf.se through excitation of higher-energy 
final states of the ion. Jvarlier work in our 
laboratory on the HF moleciu> suggested that 
electron correlation in thu ground state played 
an important role in determining satellite 
intensities. With this in mind, we decided to 
examine a better characterized experimental case 
(and a somewhat more tractable theoretical one): 
the Ne Is orbital satellite spectrum. 

http://arf.se


The most intense peaks in the V Is sncctrum 
arc based on the configurations ls'2s 22p", 
ls32s22p s3p» ls12s22p^4p, and ls12s-2p : >5p. There 
are seven states of *-S symmetry which arise from 
these configurations -- the Inst three configura­
tions give risi to two -S Functions apiece due to 
the presence of three unpaired spins; that i s ; 

^fnp) = {2s22p5np('1S)> Is] 2 S 

*,fnp) = {2s22p5npf1SJ, Is) 2 S. (lj 

The actual excited states can be written as a 
linear combination of such "configuration state 
functions"; that is: 

T-(N-l) = r C-.O.iN-l). C2) 

A similar "CI" expansion can b1-1 used for the 
ground state, and typical configuration state 
functions which maŷ mix with the Hartree-I-' >ck 
configuration ls"2s*-2n6 will have the form 
ls 22s2?p 53p, ls 22s 22p*3pS etc. 

for our purposes, a good approximation of the 
effective intensity of a given ionic state is 
given by 

I s , 
I. * HVjfN-DlS'r^CN-lPr (3) 

The notation 4^ (N-l) refers to the fact that we 
must delete the coluim containing the Is electron 
and the row cmtaining electron X from every 
Slater determinant in the ini t ial-s tate expansion. 
The intensity is thus determined by the projection 
of a 1 ,frozep.-orbital"-like primary hole state onto 
the exact eigenstates of the ion. This overlap 
will be large for the primary hole state and 
smaller, but non-zero, for the excited ionic 
states. 

There are two main sources of intensity for 
the final states; one arises from configuration 
mixing in the ionic manifold, and one from CI in 
the ini t ia l state. To make this clearer, let us 
imagine we could suppress the exchange interaction 
between the Ne Is electron and the valence 
electrons in the Ne+ Is hole states; the two 
ls2s22p5np (2S) states would be replaced by 
Up^np) Is and 5 S states. The former would be 
very similar to the ls 22s 22p 5np (1S) excited 
state in atomic neon(the % state also has an 
analog in atomic neon, but i t is not admixed into 
the ground state). Similar 1:1 correspondence 
would obtain between the other configurations 
in the Ne and N'e+(ls hole) manifolds with the Is 
exchange splitting removed; this is depicted in 
Fig. 1 (left side). 

Configuration interaction generates correlated 
eigenstates as shown in Fig. 1 (right side). 
We describe these eigenstates by coefficients as 
shown, and note that these have magnitudes 

b : , . . 

There arc four contribution-; to the intensity-
determining overlap integrals. Path A fi:ig. l.i 
is the largest term, and is of effective 
intensity 

K 'Vol" 
where, for this example, we take the overlap 
integrals to be one or =' ro. It connects the 
main configuration in th 'round state and the 
primary hole state. Pat; connects the ground 
state with the correlate.. tates. If the ground 
state wore not correlated ..e., a n = 0 for all 
n f 0), then R would be the only mechanism for 
reaching correlation states and their intensities 
would be 

^ l an b'il 2 ^ ° - 0 1 • P. "tn 
initial-state configuration interaction provides 
a new avenue for populating firr-1 states: it 
introduces path C. It also pre des a mechanism 
for populating satellites that . not have th** 
correct symmetry to mix with the .ain hole state 
(although this is not obvious in ir example). 
The satellites arising in this c have been the 
subject of experimental study in r group and 
will be discussed elsewhere. 

Within a purely computational vein, our problem 
is now to obtain wavefunctions for the ground 
state and all ionic states of interest. A full 
description of the techniques used is available in 
the original report;1 here we simply note that 
we first determined a Ci wavefunction for the final 
states and computed the relative intensities of 
the satellites using the Hartree-Fock ground 
state wavefunction of neon. We refer to this 
as Calculation 1. It gave the intensities shown 
in the topmost "spectrum" of Fig. 2. These are 
to be compared to the experimental results- in 
the lowermost graph. This approach predicts only 
approximately one-half of the experimental 
intensity. Viewed in terms of our simple model 
this is to be expected -- we must bring path C 
into play. Calculation 2 therefore included 
single and double excitations from the Hartree-
Fock configuration into a virtual space that 
did not include any diffuse Rydberg orbitals. 
Although this calculation recovered 55?. of the 
Ne(*S) L-shell correlation energy (0.33 au), it 
did not improve the intensities. Therefore, in 
Calculation 3 we included also single and double 
excitations into Rydberg-J ike 3s and 3p orbitals. 
As Fig. 2 shows, the results were dramatic; the 
intensities of the 3p(upper) and 5p(lower) peaks 
were more than doubled to near the experimental 
values. The remainder of Fig. 2 shows that this 
improvement also is obtained for the other 
states as we successively include the pertinent 
Rydberg orbitals in the ground state CI wave-
function. It seems safe to conclude on the 
basis of these calculations that the correct 
theoretical intensities of a gi\ren satellite can 
be calculated if that state is adequately 
represented in the configurations that describe 
the initial state (via path C), but that only about 
one-half the experimental intensity is predicted 
otherwise (path B). 
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Fig. 1. Simple model to i l lustrate the effect of ini t ial-state con­
figuration interaction on correlation-peak intensities in Ne Is photo-
emission (not to scale). With Is exchange suppressed, the Ne+(ls hole) 
configuration manifold would closely resemble the ground-state mani­
fold ( lef t ) . Introducing configuration interaction, this 1:1 corre­
spondence would also obtain for the eigen-states (right), and a n - a ' , 
ai ~ a j , etc. The main peak arises primarily from path A. Patns B 
anc C arise because the two configurations "look for themselves" in 
the correlation state. They are of roughly equal strength, but the 
dashed path (D) is weak. (XBL 759-4146) 
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Fig. 2. Bar diagram of the 2p-*np peak intensities 
for eight correlation states of Ne+ (Is hole). As 
in text, calculation 1 is Hartree-Fock in the 
ini t ia l state. Calculation 2 includes correlation, 
but with no double-electron excitation into the 
R>dberg orbitals. Calculations 3, 4, and 5 include 
double excitation into the (3s,3p), (3s,3p,4s,4p), 
and (3s,3p,4s,4p,5s,5p,6p) orbitals, respectively. 
The calculated energies have been shifted upward 
by 0.8 eV to facilitate comparison with experiment. 



281 

Ihis prototype ca lcu la t ion o;i neon has shown 
for the firs*, time that q u a n t i t a t i v e s a t e l l i t e 
i n t e n s i t i e s are access i lu - within the framework 
of the overlap appro.'ina L m embodied in liq. 1. 
We should point out that * ii le the r e l a t i ve 
i n t e n s i t i e s of the s a t e l l i t e s in neon are only a 
few percent , ce r t a in t n n . - i t i o n :ietal complexes 
fc.4»- 1'OCIT) exhib i t Lu*t*-leveJ s a t e l l i t e s which 
are ca. hOi of the main peak. The "spontaneous 
in terconf igurat ion f luc tua t ion" of recent in te res t 
in mixed-valence r a re -ea r th compounds is another 
example of the breakdown of simple one-electron 
models and points to the need for a more general 
descr ip t ion of the i n i t i a l s t a t e . C lear ly , 
photoelectron spectra can be very s e n s i t i v e probes 
of the d e t a i l s of e lec t ron c o r r e l a t i o n in the 
grotind s t a r e , and such spectra possess the 
potent ia l of y ie lding ra ther d i rec t information 
about the e l ec t ron ic s t ruc tu re and r e a c t i v i t y 
of many chemically in t e re s t ing systems. 

1. K. L. Martin and P. A. Shi r ley , I.BL-4556, 
submitted to f'hys. Rev. A. 
2. M. Gel h i s , •'. l i l cc t r . Spectr . and Hel. 
Phenomena 5, 985 f ! 9 ? 4 l . 

7. niiioniniCAi. NHON PI JOTD IONIZATION CROSS-SECTIONS 

K. S. Williams and I). A. Shir ley 

In seeking to understand the r e l a t i onsh ip be­
tween the e l ec t ron i c s t ruc tu re of free atoms and 
experimental photoelectron spec t ra , several 
t heo re t i c a l rodeIs of the photoemission process 
were inves t iga ted . The photoelectron cross 
sec t ions of the Ne I s , 2 s , and 2p s h e l l s were 
evaluated for photon energies ranging from th res ­
hold for the d i f fe ren t l eve l s t o 2000 eV. These 
ca lcu la ted cross sec t ions were then compared to 
experimental determinations of Ne photocmission 
cross s ec t ions . The models used may be divided 
i n t o one-electron and many-electron p i c tu r e s , 

The one-electron models assume tha t in photo-
emission an e l ec t ron in a bound s t a t e of an 
atom absorbs a photon and i s r a i sed t o t he 
continuum without d i s turb ing the remaining 
e l ec t rons of t he system. This i s e s s e n t i a l l y 
equivalent t o the Koopman's Theorem assumption 
t ha t the ioniza t ion energy of an atomic she l l 
i s equal to the Ilartree-Fock energy for the s h e l l . 
The photoemission cross sec t ions were ca lcu la ted 
using plane waves, orthogonalized plane wave and 
numerically generated Hartree-Fock continuum 
functions (ca lcula ted in the f i e ld of the 
Koopman's Theorem or unrelaxed ion) as successi \ r e 
approximations t o t h e continuum s t a t e of t he 
photoemitted e l ec t ron . 

The many-electron models rectgnize t h a t 
c r ea t i ng a hole in an e l ec t ron i c she l l of an 
atom by a photoemission process per turbs the 
remaining bound e l ec t rons of the system. These 
remaining e l ec t rons re lax to sh ie ld the hole 
from the atomic nucleus , thus a l t e r i n g the form 

of the bound one-electron o r b i t a l s . Since the 
bound one-electron o r b i t a l s of the i n i t i a l and 
final s t a t e s no longer belong t o the same 
orthonormal s e t . addi t ional terms appear in the 
t r a n s i t i o n matrix element which are not present in 
the one-electron p i c t u r e . The i n i t i a l and final 
s t a t e s used for these ca lcu la t ions were the 
s ingle-conf igurat ion ground s t a t e ls"2s-2p^;^S 
for the Ne atom and s ingle-conf igura t ion s t a t e s 
for the Ne* + e" systems ls^2s^2p°Ep, P, 
Is 2 2sj2p6f.p; l p ; U-2s-2p 5F_s; l p , and 
ls^2s-2p^cd; l p . The continuum functions u t i l i z e d 
were plane waves, orthogonalized plane waves, and 
numerical ilartrce-Fock continuum functions 
generated in the f ie ld of the relaxed ion. 

The ca lcu la t ions proved to be very s e n s i t i v e 
to the continuum functions. Plane waves and 
orthogonalized plane waves yielded very poor 
r e s u l t s in both the one-electron and many-electron 
p i c t u r e s . The Ilartrec-Fock continuum functions 
yielded near ly ident ica l r e s u l t s for Ne 2s and 2p 
photoionization in the one e lec t ron and many 
e lec t ron p i c t u r e s ; t h i s i s expected since re laxa­
t ion due to ionizat ion from the 2s and 2p o r b i t a l s 
i s qu i te small . The agreement with experimental 
r e s u l t s was within 15°;. except for x-alues at thresh-
hold. For Ne I s ion iza t ion , re laxa t ion i s much 
g rea te r and t h i s i s re f lec ted in the ca lcu la ted 
cross s e c t i o n s . The many-electron model with 
a Hartree-Fock continuum function agrees with 
experimental determinations within 5o, while the 
one-electron model y ie lds cross sec t ions about 12' 
too high. 

8. SATELLITE STRUCTURE IN THE UY PHOTOEMISSION 
SPECTRA OF ATOMIC Zn, Cd, Hg, Ca, Sr , and Ba 

S. Siizer, S.-T. Lee, and D. A, Shi r ley 

Photoelectron spect ra of atomic Zn, Cd, llg, Ca, 
Sr , and Ba were observed using ftel r ad ia t ion a t 
21.21 eV (except in the case of Ba where Nel was 
used) . The spect ra were taken at high temperatures 
and are shown in Figs. 1 and 2. Figure 1 a l so 
shows the -D l i n e s of Zn, Cd, and Hg taken with 
Itell r ad ia t ion (40.8 eV). The ground s t a t e s of 
these Group II-A and Group II-B atoms have 
configurat ions ns , and a considerable amount of 
configurat ion mixing i s expected between t h i s and 
the near-degenerate np% (n-l)d^ and for Ba the 
( n - 2 ) P conf igura t ions . Upon photoelectron emis­
sion there is no fur ther mixing of the r e s u l t a n t 
COJIfigurations np, e t c . , with the primary f i n a l 
ionic s t a t e (ns S j / 2 ) } hence we n igh t expect t o 
see s a t e l l i t e s corresponding t o (np P i /? 3/?)> 
(n 'd % / 2 5/2) and (n*'f - F 5 / 2 7/2) s t a t e s , " 
and o ther l e s s in tense higher f inal s t a t e s . 
We have observed these s a t e l l i t e s in i n t e n s i t i e s 
up t o 221 of the main l i ne in the photoemission 
spec t ra . They were a t t r i b u t e d t o configurat ion 
mixing in the i n i t i a l s t a t e s o f these atoms. Thus 
photoelectron spectroscopy provides a unique new 
method of studying e lec t ron co r r e l a t i on by d i r e c t 
observation of configuration i n t e r a c t i o n . 
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Fig. 1. Photoemission spectra of a) Zn vapor at 380°C, b) Cd 
vapor at 290°C, C) Hg vapor at 55°c using 21.21 eV Hoi radiation 
and 2D lines from Hell radiation at 40.8 eV at the upper right 
comer taken in the same runs. Lines marked "S" arise from tne 
Hel 23.08 and 23.74 eV radiation, and lines marked "I" are in­
elastic, loss peaks. (XBL 7512-9907) 
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Fig. 2. Photoemission spectra of a) Ca vapor at 740°C, b) Sr vapor 
at 050°C using 21.21 eV Hel radiation, and c) Ba vapor at 700°C using 
16.85 eV Nel radiation. Lines marked "S" arise from the Hel 23.08 eV 
radiation, lines marked "I" are inelastic loss peaks, and lines marked 
"A" are Auger lines. Asterisks in the Sr spectra lines indicate the 
Ba (Hel) impurity lines. (XBL 7512-9S98) 



9. RfcLATTVIbTIC AND CORRELATION EFFECT.'] IN THE 
21.2 eV rriOrODirSSION SPECTRUM OF ATOMIC LEAD* 

S. S iher , M. S. Banna, and D. A. Shi r ley 

Photoelectron spcctni of atomic lead in the 
700 - 80GCC range we;t ob ta ined , using Hel 
r ad i a t ion (21.21 eV) and a spec ia l high-temperature 
c e l l . Large r e l a t i v i s t i c e f f ec t s force the Pb 
ground s t a t e (6s^6p~; ^r j ) t o be mostly 6s - 6 p | < 7 , 
as opposed t o the 1:2 r a t i o of 

2 ? 

6 p 1 / 2 t o 6py2 

expected in L-S coupl ing. -This i s observed in the 
lijie i n t e n s i t i e s of P b + ( 6 s 2 6 p ; 2 P i / 2 ) and 
Pb + (6s-6p; -p3/2) f ina l s t a t e s which give the 
r a t i o as 1.000: 0 .071 , a f igure in very good 
agreement with the RIIF ca l cu l a t ed r a t i o of 
1.000: 0 .081 . Figure 1 shows the spec t ra and 
Table 1 summarizes the r e s u l t s . Several o ther 
f inal s t a t e s with i n t e n s i t i e s of about 5* were 
observed which would be inaccess ib le from the 
s 2 p 2 conf igura t ion . Their presence i-> a t t r i b u t e d 
t o t he ground s t a t e of Pb being admixed with 
conf igura t ions of 6s*-6d2 and 6s6p 26d-

16 14 12 
Binding energy (eV) 

Fig . 1, Photoemission spectrum of Pb vapor a t 
715°C using 21.21 eV Hel r a d i a t i o n . Lines marked 
HI and OI a r i s e from HI 10.199 eV and Ol 9.493 
r a d i a t i o n , r e s p e c t i v e l y . (XBL 754-2733") 
Table 1. S t a t e s of Pb+ observed in photoemission 

from Pb vapor 
Relat ive Binding Energy f r o . 

Final s t a t e * In tens i ty" energy, eVb optical da t a , eVC 

•AP =F,„ J. 000 7.42(1) J.415 

\n 0.071(5) 9.16(1) 9.160 

6.6 f

2 \ n 0.07515) 14.59(1) 14.593 

S« 0.024(5) 15.61(1) 15.611 

S« 0.040(5) 16.57(1) 16.576 

>•<•<•* \ n o.iuxb) 16,JS(1> •i6.35) 

"2" \n 0.022(5) 15.97(1) 15.953 

\n 0.0)9(5) 16.06(1) 16.059 

V)d 0.014(5) 9.85(1) — 
Relat ive areaa divided by t he i r k ine t ic energies to correct for Che anectrcaccer 
ef f ic iency. 
This work. Values given are averages of three run*. Errors In l a s t place are 
given pa ren the t i ca l ly . The Xe l i nes a t 12.130 eV and 13.436 cV and Che Ar l ines 
a t 15.759 eV uid 15.937 eV are used for c a i ' h r a t l o n . 
Reference 1• 
Not Iden t i f i ed . 

When the Pb spectrum was taken at 765°C several 
strong inelastic loss peaks appeared; Table 2 
summarizes the results. All of the five peaks 
observed are inteqsreted to result from electron 
impact excitation of neutral Pb hy photoelectrons 
emitted in exciting the "Pw? line, at a kinetic 
energy of 13.80(1) eV. 

Abstracted from J. Chem. Phys. 63, 3473 (1975). 
1. C. E. Moore, Natl. Bur. Stand. (U.S.) Circ. 
467, Vol. 3 [1962). 

Table 2. Inelastic loss peaks observed in neutral Ph 

Ftak T rad i t i on 
ffoa the ground • i t s 

Rclati 

y a 

EaielMtlon tnernr I ... 
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5 

.. 2 1 1„ <i ha bp ? 0 

hn ? 6p{ 2 P 1 / 2 )6d I 

6»6pZ 

, p l 

I 

ft?0. 5 

410.5 

4!0.5 

L6*l 

0.97(1) 

i . ) : i i ) 

i . ] 7 ( l ) 

5.71(1) 

10.5712) 

D.OMJ 

I.3JO 

j ^.'09 

"Areas divided by their t in , t l c energies, H a i l , to peak [. 
bV.lues lven are iv t ro i j i» 

aLlbratlon. 
)f tV o runs. The Pb* 1 » L f r . - T.bl • 1 . , . „ . ,d f o r 

10. AUTOIONTZATION IN' THE PifOTOELECTRON SPECTRUM 
OF Ba 

S.-T. Lee, S. Siizcr, E. Matthias, and D. A. Shirley 

The photoelectron spectrum of Ba vapor was 
measured using both llel and Nel radiation. The 
spectra are displayed in Fig. I, with the peak 
assignments labelled. Our itel spectrum as well 
as others*^ showed a number of excited-state 
peaks of Ba + with intensities comparable to that 
of the 6s state. Moreover, above the double 
ionization threshold of Ba (IS.215 eV), three 
intense peaks were detected. By contrast, in the 
Nel spectrum of Ba the peak intensities of the 
excited states are much weaker and the satellite 
structure is less extensive. 

Within the independent-electron approximation, 
the observed excited Ba + states are forbidden, 
and above the B a + + threshold discrete peaks are 
not to be expected. The satellite structure in 
the Nel spectrum can be attributed to configura­
tion interaction in the initial state. However, 
the rich satellite structure in the He! spectrum 
is due to autoionization, which constitutes the 
major source for the single and double ionization. 
It appears that a highly excited state of Ba 
e.g., one of the 5p 56s" (nd or ns) 1 P states, 
absorbs the llel (21.22 eVJ radiation resonantly. 
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H g . 1. (a) Hel photoclectron spectrum of Ba. (b) Nel photo-
e lec t ron spectrum of Ba. In both spect ra the peaks marked I 
a rc duo to i n e l a s t i c a l l y sca t te red e lec t rons from the intense 
pe.-iks in exc i t ing the neutra l Ra to the lowest ty s t a t e , i . e . , 
5p l ,0s-( .S) * Sp^OsbpC^r). Those marked S are due to exc i t a t i ons 
!iy the s a t e l l i t e l ines of ilel and Nel r ad ia t ion . Unidentified 
peaks in the Nel spectrum mav he due to exc i t a t i on by Nell 
r ad ia t ion . ' (XBL 759-4143) 

This s t a t e mixes, through configurat ion i n t e r ac ­
t i o n , with a number of continuum s t a t e s of the 
types : Ha + +(5p 6") ( e l c T ) , Ba* vSp^ ln ' D ( e l " ) , 
and Ba+f^Ai lHel* )• The o s c i l l a t o r st-.eugth of 
the resonant t r a n s i t i o n w i l l be shared among 
these continuum s t a t e s . Resonant absorption and 
autoioniza t ion gives r i s e to the various features 
observed in the Uel photoelectron spectrum. The 
th ree peaks above Ba threshold are reached 

from B a + ( 5 p 5 n l n , l t H E l " ) » but a two-step 
autoionization-Auger process . 

1. B. Brehm and K. Hofler, In t . J . Mass. 
Spectrom. Ion Phys. 17, 371 (1975). 
2. H. Hotop and D. Mahr, J . Phys. B. Atom. 
Molec. Phys. £ , L301 (1975), and p r iva t e 
communication. 



11. K-SHELL CORRELATION-STATh SPECTRA IN FORMAMIDE 

B. E. Mil ls and D. A. Shir ley 

Core-level photoemission spec t ra cons is t of a 
main l i ne plus s a t e l l i t e peaks a t h igher binding 
ene rg ie s , These peaks a r i s e from d i r e c t photo­
e l e c t r i c t r a n s i t i o n s to s t a t e s of the same 
symmetry as t h a t of the main hole s t a t e . All 
these s t a t e s - - main s t a t e p lus s a t e l l i t e s - -
are eigenvectors formed via configurat ion mixing 
from simple conf igura t ions : hence the term 
" c o r r e l a t i o n s t a t e s " . 

This p ro to typ ica l s tudy, with I s holes on 
carbon, n i t rogen , and ox>gen, shows t h a t TT -*• r.* 
e x c i t a t i o n s a re d i f f e r e n t i a l l y s t a b i l i z e d 
according to the loca t ion of the I s ho l e . Upon 
Is i on i za t i on , each MO i s s t a b i l i z e d in proport ion 
to i t s population on the ionized atom. Thus, for 
example, the i n i t i a l s t a t e s O i and TT2) in 
n i t rogen would be s t a b i l i z e d by a N I s hole while 
the f ina l TTJ* s t a t e would be r e l a t i v e l y unaffected. 
This would increase binding energy of t he 
TT-J -*• 773* and TTJ -*• TT3* c o r r e l a t i o n s t a t e s r e l a t i v e 
to the main N I s as compared to the same s t a t e s 
for carbon and oxygen. Similar arguments can be 
made in the other cases . Figure 1 presents these 
experimental ly observed e f f ec t s along with the 
p red ic t ions of Basch. There i s remarkable 
q u a l i t a t i v e agreement, i nd ica t ing that co r re l a t ion -
s t a t e spec t ra can be used to determine the 
responses of individual MOs t o " t e s t charges" - -
Is holes - - o n individual atoms. 

FORMAMIDE 

Fig. 1. Systematic va r i a t i ons of the i\i •* TT3* 
and TTJ -»- TT3* e x c i t a t i o n energies and i n t e n s i t i e s 
i n gaseous formamide. Where a v a i l a b l e , i n t e n s i t i e s 
are denoted by (hor izonta l ) lengths of wide b a r s ; 
open f igures denote ca lcu la ted va lues , f i l l e d 
f igures denote experimental r e s u l t s . The low 
e x c i t a t i o n energies accompanying C I s ion iza t ion 
are a t t r i b u t e d t o t he s t a b i l i z a t i o n o f t he 113* 
o r b i t a l by the (pos i t ive) core h o l e s ; the high 
energies accompanying N i s , to the s t a b i l i z a t i o n 
of the TTJ and TT2. (XBL 7511-9554) 

12. FURTHI-K STUDIES oi- mi-: CORE BINDING ENURCY 
PROTON AFFINITY CORRELATION IN MOLECULES 

B. E. M i l l s , R. L. Martin, and I). A. Shir ley 

X-ray photoelectron spectroscopy can provide 
r. pos i t i ve probe a t a reac t ive atom, e luc ida t ing 
the fundamental ef fec t of molecular s t r u c t u r e on 
b a s i c i t y and thus on r e a c t i v i t y in genera l . Core-
l eve l binding-energy s h i f t s were measured for 01s 
l eve l s in a l coho l s , e t h e r s , a c i d s , aldehydes, 
e s t e r s , and acetone; Nls l eve l s in ammonia and 
a l i p h a t i c amines, P?p l eve l s in pi>osphine and i t s 
methyl d e r i v a t i v e s , and S2p leve l s in II-?S and i t s 
methyl d e r i v a t i v e s . A t o t a l of 46 compounds wen? 
s tud ied . The core- level s h i f t s co r r e l a t ed well 
with gas-phase proton a f f i n i t i e s , thereby extending 
and support ing e a r l i e r r e s u l t s of Martin and 
Sh i r l ey , Davis and Rabalais , and C a r r o l l , Smith, 
and Thomas. \n the amines, for which the data 
are most p r e c i s e , a good c o r r e l a t i o n was observed 
for a l l 16 molecules taken toge the r . On a f iner 
s c a l e , each s e r i e s of amines (primary, secondary, 
t e r t i a r y ) showed a l i nea r c o r r e l a t i o n , while 
ammonia and i t s methyl de r i va t i ve s shaved a 
l i n e a r c o r r e l a t i o n with d i f f e ren t slopes t'Fig. 1 ) . 
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Fig. 1. Nitrogen Is binding energies versus 
proton affinities for a series of aliphatic amines, 
using ammonia (triangle) as a reference. Primary 
amines are shown as open circles, secondary anines 
as filled circles, aiid tertiary amines as souarcs. 
Line A, drawn through all the data, has slrpe 
unity. Line B (AED (Nls) = -0.73 APA) parses 
through ammonia ana its methyl derivatives. The 
other lines (AER (Nls) = -1.5 APA) show the linear 
variations within each series (primary, secondary, 
tertiary). Changes in local bonding at the 
nitrogen site between series (line B) effect the 
IP by angle change, rehydridization, etc.; the E B 

is sensitive only to a change in the average 
potential. Within a series, however, induction 
in the initial state and polarization in the 
final state will effect Eg more strongly than IP. 
This accounts for the differences in the slopes 
of the lines. (XBL 756-3297) 



Tlicsc two c o r r e l a t i o n s arc in te rpre ted as 
responses of the syr-tom to long-range ef fec ts and 
t o changes in the local bonds, r e spec t ive ly . 
Similar behavior was observed in the single-bonded 
oxygen compounds. Ixcc l len t l i nea r co r re la t ions 
were observed in the compounds of the th i rd period 
elements phosphorus [LW^ = -0.bt.V\) .'uid sulfur 
(Aliji = -1.0/.PA). Differences in the slopes were 
t e n t a t i v e l y a t t r i b u t e d to more pronounced changes 
in nuclear pos i t ion on protonation of the 
phosphines. Analysis of tlic oxygen data supports 
the conclusion of Carroll c t a l . tha t protonation 
of carboxyl groups occurs on the keto oxygen. 
These r e s u l t s suggest tha t core level s h i f t s can 
be used t o predict piuton a f f i n i t i e s . 

13. TABU: OI : roKb-n.iiiTRnN BIMUNT; I-NEKCTLS 

I). A. Shir lev , R. L. Martin, S. P. Kowalczvk, 
F. R. McPeely, and I.. I,ey 

'Hie recent discover) ' tha t core- level e l ec t ron ic 
binding energies are sys temat ica l ly several eV 
lower in conducting so l ids that in free atoms 
neces s i t a t e s a new tabula t ion^of atomic energy 
l e v e l s . Previous t abu l a t i ons - were drawn up 
without regard to whether the data were taken 
on free atoms or s o l i d s , and ser ious discrepancies 
a re found when these t abu la t ions arc compared 
with t heo re t i c a l binding ene rg ies . 

The most common type of systematic e r r o r i s 
caused by combining op t i ca l data for valence 
o r b i t a l s in atoms with x-ray data for core 
leve ls in metals , then comparing the r e s u l t s with 
c i t h e r core- leve l binding energies measured 
d i r e c t l y by photoelectron spectroscopy on metals 
or with theo re t i ca l binding energies for free 
atoms. S o l i d - s t a t e e f fec ts render the photo-
e lec t ron values sys temat ica l ly lower than the ca l ­
culated atomic binding energ ies , while the values 
derived from x-ray and op t i ca l data arc not 
r igorously comparable to binding energies in 
c i t h e r atoms or metals . 

We have, the re fo re , prepared a new t ab le of 
binding energies which e x p l i c i t l y takes into 
account the differences between atomic data and 
data obtained on samples in the "standard" s t a t e , 
usual ly the meta l l i c s t a t e . New values of core-
level binding energies for Sc, T i , V, Cr, Mn, 
i : e, Co, and Ni were measured by x-ray photoemission 
under u l t ra -h igh vacuum condi t ions . These were 
combined with o the r photoemission, o p t i c a l , and 
x-ray data to compile binding energy values for 
the f i r s t 30 elements, both as free atoms and in 
t h e i r standard s t a t e s . Comparisons of these 
values with theory were a l so made. This t a b l e 
i s ava i lab le in the o r ig ina l r epo r t . ^ 

From an empirical point of view, most core-lcx rel 
binding energies in the f i r s t 30 elements are 
now kniwn to within e r ro r s of 0.1 eV. For the 
I s , 2s , and 2p leve ls of t r ans i t ion-meta l atoms, 
x-ray energy s h i f t s from metals to atoms may in­
crease t h i s e r ro r to ^4 eV. Because previous 
compilations did not take in to account the 
difference between ER values for free atoms and 
the standard s t a t e , they were in some cases in 

doubt by amounts up t o t he d i f ference between 
the two, i . e . , by up to 18 eV, in e i t h e r CgfatomJ 
o r fjjfmctal). 

The la rges t cont r ibut ions to the change in 
the core- level binding energy in going from a 
free atom to a metal appear to a r i s e through 
screening of the vacant o r b i t a l v ia extra-atomic 
re laxat ion of the meta l ' s valence e l e c t r o n s , an 
increase in the repuls ive po ten t i a l experienced 
by core e lec t rons in metals , and (in the t r a n s i ­
t ion se r i e s ) change"-- in e l ec t ion conf igura tors .* • •* 
These ef fec ts combine t o make E]j(roetal) l e ss 
than l-.jj(atom) for a l l core l e v e l s . 

The success of extra-atomic re laxa t ion energy 
e s t i m a t e s 1 has led us to make t h e o r e t i c a l 
es t imates of core- level binding energies in metals 
by cor rec t ing t heo re t i c a l free-atom binding 
energies for s o l i d - s t a t e e f fec t s using a model 
described e a r l i e r . 1 Spec i f i ca l ly , we have used 
the r e l a t i o n 

i ;„(sol id , theo) = E R(atom, theo) - - F°fi,s"). 

Here F ° ( i , s ) i s J Coulomb in t eg ra l between core 
level i and the screening o r b i t a l s , and the 
binding energy for the so l id i s referenced to the 
vacuum level and not the Fermi energy. There 
i s in general very good agreement between the 
experimental and t h e o r e t i c a l atomic binding 
ene rg ies . The f i r s t case i s the L i t i s ) l e v e l , 
for which the binding energy i s 64.8 eV in the 
gas phase and 57.2 eV in the metal . The 
respec t ive t heo re t i c a l values a re 64.3 and 60.5 eV. 
In other cases the absolute values of Eg may be 
reproduced verv well bv theorv ( e . g . , for the 
N'a(ls) c i t e , F.B(atom) = 1079.1(9) eV, Efl(metal) = 
1074.0(1) eV, compared with t h e o r e t i c a l values 
of 1079 and 1075 eV, r e s p e c t i v e l y ) , or they may 
not ( e . g . , 4 eV e r r o r in the K i s c a s e ) . 
Differences between the Hp(atom) and Eg(metal) 
are always presen t ; however, they always have 
the expected sign and t h e i r magnitudes tend to 
follow qui te c lose ly the values predic ted by the 
(1/3)F° es t imate described above. 

In conclusion, the r e s u l t s of t h i s work 
provide very strong evidence tha t atomic binding 
energies a r e su f f i c i en t l y well known exper i -
men'colly and understood t h e o r e t i c a l l y t o 
neces s i t a t e tha t a c l e a r d i s t i n c t i o n be made be­
tween the atomic s t a t e and the me ta l l i c s t a t e in 
future discussions of binding energy. When t h i s 
d i s t i n c t i o n i s made, the s ize of the s o l i d - s t a t e 
s h i f t and i t s s e n s i t i v i t y to e l e c t ron i c s t r uc tu r e 
hold forth promise of i t s value in the e luc ida t ion 
of var ious e l e c t r o n i c s t r u c t u r e problems in 
meta ls . 
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14. SODIUM ANODES FOR X-RAY PU0T0EMISSION STUDIES 

M. S. Banna* and D. A. Shir ley 

As photoelec t ron spec t roscopis t s turn th . - i r 
a t t e n t i o n increas ing ly to synchrotron rad ia t ion 
sources to obta in va r iab le energy and highly 
monochromatic r a d i a t i o n , i t i s important not to 
neg lec t the development of labora tory x-ray l ine 
sources . Because unconventional anode mater ia l s 
provide high photon fluxes at c e r t a i n ene rg i e s , 
many experiments can be performed in the labora­
t o r y , r a the r than a t a synchrotron f a c i l i t y . 

Sodium i s t he l i g h t e s t metal t ha t can be 
expected t o produce sharp Kai? r a d i a t i o n . The 
l inewidth should be s i g n i f i c a n t l y smaller than 
in heavier metals (^0.4 eV), and the NaKu l ine 
f a l l s a t a convenient energy of 1040 eV. The 
chemical r e a c t i v i t y of sodium has prevented i t s 
use as an anode mater ia l in the p a s t , but anode 
prepara t ion in vacuo has provided a source of 
NaKa r a d i a t i o n s u f f i c i e n t l y intense for photo-
e l ec t ron spectroscopy. A sodium charge was 
loaded in to holes on the cathode block near the 
filament of a s tandard x-ray tube in the Berkeley 
i ron - f r ee photoelect ron spectrometer. When the 
filament was heated , the sodium charge was flashed 
onto a copper anode, producing a sodium anode 
which l a s t e d for 24 hours . 

Fig. 1. Neon Is photoemission spectrum and 
neighboring s a t e l l i t e s ; taken wiih N'aK^ji x - rays . 
Linewidths a r e : Kap peak, 0.68(1) eV; Ka' , 
0.9(2) eV; Ka 3 , 0 76(4) cV; and Kc.4, 0.77(5) eV. 

(XW. 751-2128} 

The NaKa x-ray spectrum was studied by photo­
electron spectroscopy, using the neon Is line. 
A spectrum is shown in Fig. 1. A least-squares 
fit yielded the following satellites (positions, 
intensities) relative to the main Kai2 Vea^: 

Ka' (4.00 eV, 0.02), Ka3 (7.00 eV, 0.12), 
K04 (8.52 eV, 0.094). Analysis of high-resolution 
spectra yielded an upper limit of 0.42 eV FWIfl 
for the NaKai2 line. 

Several test cases were used to assess the 
value of the NaKa^2 l* n e ^ o r molecular photo­
electron spectroscopy. For example, Fig. 2 shows 
the carbon Is spectrum of methane, previously 
studied in detail with monochromatized AlKa 
x-rays by Gelius et a r , who were able to obtain 
both the ratios and energy separations of the 
three vibrational levels under the main peak. 
Using their intensity ratios in our fitting 
procedures, we obtained separations of 0.43(2) eV 
and C.4K7) eV between the vibrational levels in 
order of increasing binding energy; these values 
are in excellent agreement with the monochromatized 
x-ray value of 0.43(2) eV obtained by Gelius et al. 
Lorentzians constrained to have equal linewidth 
were used to fit the composite peak. While the 
monochromatic source of Gelius et al. gives appre­
ciably better resolution of the vibrational 
components in CH4, the spectrum shown in Fig. 2 
is distinctly superior to results obtained 

heretofore with other characteristic x-rays. We 
note that the asymmetry in the composite peak is 
obvious by visual inspection, and the ability of 
these data to yield the correct separations in the 
leoSt-squares fit reinforces this observation. 
We believe thac with a better spectrometer it 
would be possible to achieve considerably better 
resolution of the three Cls components in the 
CH4(NaKct72) spectrum. 

Many applications of the NaKa line are likely, 
particularly as ultrahigh vacuum spectrometers 
for surface studies become commonplace. This 
pilot study has established both that sodium is 
tractable as an anode material and that the gain 
in resolution with sodium anodes is worth the 
additional effort. 
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Fig. 2. Carbon I s photocmission spectrum of 
methane, taken with NaKa]? x- rays . Courts were 
obtained a t increments of 0.15 eV. Tlirec 
Lorentzians of equal FMM were vised in the f i t . 
(The lincwidth of each was determined t o be 
0.65(2) eV.) Derived separa t ions are 0.43(2") eV 
and 0.41(71 cV, in order of increasing binding 
energy. (XBL 751-2129") 

15. PHOTOEIJ-CTRON SPECTROSCOPY OF SHC0M)-R01V 
DIATOMIC MQIJiCULFS AT 152.3 eV 

M. S. Banna and D. A. Shi r ley 

Photoelectron spectroscopy has been hindered 
h i s t o r i c a l l y by a lack of su i t ab l e photon sources 
at energies between the hard UV range, which 
extends up to the 40.S eV resonant -P3/2 - Is 
t r a n s i t i o n in He + , and the soft x-ray range. The 
l a t t e r now extends down to 1040 eV (see above), 
the energy of the XaKai? t r a n s i t i o n . Although 
intermediate-energy photon sou es a re des i r ab le 
for many reasons, the most important s ingle need 
a r i s e s in surface physics ai»d chemistry. As 
Fig. 1 shows, the c h a r a c t e r i s t i c e lec t ron mean 
free path in a metal i s shor tes t ( - 5A), and the 
surface s e n s i t i v i t y of photoelectron spectroscopy 
therefore g r e a t e s t , for e l ec t ron k ine t i c energies 
of ~100 eV. With the goal in .iind of developing 
a s e n s i t i v e surface probe, we have designed and 
b u i l t an y t t r ium anode, following the pioneering 
work of M. Krause 1 , and used the 152.5 eV yt t r ium 
Mr, x-ray to study molecular o r b i t a l s in gaseous 
*2» ° 2 . CO, and C2H4--molecules tha t are coimonly 
studied as adsorbates. 1 -

A r e l i a b l e y t t r ium anode was made by p ress -
f i t t i n g an y t t r ium disc into a copper cup of 
s l i g h t l y smaller diameter; the copper cup could 
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Fig. 1. The "un iversa l " curve, derived from data 
on heavy meta ls , for e lec t ron a t tenuat ion length 
versus k i n e t i c energy. Maximum surface s e n s i t i ­
v i ty of photoemission f a l l s in the 100 eV range. 

(XB1. 7212-4882) 
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Pig. 2. Molecular-orbi tal p 1 otoemission spectra 
of CO taken with MgKa x-ravs (1255.6 eV) and wirh 
YMq x - rays . (132.3 eV) (XBL 751-2122) 
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be d i r e c t V ' water-cooled. Formvar windows of 
20 ugm cm* ^ th ickness allowed the YMc photons t o 
p a s s , while maintaining a vacuum seal between 
the x-ray tube and sample chamber. The anode was 
biased pos i t i ve t o keep e l ec t rons from the 
window, which was a l so thermally shielded from 
the f i lament. 

~h_ reso lu t ion and i n t e n s i t i e s obtained in 
molecular photoelectron spec t ra exc i ted by the 
YM5 l i n e a r e e n t i r e l y adequate for s tudying 
molecules as adsorbates in submonolayer coverages. 
Furthermore, t he clianges in r e l a t i v e i n t e n s i t i e s 
of mo2ecular-orbi ta l peaks, compared t o those 
found with h.!gher-energy MgKa source (1255.6 eV) t 

d e f i n i t i v e l y ass ign the a tomic-orb i ta l composi­
t i on of t he molecular o r b i t a l s . Thus, the 
spec t ra of CO (Fig. 2 ) , toge ther with the 
knowledge t h a t a (2s ) / a (2p) increases by an order 
of magnitude from 10- eV t o l O 5 eV photon energy, 
e s t a b l i s h t he 2s cha rac t e r of the 3o o r b i t a l , 
the 2p charac te r of i n , and the s-p mixing in So, 
the carbon lone p a i r . 

1. M. 0 . Krause, Chem. Phys. Le t t . 10, 65 f i971). 
2 . M. S. Banna arid D. A. Sh i r l ey , LBL-3479 ( to 
be published An J . E l e c t r . Spectroscopy and 
Related Phenomena). 

16. MOLECULAR PHOTOELECTRON SPECTROSCOPY AT 
132.3 eV: TKL SECOND-ROW HYDRIDES 

M. S. Banna and D. A. Sh i r ley 

The 10-electron second-row hydrides HF, I^O, 
1NK3, CH4 comprise an i n s t r u c t i v e s e r i e s for the 
stud>' of e l e c t r o n i c p rope r t i e s in t he 1-10 eV 
energy range. On t h i s sca le some s u b t l e t i e s of 
molecular geometry a r e b lu r red over , and these 
hydrides can be regarded as being derived from 
atomic neon by moving 1-4 protons from the nucleus 
t o t he atomic per iphery . The a t tendant reduct ion 
in s t r eng th of the c e n t r a l p o t e n t i a l i s manifest 
p a r t i c u l a r l y in the v a r i a t i o n of o r b i t a l binding 
ene rg ie s , as well as o ther p r o p e r t i e s . 

Photoelectron spectroscopy i s an idea l t e chn i ­
que for studying the quasiatomic cha rac t e r of 
t rends in o r b i t a l binding energies along t h i s 
s e r i e s . By the use of the u l t r a - s o f t (132.3 eV) 
yttvium M5 x - r a y 1 toge ther with s o i t (1253.6 eV) 
MgKa x - r ays , i t i s a l so poss ib le t o determine 
t he a tomic-orb i ta l composition of t he molecular 
c r b i t a l s . A study cf t h i s type was ca r r i ed out , 
y i e ld ing the binding t a e r g i e s and peak i n t e n s i t i e s 
summarized g raph ica l ly in Fig. 1. 

Trends in t he 2s - 2a - 2a\ o r b i t a l p rope r t i e s 
follow from the 2s cha rac t e r of t he 2a and 2a^ 
o r b i t a l s , while t he a tomic-orb i ta l composition 
of o ther molecular o r b i t a l s leads t o c h a r a c t e r i s ­
t i c i n t e n s i t y changes from MgKa t c YME; ene rg i e s . 
Thus comparison of the neon and HP spect ra shows 
t h a t the peak labeled III i s in fact 2 p - l i k e , 
while the 3o o r b i t a l has mixed 2s and 2p parentage, 
i t i s now poss ib le to draw a complete s e t of 
o r b i t a l c o r r e l a t i o n diagrams from empir ical 
bindinc; energies and t o determine in whicn 
o r b i t a l s the bond energy r e s i d e s . For example 

r i g . 2, constructed in t h i s way, shows the 
importance of the 2aj o r b i t a l to the bond 
s t rength of methane. 

1 . M. 0 . Krause, Chem. I 'hvs. L e t t . 10, 65 (1971 ) . 
2. M. S. Banna and IK A. Sh i r l ey , LET-3478 
(.1. Chem. Phys. , to be publ i shed) . 
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Fig. I . Schematic of r e l a t i v e photoeloctron peak 
areas and binding energies obtained from the 
experimental spec t ra of the second-row hydrides 
and neon with MgKa and YMc x - rays . To f a c i l i t a t e 
comparison, the innermost MO i n t e n s i t i e s a re 
shown equal for the e n t i r e s e r i e s a t each of the 
two exc i t i ng photon ene rg i e s . (XBL 754-2699) 
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Fig. 2. An orbital correlation diagram for CH4, 
using binding energies in C, H, and CH4. Note 
lowering in energy of 2ai orbital. (XBL 754-2698) 
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17. MOLECULAR PIIOTOtLUCIRGN SPECTROSCOPY AT 
132.3 eV: ORBITAL INTENSITIES IN THE FLUORINATED 
METHANES 

M. S. Banna and I). A. Shir ley 

In the development of molecular photoelectron 
spectroscopy using the 152.3 eV YMc l i n e , i t i s 
important to a sce r t a in the extent t o which r e l a t i v e 
peak i n t e n s i t i e s d i r e c t l y mirror a tomic-orbi ta l 
composition. To t h i s end experiments were 
ca r r i ed out on the f luoi ina ted methanes.1 

The data were analyzed using the Gelius model , 
in which the pho toe lec t r i c c ross sec t ion of 
molecular o r b i t a l i i s given approximately as 

<V'mo) * r Pj j OjtAO) CD 

Here Oj i s the photoe lec t r ic cross sect ion of 
atomic o r b i t a l j , and Pjj i s the population of 
tha t o r b i t a l in molecular o r b i t a l i . The model 
ignores c ioss terms tha t a r i s e due to overlap. 
I t i s c red ib le in the high-energy l i m i t , but i t s 
accuracy a t hu= 132.3 eV would be d i f f i c u l t to 
p red ic t t h e o r e t i c a l l y . 

Results a re s e t out in Table 1. In some cases 
energy separa t ions were taken from e a r l i e r work. 3 

Empirical atomic c ross-sec t ion r a t i o s were derived 
from o r b i t a l i n t e n s i t i e s in HF, CH4, and CH3F. 
In tens i ty r a t i o s a re given r e l a t i v e to the 4aj 
o r b i t a l . Theoretical i n t e n s i t i e s were ca lcula ted 
using Eq. (1) together with ab i n i t i o wave 
functions given by Snyder and~Basch. 4 Both gross 
and net atomic populat ions were used. 

Table 1. Relat ive molecular o rb i t a l binding ener­
gies and i n t ens i t y r a t i o s for the fluor­
idated methanes. Energies a re in eV. 

BAied on BCL papulations 

The i n t e n s i t i e s agree amazingly well with the 
simple theory, with very few except ions . They 
give no bas i s for choice between net and gross 
populat ion. We conclude t ha t photoelectron 
spectroscopy a t 152.3 eV has rea l d iagnost ic 
po ten t i a l in s tud ; ing molecular o r b i t a l s . 

1. M. S. Banna and D. A. Sh i r l ey , Chem. Phvs. 
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2. U."Gelius in Electron Spectroscopy, D. A. 
Sh i r l ey , e d . , (North-Holland, Amsterdam, 1372) 
311. 
3 . M. S. Banna, B. E. Mi l l s , D. W. Davis, and 
D. A. Sh i r l ey , J . Chem. Phys. 6 1 , 4780 (1974). 
4 . L. C. Snyder and H. Basch,""Molecular Wave 
Functions arid P rope r t i e s , (John IVji.ev $ Sons, 
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18. RARE-EARTH VALENCE STATE STUDIES OF THE 
SERIES RIn 3 AND RS113 DERIVED FROM QUADRUPOLE 
COUPLING CONSTANTS 

G. P. Schwartz* and D. A. Shi r ley 

Discussions of the e l ec t ron i c s t r u c t u r e s of 
metals usual ly begin by p a r t i t i o n i n g the l a t t i c e 
in to pos i t ive ly-charged ion cores plus i t i n e r a n t 
valence e l e c t r o n s . For many metals t h i s separa t ion 
i s a computational shor tcut r a t h e r than an 
experimentally observable f e a t u r e , but in the r a r e -
ea r th metals and t h e i r compounds the "valence 
s t a t e " has a more exact meaning. The 4f e l ec t rons 
are s u f f i c i e n t l y loca l ized to be assigned 
unambiguously t o the ion cores , which then have 
charges of +3 o r , sometimes, +2. Considerable 
t h e o r e t i c a l and experimental a t t e n t i o n has 
r ecen t ly been focused on the quest ion of non-
i n t e g r a l r a r e - ea r th valence and va lence - s t a t e 
changes induced by pressure and temperature. Most 
of t he cases s tudied t o da te have been r a r e - e a r t h 
chalcogenides which have i n su l a t i ng o r semi-
me ta l l i c p r o p e r t i e s , but p o t e n t i a l l y i n t e r e s t i n g 
me ta l l i c cases have a l s o been known for some time. 

Early s tud ies of the s u s c e p t i b i l i t y and l a t t i c e 
constants o£ t he r a r e - ea r th s e r i e s RInj indica ted 
t ha t Yb was in a lower valence s t a t e (presumably 
+2) than the o ther r a re e a r t h s . The la rge 
increase in s u s c e p t i b i l i t y noted on cooling to 
l iqu id helium temperatures was taken as an 
ind ica t ion t h a t t he valence of Yb had changed 
from +2 t o +3. In the RS113 s e r i e s , EuSn3 and 
YbSn3 both appear with d iva lent r a r e e a r t h s , 
while CeSns i s t r i v a l e n t a t room temperature and 
o r i g i n a l l y was thought to become quadrivalent a t 
helium temperatures. These ea r ly conclusions were 
disputed through l a t e r Mossbauer s t u d i e s , but a 
cons i s t en t p i c t u r e for the combined In and Sn 
s e r i e s has not been published t o da te . 

The RI113 and RSn3 i n t e r m e t a l l i c s c r y s t a l l i z e in 
the FCC AuCu3 s t r u c t u r e , which p laces the In or 
Sn a t a s i t e with te t ragonal symmetry. The non-
cubic nature of t i i i s s i t e leads to a non-vanishing, 
axially-symmetric e l e c t r i c f i e ld gradient q tha t 
i s highly s e n s i t i v e to changes in the surrounding 
r a r e - ea r th valence s t a t e . According to a simple 
point-charge model, q should sca le as Z ' / r 3 , where 
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Fig . 1. La t t i ce constants and quadrupole coupling 
data for RI113 compounds p l o t t e d aga ins t atomic 
number. Inse t shows v a r i a t i o n s for Ybln3 with 
temperature and pressure changes. (XBL 758-3708) 

Z' i s an e f f ec t ive charge. The functiona? form 
of t h i s dependence leads t o a great s e n s i t i v i t y 
advantage o f f i e l d g rad ien t s as opposed to l a t t i c e 
cons tan ts for determining valence s t a t e s . 

In t h i s work r ad ioac t ive In was s u b s t i t u t e d 
in to the In o r Sn l a t t i c e s i t e s of those RIns and 
RS113 conpounds t h a t a re s t a b l e a t room tempera­
t u r e . Quadrupole coupling constants e 2 qQ/h were 
determined by t i m e - d i f f e r e n t i a l per turbed angular 
c o r r e l a t i o n s in the 247 KeV s t a t e of }}}Cd fo l ­
lowing t he e l ec t ron-cap tu re decay of 1 3 1 I n . These 
l o r e mul t ip l i ed by a 0 3 , where aQ i s the l a t t i c e 
constant of each RIn3 o r RSn3 compound, to form 
the product ( e 2 q Q / h ) a 0

3 ; t h i s l a t t e r should vary 
d i r e c t l y as Z ' . 

Figure 1 shows t ha t V in the Sins l a t t i c e i s 
e s s e n t i a l l y constant for 12 ra re e a r t h s , but 
dramat ica l ly lower for Yblng. This i s i n t e r p r e t e d 
as i nd i ca t ing a +2 valence s t a t e for Yb. The 
i n s e t shows l i t t l e change i n (e 2 qQ/h)ap 3 a t 
high pressure and a t low temperature, i nd i ca t ing 
t h a t t he valence s t a t e does not change. The RSn3 
compounds showed s i m i l a r behavior . Both EnSn? 
and YbSn3 have d iva len t r a r e e a r t h s , while in"CeSn3 
the cerium atoms a re t r i v a l e n t , as are La, Pr , Nd, 
Sn, and Gd in t h e i r respec t ive compounds. 
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19 . MEASUREMENT OF ZERO-POINT SPIN DEVIATIONS, 
PRESSURE-INDUCED HYPERFINE FIELD SHIFTS, AND 
SUBLATTICE MAGNETIZATIONS USING PERTURBED ANGULAR 
CORRELATIONS 

H, H. Riroieberg, G. P. Schwartz, and D. A. Shi r ley 

Time-di f ferent ia l perturbed angular c o r r e l a t i o n 
(TUPAC) of 7-rays has been appl ied inc reas ing ly 

t o study s o l i d - s t a t e p r o p e . t i e s . In most cases 
quadrupole in te rac t ions Mave been measured to 
in fe r the e l e c t r i c f ie ld gradient produced by the 
l a t t i c e a t the s i t e of tna rad ioac t ive n u c l e u s . 1 

Recently, t he well-known VY cascade of l l l m C d 
has been used t o determine magnetic hyperfine 
f i e lds a t t he impurity in Cd-doped antiferromag­
n e t i c i n s u l a t o r s . ^ The observed i n t e r n a l f i e l d s 
have been discussed considering over lap and 
charge- t rans fe r e f f e c t r of the neighboring anions. 

The purpose of t h i s work was t o use the PAC 
technique to probe p rope r t i e s of the magnetic 
l a t t i c e i t s e l f . The zero-point spin devia t ions 
in the doped two-dimensional Heisenberg- l ike 
antiferromagnets ^Nify/Cd and Rb2MnF4/Cd were 
measured. The temperature dependences of t he 
hyperfine f i e ld s in RhNtaF^Cd and MnF2/Cd yielded 
the temperature dependence r f the s u b l a t t i c e 
magnetisation next to the impurity. F ina l ly we 
repor t the pressure dependence of the i n t e r n a l 
f i e ld in MiS/Cd. 

Zero-point spin dev ia t ion , l i ke zero-point 
motion, i s a quantum-mechanical e f f e c t . I t 
a r i s e s because the spins in a magnetic l a t t i c e 
cannot be a l igned pe r f ec t l y p a r a l l e l . Rather, 
there i s a dev ia t ion , A, such t ha t 

<S,> = S(l-A) 

In a three-dimensional ant i f^rromagnet ic l a t t i c e , 
theory p r ed i c t s A3 •*• 0 .08; h h i l e for the two-
dimensional case the predic ted value i s l a r g e r : 
A 2 ~ 0 .20. By studying the super t ransfer red 
hyperfine f i e l d s - a t Cd nuc le i in t he perovs-
k i t e s KNiF3 and RbMnF3 and th<? layered f luor ides 
^ N i F j and Rb2MnF,j, and assuming the same spin 
t r a n s f e r through each Ni-F-Cd and Mn-F-Cd path , 
i t *as poss ible to der ive 

A 2(K 2NiF./Cd) = 0.26 ± 0.10 

A 2(FSb 2*F 4 /Cd) = 0.25 ± 0.10 

i f A3 = 0.08 was assir^ed in each ca se . These 
values a re scmewhat higher than the values 
A 2 - 0 . 1 7 - 0.20 obtained from ENDOR and >MR 
s t u d i e s , but they provide good q u a l i t a t i v e 
confirmation of la rge A2 values by a new, 
independent method. 

The temperature dependence of the hyperfine 
f i e ld s t r eng th a t a so lu te in a magnetic l a t t i c e 
helps s e t l i m i t s on the mechanism t h a t c r ea t e the 
f i e l d . For Cd in ant i ferromagnet ic MnF2 and 
RbNfriFs, the induced hyperfine f i e l d f e l l off 
s l i g h t l y f a s t e r with temperature than the measured 
or i n fe r r ed s u b l a t t i c e magnetizat ion. At 30CK, 
for example, the hyperfine f i e ld a t Cd in MnF2 

has fa l len off 1% more than the 1 9 F NMR frequency 
in pure MiF 2 , t he agreement with a 1.5% decrease 
i n t he NMR frequency for 1 9 F next t o (diamagnetic) 
Zn i n p u r i t i e s . ^ Figure 1 shows the temperature 
t r e n d s . 

When 1 1 1 Cd-doped MnS a t 4.2°K i s subjected to 
high p r e s su re s , t he Mn-S bonds a re shortened, thus 
inc reas ing the s t reng th a t t he exchange i n t e g r a l 
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increase was 3.R ± 0.8%, thus confirming this 
mechanism. 
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Fig. 1. Reduced Temnerature/hyperfine f ie ld p lo t 
for Cd-doped Mnl:? and RbMnF5. (XHL 751-2075) 
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l l l r Fig. 2. Time spectrum of i l i C d - d o p e d >hS at 1 bar 
and 20 kbar . The so l id l ine i s a leas t - squares 
f i t to a pure magnetic i n t e r ac t i on in po lyc rys ta l -
l ine ma te r i a l , The time ca l i n r a t i on i s 0.888 
ns /channel . (XBL 751-2078) 

between >h3d(j o r b i t a l s and S3p c o r b i t a l s . The 
super t ra i is ferred hyperfine f i e ld at- l ^ C d nucle i 
was pred ic ted t o increase by 4.3$ a t 20 kbar i f 
in fad ; spin t r ans f e r through o o r b i t a l s was 
responsible for t h i s f i e . d . Figure 2 shows the 
time-dependent PAC spectrum. The experimental 
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20. BETA-DECAY ASYNMETRY FROM THE DECAYS OF 
ORIENTED S2>h AND 6 0 C o * 

S. T.-C. Hung, + K. S. Krane,* and D. A. Shir ley 

In recent years numerous experimental s tud ies 
have been made to search for evidence of p a r i t y (P) 
and t ime-reversa l (T) v i o l a t i o n in n u c l e i . 
Although no d i r e c t evidence for T v io l a t ion has 
yet been obtained, ind i rec t evidence r e s u l t s 
from the observation of CP-violation in the KQ 
decay, and there is speculat ion as to whether t h i s 
ef fec t a r i s e s from T v io la t ion in weak or 
electromagnetic i n t e r a c t i o n s . In the case of 
allowed beta decay, T v i o l a t i o n would be manifest 
as a complex phase of the r a t i o of Fermi to Gamow-
Te l l e r ampli tudes, y . Furthermore, because the 
s i r e of the^T-viola t ing observable i s propor t ional 
to y/ (1 + y ) , i t i s advisable to choose a case 
for inves t iga t ion in which there i s reasonable 
in te r fe rence between the F and CT terms. Previous 
determinations of y in ^ h ' e not been in good 
agreement, and the p o s s i b i l i t y tha t a large value 
of y might make "Nh a favorable candidate for an 
inves t iga t ion of T v io l a t ion in beta decay 
prompted the present research . 

The F/GT m t i o y may be determined from a 
measurement of the d i r e c t i o n a l asymmetry of beta 
p a r t i c l o s r e l a t i v e to an axis of nucleai-
p o l a r i z a t i o n . We have inves t iga ted the beta 
decay of 5Z.Mn by observing the asymmetry of 
pos i t rons emit ted from s ^ h o r ien ted a t low 
temperatures . The 5~Mn nucle i were polar ized 
in an i ron l a t t i c e and cooled to 0.008 aK by 
thermal contact with an a d i a b a t i c a l l y demagnetised 
paramagnetic s a l t . The pos i t ron asymmetry was 
determined by means of two independent techniques: 
the pos i t rons were detected d i r e c t l y by using 
h igh-pur i ty germanium de tec to r s and i n d i r e c t l y by 
using NaT de tec to rs to observe the ann ih i l a t i on 
gamma rays . These two techniques yielded a 
cons i s t en t r e s u l t for the asymmetry, corresponding 
for t h i s allowed decay t o a r a t i o of t h e Fermi 
t o Gamow-Teller matrix elements of 
y = OyMp/C^fcr = -0.144 ± 0.006. An aux i l i a ry 
experiment on 6 0 C o gave a beta asymmetry 
A = -0.971 ± 0.034, in exce l len t agreement with 
t h e t h e o r e t i c a l value of -1 expected for maximal 
p a r i t y v i o l a t i o n . 

This value of y i s s u b s t a n t i a l l y l a rge r than any 
of the seven values previously reported by o ther 
workers, which disagreed among themselves,* h'e 
a r e confident tha t our value i s c o r r e c t , however, 
because i t i s a much more d i r ec t measurement, 
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because the experimental design was super ior , and 
because the l a rge r asymmetry was obvious even by 
visual inspect ion of the raw da ta . Because the 
Fermi/Gamow-Teller r a t i o i s so l a r g e , we conclude 
tha t '̂ Mn would be an exce l len t candidate for an 
experimental t e s t of t ime-reversa l invariance in 
weak i n t e r a c t i o n s . 

A d e t a i l e d d i scuss ion , with re fe rences , appears 
in LBL-3A88. 

21 . NUCLEAR ORIENTATION OF 2.3-d GOLD-.l98m 

H.-E. Mahnke, G. Kaindl, F. Bacon, and 
D. A. Shi r ley 

The magnetic hyperfine i n t e r a c t i o n of the 
T l / 2 = 2 .3-d h igh-spin isomeric s t a t e of 1 9 8 A u 
has been measured i n host metals of i ron and 
n i cke l a t temperatures down t o 4 mK using the 
thermal-equi l ibr ium n u c l e a r - o r i e n t a t i o n technique. 
The r e s u l t i n g value for t he magnetic moment, v = 
(+) 5.55±0.35 n .m. , s t rong ly supports an i n t e rp re ­
t a t i o n of t h i s s r a t e as a 

[ n h n / 2 ; v i 1 3 / 2 ] 12" 

configurat ion analogous t o Au and Au. The 
observed gamma-ray an i so t rop ics a re in agreement 
with the r ecen t ly proposed decay schemp of 19 8 mAu; 
for t he E2/Ml-mixing r a t i o of the 204-keV gamma 
t r a n s i t i o n they r e s u l t in a value of 6 = -0.10±0.05. 

22. RESEARCH PLANS FOR CALENDAR YEAR 1976 

David A. Shi r ley and Associates 

This w i l l be a year of bu i ld ing and of explora­
to ry r e sea rch . Photoelectron spectroscopy (PES) 
has evolved in to a r e l i a b l e labora tory tool for 
cha rac te r i z ing one-e lec t ron p r o p e r t i e s of atoms, 
molecules, and so l i d s using s tandard laboratory 
photon sources a t fixed e n e r g i e s . Many valuable 
app l i ca t ions of PES to new mate r i a l s can be 
expected i n the fu tu re . The r e a l f ron t i e r s of 
PES, however, involve t he development o f more 
soph i s t i ca t ed methods for the q u a l i t a t i v e study of 
new phenomena. Our research e f f o r t s w i l l be 
d i r e c t e d a t the following goals of t h i s n a t u r e . 

The Stanford Synchrotron Radiation Project 
(SSRP) affords a unique, convenient f a c i l i t y for 
doing explora tory research with continuously 
tunable photon energies in t he range 30 - 1000 eV. 
I n i t i a l experiments with copper and gold s ing le 
c r y s t a l s have showr. a dramatic energy-dependent 
d i r e c t i o n a l anisotropy in the d-band PES spectrum. 
This e f fec t w i l l be s tud ied in d e t a i l . A complete 
ana lys i s of the e f f ec t should answer c e r t a i n 
fundamental quest ions about photoemission in 
s o l i d s . 

Surface p rope r t i e s w i l l be inves t iga ted . An 
attempt w i l l be made t o determine d e f i n i t i v e l y 
t he e f fec t of the surface on binding energ ies , 

plasmon spec t ra , d e n s i t i e s of s t a t e s , and magnetic 
moments. Stepped surfaces w i l l a l so be s tud ied . 

The new Berkeley Magnetic Photoelectron 
Spectrometer w i l l be completed and t e s t e d . Plans 
are underway t o use t h i s h igh-e f f i c i ency , high-
reso lu t ion machine t o study PES spec t ra of exo t i c 
spec ie s , such as van der Waals' molecules, in 
molecular beams; t h i s w i l l be done in co l labora t ion 
with Y. T. Lee. 

High-temperature atomic and ( l a t e r ) molecula.' 
species w i l l \->e s tudied t o e luc ida t e e l ec t ron -
c o r r e l a t i o n e f f e c t s . U l t r a v i o l e t PES w i l l be 
used, poss ibly a t SSRP. Gas-phase co re - l eve l 
binding energies and time-dependent phenorena 
may a l so be s tudied a t SSRP. 

23 . 1975 PUBLICATIONS AND REPORTS 

David A. Shir ley and Associates 

Journals and Books 

1. D. A. Sh i r l ey , X-ray Photoemission and Surface 
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2 . W. J . Pardee, G. D. Mahan, D. E. Eastman, 
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3 . M. S. Banna and D. A. Sh i r l ey , Molecular 
Photoelectron Spectroscopy a t 132.3 eV. Methane, 
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R e l a t i v i s t i c and Corre la t ion Effects in the 
21.2-eV Photoemission Spectrum of Atomic Lead, 
J . Chem. Phys. 63 , 3473 (1975). 

9 . S. P. Kowalczyk, F. R. McFeely, L. Ley, and 
D. A. Sh i r l e y , Mul t ip le t S p l i t t i n g of X-ray Photo­
emission Spectra of Core Levels in Magnetic Metals , 
20th Annual Conf. on Magnetism and Magnetic 
Mate r i a l s , AIP Conf. Proc. 24, 207 (1975). 
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10. S. P. Kowalczyk, L. Ley, F. R. McFeely, and 
D. A. Shi r ley , A Migh-Resolution X-ray Photo-
emission Study cf the Total Valence-Band Densi t ies 
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Theory of Photoemission, LBL-3467. 

9. R. L. Martin and 0. A. Sh i r l ey , Theory of 
Core-Level Photoemission Cor re la t ion S t a t e 
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h. Crossad Molecular EUams 
Yuan T. Lee, Principle Investigator 

1. ENERGETICS .AND DYNAMICS OF THE FORMATION OF 
TRIHALOGEN MOLECULES 

James J. Valentini and Michael J. Coggiola 

Crossed molecular beam techniques have been 
used to study ihe endoergic reactions between F2 
and I2, IC1, or HI. All three reactions produce 
the trihalogen (or pseudotrihalogen): 

- FII 

FIH + F 

(1) 

(2) 

(31 
The results of this experiment strongly sug­

gest that the observed products in reactions (2) 
and (3) are indeed FIC1 and 1 TH with the F atom 
attached to I but not CI or H, as IC1F or IMF. 
Figure 1 shows the threshold behavior of the 
formation of I2F, C1IF and HIF products as the 
relative kinetic energy between F2 a n c l r2» *C1, 
or HI is varied. From the observed threshold and 
the dissociation energies of F?, I2. TCI, and III, 
lower bends on the stability t w i t h respect to 
the free atoms) of these triatomic species can 
be established as 69, 81, and 90 kcal/mole, 
respectively. Figure 2 is a schematic diagram of 
the reaction energetics for one of the systems, 
F2 + 12- Similar diagrams can be constructed 
for the F 2 + IC1 and Fj + HI systems. 
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Fig. 2 . Schematic diagram of the reac t ion 
energe t ics for I:2 + I?- (XBL 753-2541) 

For the systems F? + I2 and FT + I CI, 
reac t ions 

the 

I 2 - TF + I + F 

IC1 - IF + CI + F 

('0 

(5) 

Collision energy (kcal/mole) 

Fig. 1. Energy dependence of the relative total 
cross sections for the reactions: (O) F2 + r 2; 
(•) F 2

 + IC1; (A) F 2 + HI. (XBL 7510-8537; 

are also energetically allowed at the collision 
energies used in these experiments. IF was 
observed in both reactive systems. Figure 3 shows 
the angular distributions of the reactively 
scattered I2F and IF products formed from F? + I? 
at collision energies of 12.6 and 18.7 kcal/mole*" 
The IF distribution was obtained by subtraction 
of a fraction of the I2F distribution from the 
measured IF signal. This subtraction is necessary 
to correct for IF produced from 1?F in the 
electron bombardment ionizer of the detector. 

These results indicate that reaction (5) does 
not proceed via a four-center mechanism, as shown 
by the energy schematic in Fig. 2. Such a 
mechanism is exoergic by more than 60 kcal/mole 
If even a small fraction of this energy appeared 
as product translation, the IF angular distribution 
would be much broader. Also, since the four-center 
reaction produ:e$ two identical molecules, the 
product distribution would have forward-backward 
symmetry in tht ienter-of-mass coordinate system, 
and be roughly s\mmetric about the center-of-mass 
(cm.) angle in the laboratory system under our 
experimental conditions. 
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1 1 1 1 1 
I 2 + F 2 — I 2 F + F 
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• IF 
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° IF-0.5(I2F) 

E = 12.9 kcal/mole 7r 
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Fig. 3. Angular distributions of reactively 
scattered I?F anJ IF products formed from F? + 1? 
at collision energies of 12.6 and 18.7 kcal7mole7 
The IF distribution (solid line) was obtained by 
subtraction of a fraction of the I?F distribution 
fdot-dashed line) from the measured fdashed line") 
IF signal. The appropriate Newton diagrams are 
shown for each collision energy. (XBL 7510-853bJ 

2. 1NTRAM0LECUI.AR ENERGY TRANSFER IN CHEMICALLY 
ACTIVATED COMPLEXES 

Richard Buss and Michael Coggiola 
Intramolecular energy transfer in long-live 

reaction complexes can be studied for some 
reactions, with crossed molecular beams. The 
effectiveness of this method depends on the 
reaction energetics as well as favorable kinematics 
relations. The reaction of chlorine atoms with 
hroroo-olefins to produce chloro-olefins has 
several advantages. The detachment of bromine 
from the radical intermediate is known to proceed 
with negligible potential barrier. Thus no 
complication is added to the analysis regarding 
redistribution of energy in the exit channel. In 
addition, the exoergicity (about 12 kcal) is 
sufficiently small that the intermediate radical 

can be produced with energy only moderately above 
the chemical activation energy. We have begun a 
study of the extent of energy randomization in the 
chemically activated complex with the reaction of 
chlorine atoms and vinyl bromide (CjH-Br). A super­
sonic jet of chlorine atoms is produced from CI- by 
thermal dissociation in a graphite oven at 
temperature about 1700K. The vinyl bromide beam 
is produced from a nozzle source at room temperature. 

Angular distributions of product have been 
obtained for three collision energies by seeding 
the CI in various inert carrier gases. The 
product intensity was determined at each angle 
by monitoring mass 62 (C2H3CI) with a quadrupole 
mass spectrometer. 

Preliminary results indicate that the magnitude 
of product translational energies are somewhat 
higher than what one would expect from a 
statistical theory. 

IVe have begun velocity analysis of the product 
using a cross-correlation time of flight method. 
The product translational energy distribution will 
then be compared with that predicted by various 
models to ascertain whether internal energy is 
being redistributed in a stati.-tical fashion. 

3. INTERACTION POTENTIAL BE1WEEN CI and Xe: 
EVIDENCE OF INNER "CHEMICAL" WELL 
Christopher Becker and James J. Valentini 

The interaction potentials between open shell 
atoms or molecules and closed shell atoms or 
molecules play very important roles in chemical 
processes. For example, the understandings of a 
termolecular reaction, CI + CI + Xe -* CI? + Xe, 
or the atomic mechanism of HI formation; 
I + lb + I •+ 2HI, will not be possible without 
precise information on Xe + CI and lb + I 
interaction potentials. However, the nature of 
the forces operating on electronic open shell-
closed shell systems in presently obscure. 
Especially, it is not clear to what extent chemical 
forces are operating in these systems. Recently, 
a class of 'Van der Waals complexes" (e.g., ArCIF, 
ArHCl) have been proposed to have characteristics 
of chemical bonding. Ilie careful investigation 
of the open shell atom to rare gas atoi.i interac­
tion may prove to be a basis for understanding of 
weak "chemical bonding" in these systems. 

In this experiment, the potential for ground 
state CI + Xe is examined via crossed molecular 
beam measurements of differential elastic cross 
sections (0(6")) for three different collision 
energies (E). The Ar + Xe system has also been 
studied for comparison. The angular distrib: tions 
of ^Cl (or ̂ uArl were measured in these 
experiments. The usual heavier rare gas scattering 
structures, namely rainbow and supernumerary 
rainbows were resolved in the Ar + Xe data. 
However, the CI + Xe data displays a new 
oscillatory structure qualitatively different 
from the rare gas pair. 
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For a given E and potential \'{r)% the a(-<) can 
be calculated by semiclassical scattering theory. 
By varying the parameters of an analytic form 
we attempt to find a best fit to the experimental 
results. In this way a flexible form of Y(r') 
was used for Ar + Xe and r min and T n e w ^ l depth 
determined to within S%. 

unlike the easily explainable rare pas system, 
the analysis of the a fa) of ^ C l is more complex. 
Preliminary fits of the data for I- of ~2.4 and 
6.1 kcal/mole using Lennard-.Jones (N,rl potentials 
suggested two very different potentials for each I-
Careful examination of the o("6} has led to the 
conclusion that a chemical well coexists in this 
system with a van der Kaals region. This inner 
well is 2 to 3 times deeper than the van der Kaals 
well and has perhaps more than an angstrom smaller 
rmin t h a n f o r A r + X e * R e c e n t spectroscopic data 
on Xe CI analyzed by Tellinghuisen et al., has 
also pointed to a well depth about twice that for 
Ar + Xe. The vibrational level spacings were 
observed to be very different from normal diatomic 
molecules, supporting the conclusion that this 
potential has an unusual shape. 

We remark that, as yet, unanalyzed earlier 
scattering data for F + Ar also shows an analogous 
interference pattern as does the 11? + 1 system, 
which may have an incomplete analysis. Recent 
data for CI + HI also show these informative 
oscillations. Turther work is needed to elucidate 
the transition from a van der Waals to a chemical 
bonding region. 

4. INTERACTIONS .ANH REACTIONS OF EU:£T:tO\TG\U.Y 
EXCITE!} ATOMS 

Andrew Wang 

The phenomenon of Penning ionization has 
received extensive attention in recent years. 
The interaction between the helium metastahle 
atom with other rare gas atoms has, in particular, 
commanded a great deal of research effort. A 
favorite prototype in many of these studies is the 
reaction 

IfeAr* + e" 
He ( 3S) + Ar - + 

Ar + e + He 

Yet, notwithstanding the wealth of information 
available on this system, a very important and 
much sought after datum, name ly the Hef 3S) + Ar 
potential, remains beleaguered by uncertainties. 
This system is quite suitable for crossed molecular 
beam studies: it having been established that 
Penning ionization by the metastable atom takes 
place only at small impact parameters, it follows 
that only the large ample region of the differen­
tial cross section is affected, leaving the 
information on the real part of the potential 
contained in the small angle measurements 
undisturbed. Previous studies employing crossed 
beams here however failed to produce a potential 
that harmonizes with all the available data, 
especially the total cross section results. Ke 
have therefore decided to make another attempt to 

arrest the indcterminatene^s in the potent ill 
parameters. Differential cross section measure -
ments were taken at two temperatures, 3(1(1 K .md 
650K, and a NNSV potential form was used to fit 
the data. Ihe resulting potential, which consist* 
of a real and an imaginary part, agrees very well 
with the total cross section measurements of 
Niehaus et al. It also compares favorably with 
the recent more refined results of Haberland ct al. 

Pursuing the same line of inquiry' into the 
nature of the Penning process has led us to measure-
also the differential cross section for the reac­
tion He(T/S) + I>2. We have made the measurements 
at three temperatures for both lied * Si + ?. ii.id 
He (T) + P^- This should enable us to unequivocal­
ly establish the potentials for lie |T| • 1^ and 
He (SI + 1)2- The ratio of associative ionization 
to Penning ionization has also been obtained as 
a function of the relative kinetic energy. Our 
results arc currently being analyzed. 

The advent of the dye laser with its impressive 
tuneability has spot-lighted another class of 
highly excited states, namely the Rydbcrg states. 
We arc planning to make total collisional 
ionization cross section measurements for 
selectively produced high Rydbcrg states of He 
and other atoms as a function of relative kinetic 
energies. As such, a nitrogen-pumped dye laser 
system as well as a flash lamp dye laser are 
currently being assembled and tested. The tuneable 
dye laser will be used for the excitation of a 
beam of metastable rare gas atoms into high 
Rydberg state. 

5. PHOTOION11ATI ON CROSSED MOLI-CIILAK BEAMS 
APPARATUS 

Chcuk-Yiu Ng 

The photoionization crossed molecular beams 
apparatus is constructed to combine the photo­
ionization mass spectrometry and molecular beam 
techniques to study ion-molecule reactions and 
photoionization threshold behavior of atoms and 
molecules, at a photon energy lying between 5 eV 
to 25 eV. With a supersonic heam production 
system, it is possible to obtain a gas jet with 
well defined kinetic energy and full relaxation 
of internal degrees of freedom, and still maintain 
relatively high sample density. The full relaxa­
tion of internal degrees of freedom is essentia] 
in the study of photoionization threshold of 
polyatomic molecule. On the other hand, photo­
ionization using highly monochromatic VUV photons 
provides very fine control of ionizing energies, 
which makes it the best method to prepare known 
internally excited atomic and moaecular ions. 
These attractive features not only enable this 
machine to re-examine the photoionization 
efficiency curves from which more accurate 
structural and thermochemical data will be derived, 
and also to study ion-molecule reaction with known 
internal and kinetic energies. The arrangement 
of this apparatus is also suited for the 
investigation of radical molecules produced by 
chemical reactions in colision regions. The 
machine is essentially a chamber with two 
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independent beam production systems coupled to a 
dispersed windowlcss vacuum UV source. In 
addition, a quadrupole mass spectrometer, an 
electrostatic photoelectron energy analyzer and a 
photon detector which will give information on 
the mass of the product ions, internal state of 
the ions, and photon intensities respectively 
simultaneously during the progress of the 
experiment. 

One of the systems we are going to look at in 
the near future is the reaction between hydrogen 
molecule ions at different vibrational excited 
states with helium to look for resonance structure 
in reactive scattering. An examples of photo-
ionization efficiency curves, we will re-examine 
some polyatomic molecules such as CO2, and SF6. 
It is expected that from fully relaxed molecules, 
better information on the photoionization thres­
hold and structure of molecule ions as well as 
other thermochemical data could be derived. 
Various components of this machine is now under 
careful testing. This program is carried out 
with the collaboration of Professor Mahan's group. 

6. MEASUREMENT OF THE INELASTICITY OF RARE GAS 
ATOM-MOLECULE COLLISIONS 
Randolph Sparks 

A novel detector for our crossed molecular beam 
apparatus, which will allow measurement of particle 
flight times with a resolution previously 
unachievable, has been constructed in our 
laboratory. With this new detector, we hope to 
resolve inelastic effects in the collisions of 
rare gas atoms with simple molecules which have 
previously been seen only very poorly or not at 
al?. The i^oeaaed resolution of the detector 
is -jiitf to the possibility of a drastic reduction 
of the size of the region in which the critical 
measurement process takes place- In our standard 
ion-counting detection system, the incident beam 
is first modulated by a cross-correlation chopping 
wheel. After chopping, the beam travels 
approximately 17 cm to an ionizer. Ionization 
is necessary to allow quadrupole mass selection 
and scintillation particle detection. Once the 
particle is ionized, it is attracted by strong 
accelerating fields, and takes an insignificant 
additional amount of time to reach the ion-counting 
system. Since the ionization may occur anywhere 
within the length of the ionizer {~2 cm) the 
error in the effective total flight path f~17 cm) 
is large, thus resulting in very poor energy 
resolution of the scattered product. The critical 
measurement process occurs in the ionizer. 

In the new detector, the probjcr of ion-gun 
length is eliminated entirely, while the effective 
total flight path is lengthened. The iicw 
detector consists of a cross-correlation choj.ping 
wheel, followed by a Weiss-type electron gun, 
again located approximately 17 cm behind the 
chopping wheel. A Johnson electron multiplier 
is located approximately 30 cm beyond the Weiss 
gun. The object is to excite the incoming 
particles to metastable electronic states by 
electron impact in the gun, a process which results 

in negligible longitudinal momentum change. Then 
the charged particles are removed by deflection 
fields. Finally, the signal is observed from the 
electrons ejected by the metastables when they 
collide with the front surface of the electron 
multiplier. Since, in this me.'isurement scheme, 
the critical measurement process occurs at a 
surface, the detector, nominally, has infinite 
resolution. Our ability to measure time thus 
becomes the limiting factor. However, since we 
can measure the time intervals to a greater 
precision than we can define the initial velocity 
of our molecular beams, the resolution of the 
experiment becomes limited by our ability to 
control the initial conditions of the system, not 
by our ability to measure the relevant parameters. 
The limitation of the detector is that it requires 
one to study systems that can form high energy 
G> 4 eV) metastable states. Rare gas atoms are 
the most convenient. 

The detector will initially be used to measure 
the inelasticity of collisions of rare gas atoms 
with the simple triatomics N2O and CO2. These 
systems have previously been studied by our group 
using the old detection system. It is expected 
that the greatly increased resolution of the new 
detection system will yield much greater insight 
into the mechanisms of the collisional excitation 
of rotational and vibrational states of molecules. 

7. RESEARCH PLANS FOR CALENDAR YEAR 1976 
Yuan T. Lee 

Interaction potentials between open shell atoms 
and closed shell atoms or molecules will be 
investigated in great detail. We hope to 
thoroughly understand the nature of weak "chemical" 
interaction in these systems during the next year. 
The understanding of termolecular recombination 
processes and the structure of "van der Waals 
molecules" will not be possible without this 
information. Special attention will be paid to 
rare gas-halogen atom interactions. Rare gas 
halide laser is one of the most powerful visible 
lasers under development. The development and 
improvement of rare gas halide laser urgently 
requires detailed information of interaction 
potentials of these systems. 

Reaction dynamics of selectively excited atoms 
and molecules is another area we will make some 
major effort. Especially, chemistry of atoms in 
high Kydberg states, reactions of vibrationally 
excited molecule ions (with Mahan's group) and 
the reaction dynamics of vibrational - rotational 
state selected HF molecules by laser excitation. 
The understanding of the role played by internal 
excitation in promoting chemical reactions will be 
very useful in the development of effective laser 
isotope separation schemes. This information is 
also indispensable for the advancement of the 
modern theory of chemical kinetics. 

Reactions between radical axons and radical 
molecules will be studied with a special interest 
in chemiluminescence in visible region. In 
addition to the re .ctions of such radicals as 
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CH3, I2F and XeF, we will gradually shift our 
attention to those free radicals with atmospheric 
importance, i.e., HO?, OH etc (with Johnston's 
group). Other reactions related to atmospheric 
chemistry which will be pursued immediately are 
reactions of oxygen atoms and ozone. 0- + CI is 
one of such an example. 

S. 197S FJBLICATIGNS AND REPOR'IS 

Yuan T. Lee and Associates 
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i. Potential Energy Surfaces for Chvmical Reactions 

iU-".fj y. Sohaeftir -i't Principal In^natiuatoi* 

I . MITAL CLUSTERS, aiBlI.'iORPTJON, AND SURFACE 
OIINISTRY* 

(Car les W. Bauschlicher, J r . , and Henry F. 
Schaefcr III 

The c r i t i c a l importance of c a t a l y s i s in meeting 
the world ' s near-term energy needs has created a 
tremendous surge of i n t e r e s t in surface chemistry. 
Until r ecen t ly , theory has played only a l imited 
r o ' e in the development of surface chemistiy. 
However during the past five yea r s , quan t i t a t i ve 
molecular o r b i t a l theor ies have been used to 
provide considerable ins ight in to the p roper t i e s 
of small metal c l u s t e r s and the nature of the 
chemisorptive bond. However, most of these 
t heo re t i c a l s tud ies have employed semi-empirical 
methods, subject t o well documented de f i c i enc i e s . 
IXiring the past year we have near ly completed 
the f i r s t d e f i n i t i v e ab i n i t i o study of 
chemisorption. The system considered was 
chemisorption of atomic hydrogen by the (0001) 
surface of ben*Ilium metal . The surface was 
modeled by metal c l u s t e r s as large as flc22» which 
is seen in Fig. 1. 

Among the more important quest ions addressed 
t h e o r e t i c a l l y h.:ve been (a) the convergence of 
metal c l u s t e r p roper t i e s to the analogous proper-
t i c s of the i n f i n i t e metal sur face , (b) the 
na ture of and number of surface atoms p a r t i c i p a t i n g 
in the chemisorptive bond, and (c) the energe t ics 

and s t r u c t u r e s of various p laus ib le s i t e s (on the 
surface) for chemisorption. The most s ign i f i can t 
of these r e s u l t s are summarized in Table 1, where 
i t i s seen t ha t th ree s i t e s are about equal ly 
favored for chemisorption, while the fourth [the 
d i r e c t l y overhead s i t e ) i s somewhat l ess so . 

Abstracted from J . Cher.. Phvs. 62 , 4815 (1975), 
LBL-4318, LBL-4516, and LBL-^573. 

2. PHOTOCHEMICAL FORMATION, PROPERTIES, AND 
REACTIONS OF THE METHYLENE RADICAL* 

Charles IV. Bauschlicher, Jr., Clifford E. Dykstra, 
James IV. Meadows, and Henry F. Schaefer III 

One of the most characteristic features of the 
photochemistry of ketene is a dependence on the 
wavelength of the absorbed radiation. Both 
triplet and kinglet methylene appear to be formed 
at wavelengths less than 3700 A, but the triplet 
fraction reported varies from 26*0 at 2139 A to 
™5i_at 3660 A. Since the first excited state 
(a 3H) of the CO molecule is relatively high-lying 
(48,000 cm ), spin conservation requires that 
triplet and singlet methylene originate, 
respectively, with excited triplet and singlet 
states of ketene. Thus the nature and positions 
of the excited electronic states of ketene are 
expected to play a crucial role in any satisfactory 

•7A M 

Fig. 1. Model of the Be22 cluster in the present theoretical study. The 
distance between adjacent atoms within a layer is 2.2866 A, while that 
between adjacent atoms in different layers is 2.2255 A, Surface atoms 
are labelled by the numbers 1-14, while second-layer atoms are labelled 
by the letters a-h. (XBB 7512-8737A) 



302 

Table 1. Models of the chemisorption of atomic hydrogen by the (0001) surface of beryllium rfietal. Vie 
cluster notation Bein(7,3) implies a model with seven atoms for the surface layei and three 
atoms for the second layer. Bond distances r are in A and chemisorptive bond energies I) in 
kcal/mole. 

Open Site 

Model 

P»3(3,0) 

Be5(J,ll 

Be6(6,0) 

Be6t3,3) 

Be '6,3) 

"13 

Eclipsed Site 

Model r 

1.25 19.i Be4(3,l) 
1.02 23.2 Be5(4,l) 
1.18 47.3 Be7(6,l) 
1.11 55.3 Be 1 3(10,3) a 

1.13 50.2 

(10,3) 0.99 39.0 Be,,(14,8) 

Be 2 2(14,S) 0.94 55.1 

D„ 

1.24 28.7 
1.15 30.1 
1.11 40.8 
0.90 57.2 

0.94 58.3 

0.97 51.9 

Bond Midpoint Site 

Model 1) 
Directlv Overhead Site 

Model 

Be,(4,0) 1.26 70.1 Be,(1,0) 1.42 46.4 

Be.(4,l) 1.14 32.4 Be,(7,0) 1.43 71.3 
Be,,,(10,0) l.P 45.3 Be,n(7,3) 10 10l 1.43 27.3 

31.1 

e,,(14,8) 1.04 53.4 Be,,114,8) 1.39 31.4 

'iwo distinct Be,_(10,3) clusters were studied. 

understanding of the photo-decomposition of ketene. 
Vertical excitations of eighteen excited electronic 
states have been investigated theoretically. For 
eight of the low-lying states of ketene, 
equilibrium geometries have been predicted, and 
the resulting energy level diagram is shown in 
Fig. 1. 

Ab initio electronic structure theory has also 
been applied to the insertion reaction of singlet 
methylene with molecular hydrogen. Since the 
molecular orbital descriptions of d^ T A i ) + H2 
and CH4 differ by two electrons, the~least motion 
approach considered here is forbidden in the 
sense of Woodward and Hoffmann. Electron 
correlation was explicitly taken into account via 
configuration interaction (CI). The CI included 
all singly- and doubly-excited configurations 
(a total of 1192) with respect to three reference 
configurations. A primary goal was the location 
of the saddle point or transition state geometry 

||H 
2.20 A 

X, 
This stationary point on the potential energy 
surface lies 26.7 kcal/mole above separated 
Q^t^Ai) + H2. The portion of the minimum energy 
path near the saddle point has been obtained by 
following the gradient of the potential energy in 
the direction of most negative curvature. The 
electronic structure at the transition state is 
compared with that of the reactants and product 

-151.1 

Optimized 
geometry 

80,000 

- 60,000 -
1 
I 

40,000 E 
c 
u. 

20,000 

Fig. 1. Ketene excited states. Dotted lines 
represent triplet states and solid lines represent 
singlets. The vertical excitation energies are 
all for the same geometry, namely that of the *Aj 
ground state. The optimized results refer to 
geometries separately determined for each state, 
and the reduced symmetry and corresponding state 
designations are shown. fXBL 757-4-145) 



Li terms of the natural o r b i t a l s r e su l t i ng from 
the wave functions. A sect ion of the po ten t i a l 
energy stir far? i., seen in Pig. 2 . 

The t r a n s i t i o n s t a t e s and b a r r i e r heights for 
the reac t ions n i i (*B | ) + lb - CH3 + II and 
Gbf^Bj) + GLj *"ai^ * Ql-^have been predic ted 
usTng nonempiricai e l e c t r o n i c s t r u c t u r e theory . 
(Xir e a r l i e r work on the Q b ( 3 B O + lb_ react ion !id.-> 
been extended by fa) the addi t ion of po la r i za t ion 
functions t o the e a r l i e r double zeta bas i s s e t , 
and (b) the considerat ion of five Additional 
degrees of freedom in the po ten t : su r face . The 
e a r l i e r conclusions remain c s s e n t i i l l y unchanged: 
the t r a n s i t i o n s t a t e occurs for a C2V s t r u c t u r e 
and the h a r r i e r height is - IS ] ' '^ 7 !"• 1 tin 
methane abs t r ac t ion react ion u h a r r i e r height 
-7 kcal/mol«i higher was found, implying t ha t 
ne i t he r r c r r t i o n should occur to a s ign i f i can t 
degree at room temperature. This conclusion is 
cons is tent with the BLBO ca lcu la t ions of Carr 
but in disagreement with the MI.MX) pred ic t ions 
of lewar. 

F ina l ly , we have made a de t a i l ed study of the 
s i n g l e t - t r i p l e t e l e c t ron i c energy separat ion in 
methylene and s i l y l e n e . Very large bas i s s e t s 
of contracted gaussian functions were employed. 
For CH?, t ' i e f ac to r s leading t o a reasonable 
J9 kcal/mole) value of the -*B] - l.\\ energy 
separat ion are examined. For SiH?, the A] s t a t e 
i s predicted to l i e below the -̂ Bj s t a t e by 
- Itt kcal /mole . 

Abstracted from LBL-4027, LBL-4092, I.BL-4320, 
and LBL-4529. 

3. RIiSEARCH PLANS FOR CALENDAR YEAR 1976 

Ifenry F. Schaefer I I I 

Chemisorption of a wide va r i e ty of molecules 
fCO, N?, C21I2, C2II4, e t c . ) on Li and Be metal 
surfaces w i l l be*"studied in d e t a i l . In addi t ion 
inouel t h e o r e t i c a l s tud ies of the bonding of 
t r a n s i t i o n metal ( e . g . , Mn, Fe, Co, Ni.) atoms 
and c l u s t e r s with the organic molecules acetylene 
and ethylene wi l l be i n i t i a t e d . These s tud i e s 
should play an extremely important r o l e in our 
developing understanding cf simple c a t a l y t i c 
p rocesses . 

The laser r e l a t f ' ".'i. • ' lb * M: * II 
wi l l be r e v i s i t e d in 1 y70 at a muJ-Thigher level of 
theory than previous ly a t t a i n a b l e . This r eac t ion 
i s of spec ia l i n t e r e s t s ince i t i s one of the very 
few for which careful experiments fincluairig 
r e so lu t ion of the HF v ib ra t iona l energy t ' i s i r i bu -
t ion ) may be compared with t h e o r e t i c a l tn-.itments 
of the po t en t i a l surface and dynamics. Very 
large sca le configurat ion i n t e r a c t i o n w i l l be 
ca r r i ed ou t , with a spec ia l eye t o the importance 
of t h r ee - e l ec t ron co r re l a t ion e f f ec t s near the 
saddle p o i n t . Two other reac t ions t o be s tudied 
by ab i n i t i o methods a re the i s o e l e c t r o n i c 
0 +T2H4 and CH2 * C2H4 systems. The r e s u l t i n g 
p o t e n t i a l energy surfaces should allow us to 
d iscuss in general the reac t ions of oxygen atoms 
and methylene with o l e f i n s . 

An important t h e o r e t i c a l development now being 
vigorously pursued i s the Theory of Self-
Consistent Electron P a i r s . This new theory avoids 
many of the d i f f i c u l t aspects of e x i s t i n g methods 
for the t reatment of e l ec t ron c o r r e l a t i o n in 

r(H-HH4 

Fig. 2. Contour map (with r(H-H) = 1.4) used to illustrate se/eral t>pes 
of pathways for the singlet methylene insertion reaction. Note that 
access to the alternate minimum energy path requires less than 0.1 kcal/ 
mole. (XBL 7S5-2894) 
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molecules. It holds the promise of reducing the 
correlation problem (i.e., the instantaneous 
repulsions of pairs of electrons) to a complexity 
comparable to ordinary Hartree-Fock procedures. 
Since the method has only been developed during 
the past six months and tested for LiH, much 
work remains to be done, especially concerning 
the extension to open-shell systems of the type 
our research usually concerns. 

4. 1975 PUBLICATIONS AND REPORTS 
Henry F. Schaefer III and Associates 
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J. Am. Chem. Soc. 97, 2321 (3975) (LBL-2983). 

3. Gretchen M. Schwenzer, Henry F. Schaefer I I I 
and Charles F. Bender, Excited Elec t ron ic S ta tes 
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569 (1975) {LBL-2985). 

4. Gretchen M. Schwenzer and Henry F. Schaefer I I I , 
The Hvpervalent Molecules Sulfurane (SH4) and 
Persulfurane CSH5), J . Am. Chem. Soc. 97, 1393 
[I57S) (LBL-3421). 

5. Pe ter K. Pearson, Henry F. Schaefer I I I and 
Ulf Wahlgren, Potent ia l Energy Surface for the 
Model Uhimolecular Reaction HNC •+ HCN, J . Chen. 
Phys. 62, 350 (1975) (LBL-3402). 

6. Per Siegbahn and Henry F. Schaefer I I I , 
Po ten t i a l Energy Surfaces for II + L i 2 •+ LiFI + Li. 
Ground S ta te Surface from Large Scale Configura­
t i o n I n t e r a c t i o n , J . Chem. Phys. 62_, 3488 (1975) 
(LBL-3403). 

7. Charles F. Bender, Barbara J . Garrison and 
Henry F. Schaefer I I I , A C r i t i c a l Test of Semi-
empir ical FH? Po ten t i a l Energy Surfaces: The 
Bar r ie r Ifeignt for H + FH -*• HF + H, J , Chem. Phys. 
62_, 1188 (1975) (LBL-3432). 

8. Charles IV. Bauschlicher J r . , Dean H. Liskow, 
Charles F. Bender, and Henry F. Schacfer I I I , 
Model Studies of Chemisorption. In te rac t ion 
Between Atomic Hydrogen and Beryllium C l u s t e r s , 
.]. Chem. Phys. 62_, 4815 (1975) (LBL-3465). 

9 . Clifford E. Dykstra and Hemy F. Schaefer I I I , 
Elect ronic St ructure of Dicarbonyls: The Ground 
Sta te of Glyoxal, J. Am. Chem. Soc. 97, 7210 
(1975) (LBL-4017). — 

10. Robert R. Lucchese and Henry F. Schaefer I I I , 
Charge-Transfer complexes. NHT-FT, NHT-CJU, 
N3I3-CR,F, N(CH3)3-F2» N(CH3)3-CJl?, and H{Q\i)yOJ-t 

J . Am. Chem. Soc. 97_t 72C5 (1975) (LBL-3471). 

11. Inul S. Bagus, Bowen Liu, Dean H. Liskow, 
and Henry F. Schaefer I I I , Electron Correla t ion 
and tho Real i ty of XeF2, J . Am. Qiem. Soc. 97, 
7216 (1975) (LBL-3482). 

12. Gretrhen M. Schwenzer, Charles F. Bender 
and Henry F. Schaefer I I I , Confirmation of the 
Discrepancy Between Theory and Experiment for the 
B 1 A" Sta te of HCN, Client.' Phvs. Let ters 36, 179 
(1975) (LBL -3486). 

13. Barbara J . Garrison, William A. Lester , Jr., 
and Henry F. Schaefer H I , A Hartree-Fock 
In t e rac t ion Po ten t ia l Between a Rigid Asymmetric 
Top and a Spherical Atom: (H2CO, He), J . Chem. 
Phys. 63, 1449 (1975) (LBL-3493). 

14. Leo Radom and Henry' F. Schaefer I I I , 
Theoret ical Predic t ions of the Molecular S t ruc ture 
of Sulphur Te t r a f luo r ide , Aust. J . Chem. 28_, 
2069 (1975)« 

15. David R. Yarkony and Henry F. Schaefer I I I , 
The Acetyl Cation and i t s Geometrical Isomers, 
J. Chem. Phys. 63 , 4317 (1975) (LBL-3497). 

16. David R. Yarkony and Henry F. Schaefer I I I , 
Mult iplc t S p l i t t i n g s in the Photoelectron 
Spectra of Organic Radicals : Trimechylenomethanc, 
Chem. Phys. Le t t e r s 3_5, 291 (1975) (LBL-4011). 

17. John W. Birks , Harold S. Johnston and 
Henry F. Schaefer I I I , Ne-H-H Potent ia l Energy 
Surface Including Electron Corre la t ic . i , J . Chem. 
Phys. 63 , 1741 (1975) (LBL-3753). 

18. Donnis S. Marynick and Henry- F. Schacfer I I I , 
Theoret ical Studies of Metal-Phosphate I n t e r a c t i o n s . 
The In te rac t ion of L i + , Na + , K + , B e + + , Mg + + , C a + + 

with H 2 P 0 4

_ and (Ci^ ) 2 P 0 4 " . Implications for 
Nucleic Acid Solvat ion, Proc. Natl . Arad. Sci . 
(USA) 72_, 3794 (1S75). 

19. Barbara J . Garr iscn, William A. Les te r , J r . , 
Per Siegbahn and Henry F. Schaefer I I I , Effect 
of Electron Correla t ion on the I^CO-Hc In te rac t ion 
P o t e n t i a l , J . Chem. Phvs. 63 , 4167 (1975) 
(LBL-4328). 

20. Henry F. Schaefer I I I , Are Minicomputers 
Sui table fo\ Large Scale Sc i en t i f i c Computation?, 
Proceedings of the Eleventh Annual IEEE Computer 
Society Conference, September, 1975. 

Invi ted Lectures 

1. Henry F. Schaefer I I I , Research School of 
Chemistry, Aust ra l ian National Univers i ty , 
Canberra, January, 1975. 

2. Henry F. Schaefer 1IT, Department of Chemistry, 
Universi ty of Western A u s t r a l i a , Per th , A u s t r a l i a , 
January, 1975. 

3. Henry F. Schaefer I I I , Monash Giemical Society , 
Monash Univers i ty , Melbourne, Aus t ra l i a , 
February, 1975. 

4. Henry F. Scha^fcr I IT , Department of 
Theoret ical Chemistry, Universi ty of Sydney, 
Sydney, A u s t r a l i a , February, 1975. 



3(15 

5. Henry F. Schaefer I I I , Department of 
Chemistry, Universi ty of Arizona, Tucson, Arizona, 
March, 1975. 

6. Henry F. Schaefer I I I , Department of Chemistry, 
New Mexico S ta te Univers i ty , Las Cruces, \rcw 
Mexico, March, 1975. 

7. Henry F. Schaefer l i t . Theoret ical Physics 
Colloquium, Los Alamos S c i e n t i f i c Laboratory, 
Los Alamos, New Mexico, March, 1975. 

8. Henry F. Schaefer I I I , Department of d e n t i s t r y , 
Arizona S t a t e Univers i ty , Tempe, Arizona, 
March, 1975. 

9. Henry F. Schaefer I I I , Department of Chemistry, 
Univers i ty of Oregon, Eugene, Oregon, A p r i l , 1975. 

10. Henry F. Schaefcr I I I , Department of 
Chemistry, Univers i ty of Ca l i fo rn ia , I n a n e , 
May, 1975. 

11 . Henr> F. Schaefer I I I , Department of 
Chemistry, Cal i forn ia I n s t i t u t e of Technology, 
Pasadena, May. 1975. 

12. Henry F. Schaefer I I I , Chemistry Division 
Colloquium, Argonne National Laboratory, Argonne, 
I l l i n o i s , J u l y , 1975. 

13. Henry F. Schaefer I I I , Department of 
Chemistry, Northwestern Univers i ty , Evanston, 
I l l i n o i s , J u l y , 1975. 

14- Henry F. Schaefer I I I , Symposium "Are Big 
Machines Necessary?", Eleventh Annual IEEE 
Computer Society Conference, Washington, D.C., 
September, 197$', 

15. Henry F. Schaefer I I I , Department of 
Chemistry, Carnegie-Mellon Univers i ty , P i t t sburgh , 
Pennsylvania, October, 1975. 

16. Henry F. Schaefer I I I , Lv-partment of 
Chemistry, Pennsylvania S ta te Univers i ty , 
Univers i ty Park, Pennsylvania, October, 1975. 

17. Henry F. Schaefer I I I , Physical Chemistry 
Colloquium, Univers i ty of Ca l i fo rn ia , Los Angeles, 
November, 1975. 

18. Henry F. Schaefer I I I , Department of 
Chemistry, Univers i ty of Ca l i fo rn ia , Davis , 
November, 1975. 

LBL Reports 
1. Clifford E. Dykstra and Henry F. Schaefer III, 
Electronic Structure of Dicarbonyls: Glyoxal 
Excited States, LBL-4017, April, 1975. 

2. Charles V. Bauschlicher, Jr., Henry F. 
Schaefer III, and Charles F. Bender, The Least 
Motion Insertion Reaction ClLj^Aj) + H 2 •+ 014: 
Theoretical Study of a Process Forbidden by 
Orbital Symmetry, LBL-4027, May, 1975. 

3. Craig P, Baskin, Charles F, Bender, 
Robert R. Lucchese, Charles W. Bauschlicher, Jr., 
and Henry F. Schaefer III, Molecular Structure 
and Properties of CH3BeF and QI^lgF, LBL-4058, 
June, 1975. 
4. Steven R. Ungemach and Henry F. Schaefer III, 
Molecular Structure of the Cf.F2 and C£F 4 Radicals, 
LBL-4060, June, 1975. 

5. David R. Yarkony and Henry F. Schaefer III, 
Self-Consistent-Field Wavefunctions Using a 
Symmetry-Restricted Annihilation of Single-
Excitations Procedure, LBL-4073, Jul>, 1975. 

G. Clifford E. Dykstra and and Henry F. 
Schaefer III, Fxcited Electronic States of Ketene, 
LBL-4092, August, 1975. 

7. Charles IV. Bauschlicher, Jr., Charles F. 
Bender, Henry F. Schaefer III, and Paul S. Bagus, 
Chemisorption and the Properties of Metal Clusters, 
LBL-4516, November, 1975. 

8. Charles W. Bauschlicher, Jr., Charles F. 
Bender, and Henry F. Schaefer III, Transition 
States for the Abstraction Reactions of Triplet 
Methylene with Hydrogen and Methane, LBL-4529, 
September, 1975. 

9. Robert B. Brewington, Charles F. Bendev and 
Henry F. Schaefer, Tetrahedral Be4, LBL-4518, 
September, 1975. 

10. James H. Meadows and Henry F. Schaefer III, 
Singlet-Triplet Separation in Methylene and 
Silylene, LBL-4320, October, 1975. 

11. Charles W. Bauschlicher, Henry F. Schaefer III 
and Paul S. Bagus, A Realistic Cluster Model for 
Chemisorption, LBL-4573, December, 1975. 
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2. ATOMIC PHYSICS 

a. Low Energy Atomic Physics 

Howard A, Shugai-t, Principal Investigator 

Introduction. The research activities of our 
group co«*er several areas including experimental 
and theoretical atomic physics, environmental 
monitoring through trace element detection, and 
energy conservation education. In basic research 
our goals included both measuring of atomic 
properties with sufficient accuracy for testing 
theoretical computations, and exploring atomic 
properties for developing new techniques and 
ideas. This_year an important precision measure­
ment on the 5 H e + ion has been reported. An 
accurate test of the foundations of quantum 
mechanics resolved a discrepancy which has 
existed for two years. The application of atomic 
and molecular absorption in carefully designed 
furnaces led to extremely sensitive detectors 
for monitoring Mercury, Cadmium, Lead, and NO2 in 
environmental or medical samples. These develop­
ments and others are described in the summaries 
and publications which follow. 

EXPERIMENTS ON STORED IONS 

Micnael H. 
Knight 

Prior, Edmond C. Wang, and Randall D. 

Currently two experiments involving stored ioiis 
are in progress. The first makes use of a purely 
electrostatic ion trap to hold *He + ions while a 
measurement of their hyperfine structure energy-
splitting, £V2, is made in the metastable 2s 
excited state. Thxs is a precision measurement and 
the result to date has a fractional unceruintv 
of about 1.5 x 10' 8 (A-j2

 = 1083.3S4979C15)Mlz). 
This is 1/14 of the uncertainty achieved by an 
earlier ion beaiu technique. We compare our result 
with theory via the quantity D2] = 8Av? - AVJ, where 
Avi_ is the Is hyperfine splitting. D?T is 
sensitive to terms in the theory of hydrogenic 
hyperfine structure which have a state dependence 
other than n~3 and in particular is very insen­
sitive to difficult-to-evaluate nuclear structure 
effects. Our latest result shows a difference 
D21 (experiment) - D 2 I(theory) = 200 ± 120 Hz. U 
is interesting that this discrepancy is of the 
same size as the predicted next uncalculated 
quantum electrodynamic contribution to f>21 
(proportional to a(Za)3A\)i). Radiative corrections 
to hydrogenic hyperfine structure of this high 
order have never before been required to reconcile 
experiment and theory. 

The second experiment is one designed to , 
measure the lifetime of the metastable (ls2s) Sj 
state of Li +. Theory predicts the lifetime of this 
He-like ion state to be about SO sec. It decays 
by emission ^f a 200 A magnetic dipole photon and 
we expect to determine the lifetime by counting 
these photons versus time while the ions are held 
inside a carefully constructed dynamic ion trap. 
Currently the ion trap is operating and being 

tested on N 2 + ions. It appears to operate as 
designed and we expect soon to test it on Li ions. 
The Li atomic beam injection system is 901 complete 
and we have on hand the necessary photon detectors 
and electronics to assemble the complete experi­
ment. This is an important experiment because 
this lifetime has been measured with good 
precision 1*5 to il0%) only for He-like ions with 
Z > 16 where a departurp from single exponential 
decay has been observed. This departure seems to 
increase with decreasing Z, which motivates our 
desire to do a 5 to 10°o measurement at Z = 3. 

2. TEST FOR PARITY VIOLATION IN WEAK NEUTRAL 
CURRENTS 

Steve Chu, Eugene I). Ccr.anins, and Ralph Conti 

rhc recent discovery of weak neutral currents-
in high energy neutrino interactions implies the 
existence of a weak electron-nucleon interaction 
which must coexist wit;* the usual Coulomb inter­
action in atoms. If weak neutral currents 
violate parity (as ordinary' weak currents do), the 
total atcuic Hamiltonian is not parity-invariant, 
which implies that atomic energy states do not 
have exactly well-defined parity. One consequence 
is that photons emitted in transitions fiom 
unpolarized atomic states hnve a slight degree 
of circular polarization; alternatively there will 
be a slight circular-polarization-dependence for 
stimulated absorption. 

This important and interesting effect may 
actually be of measureable size in certain cases. 
We arc attempting to observe one of the most 
favorable cases, namely the forbidden magnetic 
dipole transition 6 2Pi/- - 7 pi/2 ( - 2 9 2 7 A ) i n 

thallium (Z = 81). Thallium vapor is contained in 
a fused-quartz cell at ^i000 oK. The vapor is 
illuminated by 2927 A radiation from a pulsed, 
flash-lamp pumped dye laser. Absorption is 
detected by observation of 5350 A fluorescence 
emitted in the decay of • P]/? thallium atoms. 
So far we have succeeded in observing the 
6 Pl/2 -*• 7 P1/2 forbidden transition in this manner 
when it is ennanced by application of a weak 
external electric field (Stark mixing). In spite 
of numerous subtle problems connected with this 
difficult experiment, progress is very encouraging 
and we are very optimistic about the possibility 
of observing parity violation, or at least of 
placing a useful upper limit on its existence. 

3. THEORETICAL STUDIES OF ONE AND TWO ELECTRON 
IONS 

Peter J. Mohr 

The self-energy contribution to the Lamb shift 
E(2Si/2) _ E(2Pj/2) i n a Coulomb potential has 
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been calculated to all orders in Za for a wide 
range of 2. Improvement in the evaluation of 
the vacuum polarization contribution to the l.amb 
shift has been made. The results give a new 
theoretical value for the Lamb shift in hydrogen. 
In addition, these results have been combined with 
the other known contributions to make accurate 
theoretical predictions for the Lamb shift in 
hydrogenlike ions for Z in the range 2-30. This 
is an area of low energy tests of quantum electro­
dynamics which is actively being pursued by many 
experimental groups. Work on the evaluation of 
the self-energy cc.itribution to the 2P3/2 state 
is in progress. This work is being done in an 
attempt to explain the discrepancy between theory 
and experiment for tie Z dependence of the fine 
structure separation in high-Z atoms. Theoretical 
work, done in collaboration with H. Gould and 
R. Marrus, on the effect of the hyperfine 
interaction on lifetimes in high-Z heliumlike ions 
has been extended to the case of the 2~PQ state. 
A theoretical prediction for the effect of , 
hyperfine interaction on the lifetime of the 2 Pg 
state has been made for 1 in the range 9-29. 
Besides being of intrinsic physical interest, 
thi'» effect is important in the interpretation of 
the data in certain beam-foil experiments. Work 
is in progress on a study of radiative corrections 
to the lifetime of the 2^Pg state in heiiumlike 
ions. The lifet'me of the state is sensitive to 
the Lamb shift, and a theoretical study is being 
made to determine if other radiative corrections 
are important. A reevaluation of the integrals 
associated with Zwanziger's calculation of the 
radiative corrections to the hyperfine difference 
8£v(2Si/2) - AvClSj^) has been made. The 
improvement in accuracy over the orginal calcula­
tion sharpens the comparison between quantum 
electrodynamics theory and the measurement of 
•iv(2Si/2) incite4 by Prior and Wang. 

4. ENERGY CONSERVATION 

Lee Schipper 

During 1975 I spent a considerable amount of 
time continuing my research on galactic clusters 
and their statistics. This work included com­
puting at LBL's computer center and in the Physics 
Department. I expect to finish this work in 1976. 

Some of my work centered around Energy 
Conservation, in cooperation with the Energy and 
Environment Division of LBL and the Energy and 
Resources Group, UC Berkeley. I took part in 
LBL's "Energy Conservation Assessment Program," 
a study done for ERDA. I wrote several articles, 
including "Energy Conservation: Its Nature, 
Hidden Benefits, Hidden Barriers," to be published 
in 1976 in Energy Communications and "Raising the 
Productivity of Energy Use," to be published in 
1$76 in Annual~Rev. of Energy. I taught in the 
LBL suwrner course for teachers on energy conserva­
tion, gave several lectures to other groups on 
campus, and appeared in several "Citizen's Energy 
Workshops" on behalf of ERDA-SAN. 

5. POLARIZATION CORRELATION EXPERIMENTS RELATED 
TO THE FOUNDATIONS OF QUANTUM THEORY 

John F. CJauser 
Several experiments have been performed which 

measure both the linear and circular polarization 
correlation of the two-photon system emitted bv 
the 81Pi - 7%j -+ 6 3P 0 cascade of 2 0 Z H g . The Hg 
atoms were excited by electron bombardment, and 
the photons were counted in coincidence after 
passing through quarter-wave plates and/or highly 
efficient pile-of-plates linear polarizers. The 
experiments tested the predictions of a general­
ization of Bell's inequality which applies for 
any alternative theory employing objectivity plus 
naive locality. Th^1 linear con-elation data were 
found to violate this inequality, and thus helped 
to clarify the anomalous results found earlier 
by Holt and Pipkin at Harvard. The circular 
correlation magnitude was somewhat lower because 
of systematic errors in the quarter-wave plates. 
As a result it was not suitable for testing the 
above inequality. None the less it was useful for 
testing for the existence of "state vectors of the 
second kind" considered by Jauch and Selleri as a 
basic outgrowth of Furry's hypothesis. 

6. FIFTH INTERNATIONAL CONFERENCE ON ATOMIC 
PHYSICS 

Richard Marrus, Chairman 

Members of the Atomic Physics Group are cur­
rently planning the arrangements and details for 
the Fifth International Conference on Atomic 
Physics which will be held in Berkeley on July 2b-
30, 1976. The University of California Department 
of Physics and the Lawrence Berkeley Laboratory 
will co-host the Conference, which will cover the 
most important developments in atomic physics 
since the last Conference in 1974. Most of the 
activity this year has been devoted to soliciting 
financial support for the conference, to planning 
the scientific program and to establishing 
communication with 1500 atomic physicists through­
out the world. The response thus far is er.thusia-
tic, and we expect an attendance of approximately 
600 participants. 

7. ATOMIC BEAM MAGNETIC RESONANCE 

Ahsanul Huq, Atilla Ozmen and 1,-jward Shugart 

High precision atomic beam measurements 
provide important information for testing refined 
atomic theory and for establishing a reference 
base upon which other methods may rely. Our 
earlier measurement on the Helium (2'Si) g, -
factor helped resolve a discrepancy between a 
1958 atomic beam measurements and a 1972 optical 
pumping determination which cast doubt on 
theoretical computations. 

Our determination agreed with theory and the 
earlier experiment but disagreed with the optical 
pumping work. Just recently a new optical pumping 
determination has confirmed our value. 



30S 
Althcugh accurate computations of gj • factors 

are available only for atoms of one, two or three 
electrons, several atomic theorists are interested 
in the accuracy of their methods when applied to 
many electron systems. Thus our 1974 % 2 Sj 
measurement in the oxygen atom finds agreement 
with theory to one part in 10 3 while our experi­
mental value is known 20 times better. This 
situation forms reasonable testing ground for the 
development of better computational methods, which 
in turn benefit all atomic theory. 

During 1975 we have been developing high 
temperature evaporators of carbon for use in a 
precision determination of the gj in carbon's S 7 

metastable state. In addition, we have developed" 
an Auger detector to count these ow-lying 
metastable states. The 5 S 2 state in carbon is 
of interest because it has one fewer electron than 
§. half-filled p-sheil while the already measured 
bS2 state in oxygen has a half-filled p-shell plus 
one electron. 

Following the work on carbon we plan to carry 
out a seven significant figure measure i.snt on the 
lithium ground state g„ since theory has now been 
completed to this accuracy and is in need of 
experimental testing. 

8. ATOMIC ABSORPTION AND FLUORESCENCE! 

Tetsuo Kadeishi and Associates 

With financial support from the National Science 
Foundation and the Energy and Environment Division 
we have extended the Isotope-shift Zeeman- effect 
Atomic Absorption (IZAA) spectrometer which was so 
successful with mercury to the analysis of 
cadmium and lead. This technique utilizes two 
optical components of the Zeeman split light 
source; one component monitors the resonant 
absorption and the other samples off resonant 
light losses that are caused by a process other 
than absorption by the element of interest. 
Mercury from biological samples (e.g., tuna fish, 
bovine liver, orchard leaves, etc.) may be assayed 
to ±10 parts per billion in this spectrometer 
when the sample is vaporized in a furnace at about 
900°C. When small aqueous samples of lead or 
cadmium are vaporized in a carrier of hydrogen gas 
in an oven at 1100°C, the water vapor passes 
through the absorption cell in two or three 
seconds, while the lead or cadmium requires 30 to 
60 seconds for passage (depending on the furnace 
temperature). The separation seems to be effective 
only if the metal salts momentarily stick to the 
walls of the furnace. As larger volumes of solu­
tion are used, the interaction with the walls 
becomes less. Negligible loss of cadmium occurs 
from 0.5 ml of solution, while lead losses occur 
with somewhat smaller volumes. Evaluation of the 
capabilities and limitations of this technique 
are in progress. 

A second project is underway to develop an 
optical detector for NO2 and NO using optical 
fluorescence from excitation by two Ar + laser 
lines. This technique should allow fine spatial 
and temporal resolution of reaction products in 
combustion phenomena. Such resolution has 
previously not been possible. 

9. RESEARCH PLANS ;=OK GVLi-NPAR YEAR 1976 
(toward A. Shugart and Associates 
a. Ion Trapping 

We plan to complete work on the high precision 
measurement of the Z-Sjo ^l!e+ hyperfinc structure. 
We plan to study the lifetime of the 2-\Sj Li* 
metastable state because this determination is 
important in understandire -m unexplained trend 
in lifetimes of much higher Z. We also plan to 
utilize laser excitation of trapped ions, a 
method which is being explored for its intrinsic 
value but which his application as a diagnostic 
probe in fusion plasmas. 

b. Small Sample Detectors 

We plan to evaluate the capabilities and limi­
tations of our recently developed detectors for 
trace airounts ot cadmium and lead. Wc also plan 
to pursue the development of a sensitive and fast 
method for the optical determination of NO? and 
NO in combustion environments containing turbulence 
and particulate contaminations. This work receives 
partial support from the N.S.1-". 

c. Energy Conservation liducation 

In conjunction with the Energy and Environment 
Division and the I-nergy and Resources Group, 
U.C. Berkeley, we intend to explore the quantita­
tive aspects of Energy Resources, utilisation and 
conservation. Participation in public education 
through publishing technical and popular articles 
and through personal appearances will be .111 
important aspect of our program. 

d. Weak Neutral Currents and Atomic Structure 

The apparatus which was constructed last year 
will attempt to measure the possible influence of 
a weak electron-nucleon interaction on an atomic 
state. This equipment is now functioning and 
should provide either an observation of a mixed 
parity state or place an upper limit on its 
existence. 

e. Theoretical Atomic Physics 

We will extend and improve theoretical and 
computational techniques as they apply to oi.e and 
two electron atoms of higher nuclear charge. In 
particular the Lamb shift of the 2P3/2 state in 
heavy hydrogenlike ions will be computed using 
recently developed methods which should greatly 
improve on previous estimates. 

f. Atomic Beams 

Very high precision measurements of the gj 
factor of the most important states for comparison 
with theory are planned. In particular the % £ 
metasable state in carbon and the 2Si/2 ground 
state in lithium will be the center of attention 
during 1976. 
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fi' Mctastafale Lifetimes 

We wi l l attempt t o reproduce an unpublished 
measurement from our laboratory of the l i fe t ime 
of the ^$$/2. metastablo s t a t e in n i t rogen . This 
new measurement should e l imina te suspicion of 
[wssible contamination in the e a r l i e r r e s u l t . If 
atomic beam s tud i e s on -'S? carbon arc success fu l , 
we wi l l attempt a measurement of i t s l i f e t ime . 

h . Fif th In te rna t iona l Conference on Atomic 
Physics 

Our group wi l l host the next In te rna t iona l 
Conference on Atomic Physics to be held July 26-30, 
1976. We expect about 600 p a r t i c i p a n t s represent­
ing every country ac t i ve ly engaged in atomic 
physics research. The extensive planning of the 
program, p u b l i c a t i o n s , and soc ia l events for the 
conference should ensure a productive and rewarding 
meeting. 

10. 1975 PUBLICATIONS AXU REPORTS 

Howard A. Shugart and Associates 

•Journals and Books 

1. I'. J . Mohr, Lamb Shift in a Strong Coulomb 
P o t e n t i a l , Pin's. Rev. Le t te rs 34, 1050 (19751 
(LM.-3M1). 

2. M. If. Pr ior and V.. C. hang, Hypcrfine Struc­
ture of 2s fyc*, HI vs . Rev. l e t t e r s 35, 29 | ]9"5) 
(LBL-38U2I. 

3 . R. Marrus, Studies of Hydrogen-1 ike and 
Helium-1 ike Ions of High Z, chapter for book on 
beam-foil spectroscopy (March 19 7M , 

4. L. P. Commins, Weak Nuclear I n t e r a c t i o n s , 
McCraw-lli U Encyclopedia of Science amM'cchnoIQgy, 
4th"edlTiaii CAugustVJTSl. 

5 . T. Hndcishi and R. 1). McLaughlin, IIAA, a 
New Approach to Chemical Analys is , Hie American 
Laboratory (May 19~5) ILBL-3259). 

0. T. Hadeishi and K. I). McLaughlin, Isotope 
Zeeman Atomic Absorption: A New Approach to 
Chemical Analys is , The American laboratory 
(August 1975)'. 

7. B. p . 2ak, B. (Jiang, and T. Hadeishi , Current 
Controlled Phase Retardation P la t e , \pplicd Opt ics , 
14_, 1217 (1975). 

Presented papers 

1. R. Marrus and H. A. Could, Radiative Decay in 
Helium-Like Krvpton, Am. Phys. S o c , Knoxville 
Meeting, Bull .'Am. Phvs. Soc. 20, 81S (1975) 
(LBL-3813). 

2. P. Mohr, Hyperfine Quencliing of the 2'"*Vo S t a t e 
in Helium-like Ions, Fourth In ternat ional 
Conference on Beam-Foil Spectroscopy, .haw 1975 
(LBL-3858). 

3 . P. Mohr, Lamb Shif t in Hydrogen-like Ions, 
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1 . STUDY OF THE DECAY 2* S. - ] ' s . IN HELIIM-LIKE 
KRYPTON ( 1 - 3 6 ) 

li. Gould and R. Marrus 

During calendar 1975 observation was made of 
radiative decay from the 2 3Sj state of tvo-
electron Kr*M (Z - 36). To our knowledge this 
is the highest Z two-electron systen ever observed. 
A time-of-flight experiment yielded measurements 
of the transition rates A (2 3Pj •» 23Sj) and 
A (2 3Sj •» l 'S j ) , A preliminary publication has 
been issued (ref. 1). These measurements are 
significant because the measurement of 
A (2%j * l'Sn) verifies the theory of relativistic 
u> «7.ctJ^ dipole decay. This verification is 
important because *he theory has been applied to 
interpretation of x-ray data on the solar corona 
and x-ray observations made in laboratory plasmas. 
The importance for plasma diagnostics l ies in the 
fact that Gabriel and Jordan have shown that 
knowledge of the decay rate makes possible the 
determination of the electron density in plasmas 
from observation of the line intensity. This is 
of interest for both laboratory and astrophysical 
plasmas. 

1. H. Gould and R. Marrus, Lifetime of the 2JSi 
State of Heiium-like Ar* 1 6 and Kr* 3 4, submitted 
to the New York Meeting of the American Physical 
Society, Feb. 2-6, 1975 (LBL-4526 Abstract). 

> STUDY OF THE ULTRAVIOLET TRANSITION 
2 3 P 2 * 2 3Sj AND 2 3 P 0 - 23Si IN 1EL1UM-LIKE ARGON 
K. A. Davis and R. Marrus 

The indicated transitions are being studied with 
a normal-incidence Seya-Namioka spectrometer. The 
goal is to obtain precision lifetimes and wave­
lengths for these transitions. These measurements 
are of value for work on plasma diagnostics. As 
noted in the Bamett report, argon and other rare 
gases are often used for plasma diagnostics. In 
particular, the 23P * 23S transitions can be used 
for ion temperature determijiation in a region of 
high electron temperature. Precise wavelength 
and lifetime information is important to these 
determinations. 

3. LAKE SHIFTS IN THE N * 2 STATE OF HYTitOGEN-
LIKF ARGON (Z = 17) 

H. Gould and R. Marrus 

The goal of this experiment is to obtain a 
value for the Lamb Shift in the one-electron atom 
A r + 1 ' with an accuracy of 11 or better. At this 
level of accuracy i t should be possible to sec 
deviations from the Za expansion and to decide 
between conflicting calculations of Mohr and 
Erickson. This will provide a new text of 
quantum electrodynamics. 

During the calendar year substantial progress 
was made. Signals were observed for the f irs t 
time and significant improvements made in signal 
to noise rat io. A simple, precise system to 
measure the beam velocity was installed and a 
magnetic field measuring system is now in place 
and in operation. The consistency of the 
measurements obtained so far leads us to antici­
pate that a IS result will be obtained in 
calendar year 1976. 

4. RADIATIVE DECAY OF THE 2 T> STATES OF HELIUM­
LIKE ARGON 

William A. Davis and Richard Marrus 

We would like to report preliminary results on 
a measurement of the lifetimes and wavelengths of 
the allowed El decays from 23P states of helium­
like Ar XVII. These decays are observed"using a 
vacuum ul* violet moncchrometer to view the decay 
radiation of the transitions 23P? - 23Si and 
2 3P 0 - 2%!. ' 

Previous studies of the 23P states of high 
Z (Z > 10) helium-like atoms have been mainly 
concerned with measuring lifetimes for the 2 3P 2 

state. This state has been observed by viewing 
the M2 radiation emitted in the decay 2 3 P 2 - l r Sn, 
which for Z > 18 becomes the dominant-decay mode, 
exceeding the El mode, 2 3 P 2 - 2 3 S,7 I > 2 

The M2 decay of the 2 P 2 state was first 
observed in Ar XVII by Marrus and Schmieder,3*4 

and i t s lifetime was found to be 1.7(3) nsec. 
This measurement was complicated by the inability 
to resolve the HI decay 23Si - l^Sn of 3104 eV 
from the M2 decay of 3126 eV using high resolution 
C~ 200 eV) Si (Li) detectors. Subsequent measure­
ments have been made on S XV, CI XVI, Ti XXI, 
V XXII, and Fe XXV by Cocke, et a l . 5 and Gould, 
et al .o Cocke, et a l . , were able to resolve the 
M2 cioray by making use of a doppler tuned spectrom­
e t e r , 7 with a resolution of ~3 eV. 

The 2 PQ state can normally only decay by El 
to the 2 3Pj Etate, and as such has net been 
observed for Z > 10. For nuclei with hyperfine 
structure, the effect of mixing of the 23P? and 
23Pn states with the 23Pi state (which in high 
Z atoms is quenched to the ground l ISn state by 
spin-orbit mixing with lPi states) has been 
demonstrated in V XXXII.6 

In our studies we are using a 1/2 meter Seya-
Namioka Monochrometer, mounted with the entrance 
s l i t perpendicular to the beam line. The instru­
ment views the decaying atoms at 90° from the beam 
line. The grating is a t r ipar t i te replica grating, 
coated with platinum, and most of our data has 
been taken with the s l i t s a*c 200 microns, giving 
instrumental widths of 3.9 angstroms. The 
detector is a Bendix Continuous Dynode electron 
multiplier, operated in the pulse counting mode. 
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Present ly we have been able t o measure the 
l i f e t imes of the two s t a t e s and a r e now working 
on an accura te wavelength measurement. Lifetime 
data was accumulated in the following manner. 

The 2 ^ ? " 2 3 s l and 2 3Po - 2 3 Si wavelengths are 
ca lcu la ted t o be 559.8(17) and 662.3(20) 
angstroms, r e s p e c t i v e l y . " After bending and 
focusing the 140 MeV Ar beam from the Lawrence 
Berkeley Laboratory super-HILAC, we c r l l imated 
the beam through 1/4 inch co l l imators 12 feet 
a p a r t . At t h i s beam energy the acceptance angle 
of t he nonochroneter con t r ibu tes 4 .8 angstroms 
t o t h e l inewidth . Time-of-f l ight l i f e t imes were 
reasured using a 49 ugm/cm2 carbon f o i l mounted 
on a moveable t r a c k , and sca l ing counts while 
looking a t fixed wavelength po in t s in the 
background, 10 angstroms above and below the l i ne 
c e n t e r , a s well a s d i r e c t l y under t he l i n e center . 
The data po in t s were normalized t o the in tegra ted 
beam cur ren t c o l l e c t e d in a Faraday cup. With 
beam cu r r en t s of 300 charge namp we observed 
count r a t e s of ~3 counts per second. 

Three separa te l i f e t i m e measurements were made 
for t h e 2 ^ 2 - 2%i decay, and two for t he 2 3Pn -
2 3 S i decay. The data were analyzed by averaging 
the background count r a t e s , sub t r ac t ing them 
from the d a t a , and f i t t i n g t he r e s u l t i n g s igna l 
count r a t e s t o s i n g l e exponent ia l s . 

3 3 
For 2 ?2 - 2 S j we took e igh t data po in ts over 

9 cm. For 2 3Pn - , 2 3 S j we took 13 data po in t s over 
17 cm. For t he 2 3Pn - 2 % ! decay, the five 
c l o s e s t po in t s t o t he f o i l do not l i e on an 
exponential decay curve and had anomalously high 
count r a t e s . The concave na tu re of the decay 
curve cannot be explained by cascading through 
the 2 3 P 0 s t a t e . At t h i s time we do not know how 
t o account for t h i s observat ion and these po in t s 
a r e ignored i n f i t t i n g t h e d a t a . F i t t i n g t he 
l a s t e igh t po in t s with a s i n g l e exponential we 
obta in the l i f e t i m e . 

The r e s u l t s of these experiments a r e shown in 
Table 1 where for comparison ca lcu la t ed l i f e t imes 
a re given, both including Lamb Shi f t e f f e c t s , and 
neg lec t ing them. 6 The quoted e r r o r includes the 
e r r o r in f i t t i n g t h e l i f e t i m e s , p lus a 6% 
unce r t a in ty in t he beam energy. These e r r o r s 
a re added a l g e b r a i c a l l y . Other systematic e r ro r s 
a r e ca l cu l a t ed t o be wel l under I t . 

1. R. H. Garstang, Publ. Astron. Soc. Pac. 8 1 , 
488 (1969). — 

2. G. W. F . Drake, Astrophys. J . 158, 119 (1969). 
3 . R. Marrus and R. W. Schmieder ."Phys. Rev. 
Le t t e r s 25, 1689 (1970). 
4 . R. Marrus and R. W. Schmieder, Phys. Rev. A 
5 . 1160 (1972). 
5". S XV, C. L. Cocke, B. Cumut te , and R. Randall, 
Phys. Rev. A 9, 1823 (1974). CI XVI, c . L. Cocke, 
B. Cumut t e , J . R. Macdonald, and R. Randall , 
Phys. Rev. A 9 , 57 (1974). 
6 . V XXII, Fe XXV, H. Gould, R. Marrus and 
P. J . Mohr, Phys. Rev. Le t t e r s 33 , 676 (1974). 
Ti XXI, H. Gould, Pr iva te communication. 
7. R. W. Schmieder and R. Marrus, Nucl. I n s t r . 
Meth. 110, 459 (1973). 
8. P.~X" Mohr, p r i v a t e communication. 

Table 1. Observed and predic ted l i f e t imes 
(2 3 P - 2 3 S. ) of Ar XVII (nsec) . 

2 3 p - •J3q 2 P - i S 
Z *2 - 5 1 _ 0 L \ 

Observed 1.62(8) 4.87(44) 

Predicted without 
Lamb Shif t 1.51(4) .1.70(12) 

Predicted with 
Lamb Shi f t 1.52(4) 4.82(12) 

5. RADIATIVE DECAY AND FINE STRUCTURE OF THE 2 P, 
AND THE 2 3 Si STATES OF HELIUM-LIKE KRYPTON l 

(Kl XXXV) 

Harvey Gould and Richard Marrus 

Intro.'.-iction 

In t h i s paper we report the measurement of t he 
r ad i a t ive l i f e t imes of the 2 3 Si and 2 3Pn s t a t e s 
of t he two-elect ron ion Kr XXXV. Our r e s u l t s for 
the 2 3 P Q l i f e t ime enable us to in fe r a value for 
the 2 3 S] - 2 3Pn energy s p l i t t i n g , which i s 
su f f i c i en t p r ec i s ion t o be s e n s i t i v e to t he Lamb 
s h i f t . The measurement of the 2 3 Si l i f e t ime in 
t h i s system extends the range of l i f e t imes for 
which t h i s t r a n s i t i o n has been measured (He I t o 
Kr XXXV) to 4 x 1 0 1 3 . 

Theory: Radiative Decay from the n - 2 Sui tes of 
Helium-Like Krypton 

Decay of the 2 Pi S t a t e . Of the s ix n = 2 
s t a t e s (Fig. 1 ) , a l l but the 2 J Pi are metastable 
aga ins t decays t o t he ^ S Q (ground) s t a t e . The 
2*Pi s t a t e decays t o t he 1 I S Q s t a t e by a fu l ly 
allowed e l e c t r i c d ipole t r a n s i t i o n ( E l ) . The 
decay r a t e s ca l e s roughly as Z 4 and the l i f e t ime 
in he l ium-l ike krypton i s about 1 0 " 1 5 s e c . 

Decay of t he 2 3 Pi S t a t e . To the ex ten t t h a t 
the t o t a l e l ec t ron spin~3~is a good quantum 
number. E l t r a n s i t i o n s from the 2 3 P j s t a t e t o the 
l*Sn s t a t e a re forbidden. In neu t r a l helium, a l l 
of t he 2 3 P s t a t e s , which are near ly degenerate , 
decay t o the nearby 2 3 Sj s t a t e by El r a d i a t i o n 
with a l i f e t ime of 1 0 ' s e c . 1 At h igher Z the 
spin s p i n - o r b i t and o the r r e l a t i v i s t i c e f f e c t s 
cause s u b s t a n t i a l s i n g l e t - t r i p l e t mixing, and El 
t r a n s i t i o n s to the PSn s t a t e become the dominant 
decay mode. 2 At Z=36 the 2 3 Pi and 2 F s t a t e s 
have comparable l i f e t i m e s . 

Decay of the 2_P 7 S t a t e . In addi t ion to the 
El decay to the 2 J Sj s t a t e , the 2 3?2 s t a t e can 
decay t o the P S g s t a t e by a magnetic quadrupole 
(M2) t r a n s i t i o n ^ At low Z the El r a t e dominates, 
but the M2 r a t e 3 which sca les roughly as Z becomes 
comparable a t Z = 1 7 . In hel ium-l ike krypton the 
decays a re predominantly M2 and the l i f e t ime i s 
1 0 " 1 1 s ec . 
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ENERGY LEVELS AND DECAY SCHEME 
OF HELIUM-LIKE KRYPTON 

2 3 P ? 

2 3P 

2 3 S , 

A M i < V - : £ r a ' • 9 Z 1 0 R y - 2.5*10"* Z 1 ' CI) 

12980 

1 ' S 0 

Fig. 1. Radiative decay of the n=2 states of 
helium-like krypton. The energy levels of the 
n=2 states are shown in the scale to the right 
of the figure (all units are 17 eV). 

(XBL 759-3881) 

Decay of the 2 S n State. Conservation of 
angular momentum prohibits any single-photon 
transition from the 2*So state to the I^-SQ ground 
state. The 2 1SQ state can, however, decay by the 
simultaneous emission of two electric-dipole 
photons (2E1), the same process which accounts 
for the decay of the 2 2 S 1 / 2 in hydrogen. The 
transition rate for helium-like atoms in the 
limit of high Z i s 4 A 2 E 1 (2 1 S 0 ) = 16.5 (Z - o } , & 

where a is a screening constant < 1. The lifetime 
of the ZlSn state in helium-like krypton is about 
3 x 10" 1 1 sec. 

Decay of the 2 S; State. The dominant decay 
mode of the Z 3 ^ state is by magnetic-dipole 
decay (Ml). However, i t is only the relat ivist ic 
contributions to the magnetic-moment operator 
which are nonvanishing. The nonrelativistic 
operator, v = -un(£ + 2s), has no radial 
dependence, and Because of the orthogonality of 
the Is and 2s wavefunctions, the matrix element, 
<ls|p|2s>, is zero. In the relat ivis t ic theory 
the magnetic-moment operator has a radial 
dependence. Calculations to lowest order in aZ 
yields: 

Detailed calculations, that include tl*e effects of 
electron-electron interactions have been carried 
out by several authors. 5 The numerical calcula­
tions of Johnson and Lin6 yield a lifetime of 
0.17 nsec for the 2 3Sj state of helium-like 
krypton. 

Decay of the 2 Pp State. In the absence of 
hyperfine structure effects of external fields, 
direct decay of the 2 3PQ state to the 1*SQ state 
is very highly forbidden. All single-photon 
transitions to the lJSo state are forbidden by 
the conservation of angular momentum, while parity 
conservation forbids 2E1 and ZM1 transitions. 
The dominant decay process is El decay to the 23Sj 
state, which subsequently decays by Ml to the 
ground state. The transition ra te 7 for El decay 
23Po - 2 3S! is given by 

A £ 1 (2 3 P 0 ) = Qk 312(2a)" 2ll+0.759Z _ 1-0.417tZa) 2] 2 

(2) 

in units of mg = c and h = 1, and where k is the 
2 3Sj - 23Po energy separation. 

The 23Si - 25Pp Fine Structure in Helium-Like 
Krypton. The 23Po state arises purely from the 
coupling of the l s ^ a n i t n e 2pi/2 electrons, 
and contains no admixture of 'P3/2 a s does the P\ 
states. Similarly the 2 3S^ arises entirely from 
the coupling of the lsi/2 and the 2sj/2 electrons. 
In the hydrogenic approximation, where the lsi/2 
is a spectator electron, the (23Sj and 2 3Pn) levels 
are degenerate in the absence of Lamb shift. 

There are three important contributions to the 
2%i - 23Po fine structure: 1) a Coulomb interac­
tion involving the charge distributions of the two 
electrons which scales as Z, 2) the interaction 
between the spin, magnetic, and dipole moments of 
the two electrons, which scales roughly as Z 3, 
accounts for about one-quarter of the energy 
separation at Z=36, and 3) the Lamb shift. 

n"5 of The Lamb shift, which accounts for 2xl0~ 
the 23Si - 23Po splitting in neutral helium 
(Fig. 2) scales almost as fast as Z*% and at Z= 56 
is about 4$ of the energy separation. With the 
23?o lifetime dependent upon the cube of the energy 
separation, the presence of the Lamb shift changes 
the lifetime by roughly 124. The Lamb shift makes 
the S state less tightly bound, decreases the 
23Si - 23Pp fine structure separation, and thus 
increases the 23Pn lifetime. For our calculations 
at high Z we have used the one-electron (hydro-
genic) Lamb shift. The error in this approxima­
tion is mostly in ignoring the screening of the 
inner electron. The effect decreases the size 
of the Lamb shift, but at Z = 36 is small compared 
to the resolution of the experiment. 

Experiment: Observation of the Decay of the 2 Si 
State of Helium-Like Kr 

The experiment was performed at the Lawrence 
Berkeley Laboratory's Super Heavy-Ion Linear 
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Table 1. Lifetimes of the metastable s t a t e s (n=2) of helium­
l ike ions . 

Species 

He I 2 Sx io 3 i»io • 2x10 " 1«10 ' 

Me IX 10 9*10" 5 1«10" 8 1*10''' i *m ' 8 

Ar XVII 18 2*10 ' 7 - Q 4.5«:0 -9 2.5«I(! l .S»10" 9 

Kr XXXV 36 l . S x l O " 1 0 1.6»10" 9 J . 1 0 " 1 1 K I O ' 1 1 

Decay Mode MI 1:1 31:1 M2*i:i 

la Tib jh .d .n n-2 Ha le i of helium like >oni 

1 i: 
- " 10 

7 
a? 08 

r. 

c °* -
1 04 

— -i 02 2*10 5 

20 30 40 50 60 

Nuclear charge Z 

Fjg. 2 . Lamb s h i f t as a f rac t ion of the 2 3Pn -
2 J S j energy separa t ion . (XBL 7SJ0-858S) 

-Accelerator (Super HI LAC). Helium-like Kr was 
produced by passing 4 * 10 9 cm/sec (714 MeV") beam 
of K r 8 6 through 350 Mg/cm2 f o i l s of Be o r C. The 
x-rays from the decays in f l ight of the 2%^ s t a t e 
are observed by a p a i r of Si(I . i ) x-ray de tec to rs 
located downstream from the fo i l (Fig. 3 ) . As 
the f o i l - d e t e c t o r separat ion is increased by 
moving the fo i l on a t r a c k , the number of x-rays 
seen by the de tec to r s decreases exponent ia l ly . 

The beam i s co l l ec t ed in a Faraday cup for normali­
za t ion . Collimating s l i t s in the beam insure t ha t 
the beam co l l ec t ed in the Faraday cup has a l l been 
subject t o view by the d e t e c t o r s . A system of 
co l l imators and ba f f l e s keeps sca t t e r ed beams 
from s t r i k i n g the de tec to rs or surfaces of the 
chamber in view of the d e t e c t o r s , as well as 

keeping the s t r ipp ing foil out of the f i e ld of 
view of the d e t e c t o r s . 

I den t i f i ca t i on of the rad ia t ive decays in 
hel ium-l ike t.r is based upon several ( ac to r s : 
1) the observat ion of a s i zab le f rac t ion of Kr + 

emerging from the f o i l , 2) observation of x-rays 
from decays in f l ight and the determination that 
t h e i r energy corresponds to the i^Sj - l 's (-, t r a n s i ­
t ion that the x-ray energy was independent of 
foil de tec tor r epa ra t ion , I) observation of the 
compound decay 2 'YQ •* 2^\ * I^Jjru -ind 5) know­
ledge of the hel ium-l ike system'** obtained from 
experiments on forbidden decays in hel ium-l ike 
svstems for " = 16 to 26. 

toicrgy of the ' _ i ^ l - L stf l J H L s ' * i_HIl 

Figure 4(a) shows a semi logarithmic plot of the 
x-ray de tec tor pulse-height spectra from the decay 
in f l i gh t of the 2 5^ s t a t e of hel ium-l ike Kr. 
The s o l i t a r y peak in the middle of the graph is 
located at 12.89 keV. The 300 eV linewidth i s 
due t o the instrumental l inewidth plus a small 
amount of floppier broadening. The x-ray de tec to r s 
were c a l i b r a t e d aga ins t t he knowp 1^ and Kg x-rays 1 

obtained by fluorescence from compounds of Br, Sr , 
Mo, Cu, and Zn (Fig. 4 (b ) J . Both the data peaks 
and the c a l i b r a t i o n peaks were f i t to the known 
de tec to r l ineshape of a Gaussian with a small 
leading exponent ia l . A l eas t - squares f i t t o t he 
c a l i b r a t i o n spect ra i s shown in Fig. 5, and a 
summary of the energy determination is given in 
Table 2. The r e l a t i o n between the energy of the 
emitted photon VQ and the observed photon v i s 
given by 

•"o n , i / : M -1 
13) 

where £ - v /c (v = ve loc i ty of jjhe.ljoanr, c = speed 
of l i g h t ) . The q-j-uitity [1 - B~V^ is the 
r e l a t i v i s t i c floppier sh i f t refer red to in Table 
2. The major source of e r ro r in the energy 
determination is the uncer ta in ty in the angle 0 
between the de tec tors and the beam. 
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Fig. 3. Schematic diagram of the experimental 
apparatus. '̂ XBL 737-878A) 

480 640 800 
Channel numbei 

Fig. 4. (a) Observed pulse-height spectra with a 
foil detector separation of 6 an. The peak at 
channel 580 is the 12.89 keV x-ray from the decay 
in flight of the 2^ state of helium-like Kr. 
The origin of the low-energy peaks has not been 
identified. (XBL 7S1D-8S97) 

(b) Calibration pulse-height spectra. 
(XBL 7510-8596) 

500 600 
Channel 

Fig. 5. Least-squares fit of the peaks used to 
determine the energy calibration. (XBL 759-3884) 
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Table 2 . Kr XXXV 2 3 Sj - 1 1 S Q energy separa t ion . 

Experiment: 

Observed x-ray = 12.893 
R e l a t i v i s t i c Doppler 
s h i f t cor rec t ion (1.009) = 13.009 
Peak uncer ta in ty 
Cal i fbra ted u i c e r t a i n t y 
Alignment e r r o r (1.5°) 

0.010 
0.010 
0.030 

13.009 ± 0.033 (lu) 

Theory 

Za expansion (Doyle) 12.981 
(2a) cor rec t ion 0.007 
I s - 2s Lamb s h i f t -0.011 

Experiment - Theory 0.032 t 0.033 (la) 

Lifetime of t he 2 3 P Q S ta te 

As the i n i t i a l populat ion of the 2 S. s t a t e 
decays within a few cm of the fo i l and as there 
a re no populated long- l ived s t a t e s o ther than the 
2 3Pn s t a t e , the e n t i r e population of the 2 3 Si 
s t a t e a t l a rge distances" i s due t o decays from 
the 2 3 P 0 s t a t e . Furthermore, as the 2 3 P 0 l i f e -
tune i s an order of magnitude sho r t e r than the 
2 3 P Q l i f e t i m e , by monitoring the 23Sx •+ l 1 S o x-ray 
t r a n s i t i o n we determine the 2 3 P Q l i fe t i ;ne . 
Figure 6 shows one of e igh t decay curves obtained 
in t h i s experiment. For each of e igh t decay 
curves , observations were made over at l e a s t two 
decay leng ths . Values of t he l i f e t imes obtained 
by l eas t - squares f i t s to these decay curves a re 
shown in Fig. 7 , along with the ca lcu la ted l i f e ­
t imes, both with and without t he Lamb s h i f t 
con t r ibu t ion to the energy separa t ion. 

Our r e s u l t for the 2 PQ lifet i jne (corrected 
for 11 time d i l a t i o n ) i s (1.66 ± 0.63) x 1 0 " 9 « 
wheie the quoted e r r o r represents 2a + 

10"* sec , 
11 for 

uncer ta in ty in the beam v e l o c i t y . The value of 
the 2 3 S] - 2 3Po f ine s t r uc tu r e separat ion obtained 
using Eq. (2) from measurerent of the 2 3 P Q l i f e ­
time i s 43.65 ± 0.55 eV. Ihe t heo re t i c a l energy, 
without the Lamb s h i f t , using the n o n r e l a t i v i s t i c 
terms of Sanders and Scher r ,* 0 the r e l a t i v i s t i c 
cor rec t ions of D o y l e , 1 1 am a Z'2 c o r r e c t i o n 1 2 t o 
the Brei t i n t e rac t ion (obt; mod by comparison of 
lower Z values of Accad, P«.keris, and S c h i f f 1 3 ) 
i s 45.48 eV. This i s i den t i ca l t o the value 
obtained by Ermolaev and Juries, excluding 
r e l a t i v i s t i c c o r r e c t i o n s . 1 (Neither ca lcu la t ion 
includes cor rec t ions t o or e r a & Z 5 in the 
expansion of the Brei t opera to r . ) Including the 
Z = 36, n = 2 hydrogenic L?mb sh i f t of 1.73 eV 1 2 

Foil deleclor separation (cm) 

Fig. 6. Typical decay curve of 2^1'Q - ;:"\Sj - 1 S ( ) . 
(X3L 75i»-38H5) 

Kr XXXV 2 3 P 0 — 2 3 S , 

/i lh Lamb shift 

wilhout Lamb shift 

compared with theo re t i ca l lifetimes'". The e r r o r 
bars are from the l^as t - squarcs f i t t o the decay 
curves. (XBl. 75S-403SJ 

br ings the theore t i ca l 2 3 S] 
to 43.75 eV. 

2-TQ fine s t m e t lire 

B>' moving the s t r i p p i n g foil c lose to the x-ra> 
de tec to rs the decay of the i n i t i a l population of 
the 2 Sj s t a t e ib observed, and a decay curve of 
count - ra te vs f o i l - d e t e c t o r separat ion i s 
obtained. As there wi l l be some cascades from 
the 2 3 P Q presen t , the decay curve (Fig. 8) was 



t 50 I 75 2.00 2 25 2 50 
Fo>l detector separation |cm) 

H g . 8. Decay cun r c_of the 2\Sj - I So- ^uc t o 
cascading from the 2-Yn s t a t e , the curve was f i t 
t o P double exponent ia l . The two exponent ia ls 
are shown below the decay curve. [XM. TS^-SaS.S) 

f i t to a double exponent ia l . The minimum fo i l 
de t ec to r separa t ion was l imi ted by the cal l i rnat ing 
systein, h-vnee the range or d i s t a n c e over which 
useful data could be obtained was somewhat 
r e s t r i c t e d . Therefore, the i r i t to the double 
exponential was achieved by en te r ing thf 2 3 P Q 
l i f e t ime a? a cons tan t , and confuting 2 , 1 Sj 
l i f e t i - i c s as a function of t w 23P;) liffrcune 
(Fig, 9 ) . As shown by the f i t s in Tig. 9, most 
of the count r a t e i s from the decay of t he 
i n i t i a l population of the 23.'ij s t a t e and the 
ex t rac ted l i f e t ime i s i n sens i t i ve to the exact 
25PQ l i f e t i m e . Again choosing 2a + 1% a s t he 
e r r o r , the measured 2 5 S] l i f e t ime ir, hel ium-l ike 
K'r i s (3.20 ± 0.06 nsec , in agreement with the 
t h e o r e t i c a l value of 0.17 nsec of Johnson and L i n . e 

A comparison of cur ren t experiircinT.-a and t h e o r e t i ­
cal l i fe t imes for the 2 3 bj s t a t e of hel ium-l ike 
atoms i s given in Fig. 10.' 

Fig. 9 . Lifetime of the_2^Si s t a t s as a function 
of the l i fe t ime of the 2 3 P Q s t a t e cascading tr* 
the 2-^i s t a t e . iXBL 759-5880} 

-1 1 I I 1 l l | 

_i i i m i l l _j i i I i n l 

Fig. 10. Cot^jarison of t h e o r e t i c a l 
and experimental values of the 2 3 Sj 
l i f e t ime for hel ium-l ike systems 
with 2 * 2 to 36. (XBL 742-2851 

I0 _ l 10° 
SPATIAL FREQUENCY {CYCLES/mm) 
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A. LOW ENERGY NUCLEAR SCIENCE 

1. HEAVY ELEMENT RESEARCH 

a. Actinide and lanthanide Chemistry 

Norman M. Edelstein, Veil Bartlett, John G. Conway* 
Kenneth Raymond,, Glenn ?. Scabovg, Andrei) 
Streituieser, Jr., David H. Templeton, arA 
Allan Zalkin, Principal Investigators 

1 . THE PREPARATION AND SPECTRAL PROPERTIES CF 
ACTINIDE ( IV) !fiiX.AIODOCOMPI,EXES 

* * * 
D. Brown, P. L ids t e r , B. Whit taker, and 
N, Edels te in 

As pa r t of a d e t a i l e d i nves t i ga t i on of the 
trends in bonding of 5f* compounds, we have 
previously repor ted op t i ca l spec t r a l data for 
octahedral compounds of t h e type ( N E t ^ j F a ^ 
(X = F, CI and Br) . The t rends in the l igend 
f i e l d parameters e and fi were explained 
q u a l i t a t i v e l y in terms of molecular o r b i t a l theory 
with large v a r i a t i o n s in o bonding dominating 
the t o t a l l igand f i e l d s p l i t t i n g as the ha l ide 
was var ied , a fea ture which was a l so observed for 
c e r t a i n hexhalogenouranates (V) . Hexaiodo-
coroplexes of t e t r a v a l e n t ac t i n ide elements have 
been extens ively s tudied and the s i n g l e 
protact inium (IV) complex repor ted , (PhjMeAs^Palg, 
was only prepared on a very small s ca le and i t s 
physical p rope r t i e s were not examined. 

We report now the- prepara t ion of new 
hexaiodocomplexes. (NEly^M Ho" CMIV = Th, Pa, 
and U) and (NMe 3PhJ 2M Ul6 ( M I V * Pa and U) 
together with d e t a i l s of t h e i r i . r . , Raman and 
(Pa and U only) so l i d s t a t e e l e c t ron i c s p e c t r a , 
and x-ray powder d i f f r ac t i on r e s u l t s . The l igand 
f i e ld and s p i n - o r b i t coupling constants derived 
from the e l ec t ron ic spect ra of the 
hcxaiodopra tac t ina tes (IV) a re compared with those 
ava i l ab le for o ther octahedral 5f* compounds. 

The nexaiodocomplexes c r y s t a l l i z e when the 
appropr ia te t e t r a i o d i d e and alkyl/aryl-ammonium 
iodide a re mixed in anhydrous, oxygen-free methyl 
cyanide. The products a re extremely s e n s i t i v e 
towards moisture , and for smal l - sca le prepara t ions 
( e . g . , SO mg of PBI4) i t i s e s s e n t i a ] t o pass 
previously pur i f i ed nrethyl cyanide down a column 
of fresh molecular s ieves in order t o ensure 
complete absence of water . They a re moderately 
soluble in methyl cyanide and inso luble in 
isopentane. The add i t ion of aqueous ammonia 
r e s u l t s i n the formation of hydrous oxides , the 
c h a r a c t e r i s t i c black pro tac t in ium (IV) hydroxide 
turn ing white within a few minutes in t he presence 
of oxygen. 

I . R. and Raman Spectra 

Two in f ra red -ac t ive fundamentals, V3 ( t i u ) and 
v 4 f*lu5t and th ree Raman-active fundamentals, 

vj C aig)> v2 ( e g)> a n ^ v 5 (t2g) a r e p red ic ted by 
group theory for regu la r octahedral molecules of 
the type M>Ĉ  belonging t o the point group Oh-
The t2y mode, v&, i s t o t a l l y forbidden. ~ 
Comparison of our spec t ra for the hexaiodo­
complexes with those for hexaf luoro- , hexachloro- , 
and hexabromo-complexes of a va r i e ty of 
t e t r a v a l e n t ac t i n ide elements r e s u l t s in the 
assignments shown in Table 1. 

Table 1. P a r t i a l x-rav powder d i f f r a c t i o n data for 
( N E t 4 ) 2 P a I 6 . ' 

s l n \ b s 
I 3 , est S i n \ b s est 

0.0108 M+ 0.0716 S 
.0115 M- .0772 M-
.0293 IV- .0788 M-
.0331 K-- .0826 M 
.0426 M .0853 M 
.0451 Jl .0959 M+ 
.0464 IV- .0974 K-
.0501 IV .0996 K 
.0511 IV .1045 M+ 
.0521 IV- .1080 K 
.0545 IV- .1122 Wt 
.0563 IV- .1143 W-
.0571 IV- .1171 K-
.0604 IV .1261 M* 
.0622 IV- .1327 M* 
.0644 IV .1386 W 
.0666 IV- .1421 W 
0.0689 w- .1471 W 

0.1542 W-

S, s t rong; M, medium; IV, weak. 

E lec t ron ic Spectra 

The s o l i d - s t a t e spect ra obtained for 
(NE 4 ) 2 Pal6 a re shown in Figs . 1 and 2 and tha t 
for (NEt4)2 u" r6 a t 85 K in Fig. 3. The l a s t has 
not been in t e rp re t ed and w i l l not be discussed in 
d e t a i l . 
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2" P a l 6
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Fig. 1. The spectrum of (NE.}2PaI6 at 300 K. 
CXBL 758-18 

with transitions within the tetraethylammonium 
cation. No other bands were observed at higher 
wavonumbers. The spectra are similar to those 
we reported earlier for the octahedral hexahalojieno-
protactmates ftV) [ (N'Et^l'aXg; X = P, CI, and 
Brl and the optical absorption bands are similarly 

Table I. I.r. and Raman data for hexaiodo-
complexes. 

Compound Colour Observed Vibrational Modes 
(cm 1) 

v l J 3 u4 v 5 

( * t 4 ) 2 T h I 6 White 151 143 c 68 ,5(£ 

(NEt 4 ) ,Fa I 6 Blue £ 143 c a 

, N E t 4 ) 2 U I 6 Red b 143 c b 

The measured band positions for (NEt^Pal^ 
and (NPhMe3)2Pal6 are provided in Table 2 
together with assignments. The estimated accuracy 
of measurement is ± 10A. Bands present in the 
spectra (Figs. 1 and 2 ) at ca_ 1>68{J are associated 

not observed owing to fluorescence 
not observed owing to rapid decomposition of 
compound in laser beam 
'"discussed in the text. 

2 0 2 2 

Fig. 2. The spectrum of (NEt^Palfc at 85 K. (XBL 758-1889) 
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WAVELENGTH 
8.000 7000 5,000 

10 1-2 U 1-6 1-8 20 
WAVELENGTH f p ] 

Tig. 3. The spectrum of (NEtA^UU at 85 K. 
(XBL 7S8-1890) 

assigned to transitions from the 1*7 ground level 
to the FA, T-j* and To' states as indicated in 
Table 3. 

The assignments at 85 K shown in Table 3 were 
used to fi t the ligand field splitt ings, 8 and A, 
and the spin-orbit coupling constant z,; in order 
to have a checX on these parameters the £ value 
for Pal 0 was estimated at -1.15. The experimen­
tal and calculated values are compared in Table 4, 
and the G and A values are conpared with those 
for other hexahalogenoprotactinates (IV) in 
Fig. 4. T ê apparent increase in the spin-orbit 
coupling 1 "int c through the series from the 
fluoride to »....? iodide complex should be treated 
with caution since the values obtained are strongly 
dependent on the g values estimated. Magnetic 
measurements are necessary on these compounds in 
order to determine accurate values of T,. 

The very marked decrease in 0 and the relatively 
constant value of £ across the series PaF(j2~ •+ 
Palfj2" (Fig. 4) reflects the progressive lowering 
in energy of the Tfc state relative to the Tg* and 
Ty' states. The Tj' state in,,fact increases very 
slightly in energy from PaCl^-1" to Palg 2 - . As 
discussed previously, i t can be shown for 5f* 
compounds in octahedral symmetry that, 

and, 

A . ( a / ) (E f-E p) CD 

Table 7>. Spectral results for the he.xaiodoprotactinatcs. (IV)-

55 j * * 
y . J2 
53W 
5359 

696<< 
6859 
fi'ftO 

55?5 
5*29 
5385 
5352 
5350 
52W. 

*t- 9 » 

(MH»,Ph) 2P»I 6 

A 
Sand Poait ion I n t . rw. Bind Poajticm 

(ca" J < M _ 1 J ( c - - 1 ! 

7<ti3 
?3i5 
7-"*} • • 150 7143 

6*93 
6667 

6752 

ah 
0 

-106 
-153 
-241 

6998 

68W 

6627 
6 W : 6398 

55W 
5W3 
5385 
5J62 
5333 
5236 * , br 

*155 
• 38 
0 

-107 
.1U9 

55*0 
5 « 9 
5391 
5J71 
5330 
52*1 

»esk; b r , broads ah, «houl1«r . 
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Table 4 . Calculated and experimental t r a n s i t i o n ene rg ie s , ligand f i e ld 
parameters and sp in -o rb i t coupling constants for hexaiodoprotact inates 
L ' V ) - - . . 

Compound Energy (cm ) Parameters (cm ) 

(NEt 4) 2PaI 6 Calc. 

Exp. 
(l*le.Ph)2PaI6 Calc. 

Exp. 

V r 6 W iyiy g 6 i C 

7002 6497 S39 7 -1.142 832 1546 1542 

6998 6506 5391 -1 .150-

6973 6497 5399 -1.130 782 1592 1540 

6964 6S18 5385 -1 .150-

Estimated value. 

WAVELENGTH 
8,000 7,000 

10 1 2 U 16 
WAVELENGTH ( p ) 

18 20 

Fig. 4 . Ligand f i e ld s p l i t t i n g s 5 and A i'or 
octahedral compleKes of the type (NEt^PaXfi 
fX = F, CI, Br, and I ) . (XBL 758-1891) 

O but fEq. 1) wi l l d i r e c t l y effect A. I t 
appears therefore that as the ha l ide ion is 
changed from f luor ide to iodide in the hexa-
halogenoprotact inates (IV), CNKt̂ "12'>a-^6 (* " ' : t o 

I ) , large changes in a bonding occur while the 
IT bonding i s r e l a t i v e l y unaffected. 

2. IU])IOI>ni_.\ROGRAPIIY OF Am, Cm, Bk, Cf, Fs, AND 
Fm 

K. Samhoun and F. David' 

Introduction 

The aim of t h i s work is to determine the 
standard I:°III-0 or If°II-0 e lec t rode po t en t i a l s 
for some transplutonium elements in aqueous 
so lu t i on , and to obtain information on the 
electrochemical p roper t i e s of 5f elements. The 
standard e lec t rode p o t e n t i a l s are e s sen t i a l for the 
determination of some thermodynamic functions 
such as the enthalpy of formation AHfftP4"). This 
function, combined with o t h e r s , i s used for 
co r r e l a t i on between 4f and 5f s e r i e s , allowing 
pred ic t ions of some unknown data on the heavy 
ac t in idc elements. 

In t h i s work the radiopolarography technique 
is applied t o study Am, Cm, Bk, Cf, Es, and Fm. 
This technique permits a radiochemical determina­
t ion of the half-wave F. 1/2 p o t e n t i a l , by studying 
the electrochemical behavior of the aquo-ion 
at the dropping mercury cathode. 

where a* and aa are ligand admixture coef f ic ien t s 
for t h e ' t j u s t a t e , a-/ i s tha t for the t ^ u s t a t e , 
and Ef and iv, are the binding energies of the 
outer f metal ion e lec t rons and the outer p she l l 
ligand e l e c t r o n s , r espec t ive ly . Thus, s ince G 
changes much more rap id ly than A for the 
hexahalogenoprotact inates (TV1 (Fig. 4) and J-,, 
and '*n% involve the same ligand o r b i t a l , changes 
in v bonding wi l l have r e l a t i v e l y l i t t l e effect on 

When a radioisotope is .educed to the meta l l i c 
s t a t e at the dropping mercury cathode, then the 
a c t i v i t y A col lec ted in a given number of d iops , 
where a given potent ia l -I: is imposed, is 
proportional to the number of reduced ions. 
This a c t i v i t y i s thus proportional to the 
corresponding polarographic cur ren t . The 
radiopolnrogram obtained by p lo t t i ng A against 
-li should p a r a l l e l the known cur ren t -po ten t ia l 
curves. 
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for a controlled diffusion radiopolarographic 
wave the limiting activity Aj, measured in the 
mercury collected each G seconds, could be calcal-
ted from the transformed Ilkovic equation: 

A, = 0.627 ; jn t 1 ' * x D 1 / 2 

where f^ is the activity of I ml of the solution; 
and m, t , and D have their usual meanings and are 
expressed in g x s~* respectively. 

Provided \^ is measured with reasonably 
accuracy ("- 52), the diffusion coefficient V> 
can be calailated from the measured limiting 
acti\T.ty of the radiopolarograui. The number n 
of electrons exchanged in the electrode process 
does not figure any more in the transformed 
Ukovic equation. However, this nuni>er can be 
obtained from the slope (0.059/an) of the 
logarithmic analysis of the wave: 

E 1/2 0.059 1 0 8 W* 
In the case of a reversible electrode process 
(a * 1), this slope should be 60 raV if n = 1, 
30 mV if n * 2, and 20 mV if n = 3. It is under­
stood that this slope is less steep if a < 1 
(quasireversible or irreversible electrode pro­
cess) . 

The radioisotopes investigated are listed in 
colum 1 of Table 1. Half-life and a energy of 
each one is reported in colums 2 and 3. The 
average of the amounts used in one experiment, 
expressed in nanograms and by concentration 
(i*Vra£), are listed in columns 4 and 5, 
respectively. 

Table 1. Hadioisotopic investigation in this work. 

M T 1/2 Energy 
MeV Nanogram irfVraJ 

2 4 1 Am 433 y 5.49 15 2 « 10" 8 

2 4 4 G n 18.11 y 5.81 0.4 7 * l O " 1 0 

2 4 9 B k 314 d 6" 0.27 3 » 1 0 " 1 0 

2 4 9 C £ 360 y 5.81 10 1.2 * 10" 8 

2 M E s 276 d 6.44 0.025 3 * 1 0 " 1 ! 

2 5 5 F m 20.1 h 7.02 3 x 1 0 " 1 5 3 « 1 0 " 1 5 

255 The 20.1 boor Fm-Was available in a mixture 
Of 2*9Cf- Z 5 4 " " ^ . 255^,, K a s _ QQJt fry 
activity) in this mixture. The elution with 
0.4 M a-hydroxyisobutyrate at pH 3.5 from Dowex 
cationic resin was applied to the "milking" of 
" b Fm. 

In order to insure a determination on these 
elements with equal precision, a mixture of two 

or three actimdes is generally used in one experi­
ment. An element for comparison is also added 
tq the mixture; in our experiments the y emitter 
54Ma was added. Tne radiopolarogram of Mn is 
used to check the normal functioning of the 
radiopolarogram. 

Radiopolarograms of Am, Cm, Bk, Cf, and Fm 
were obtained with a good reproducibility (see 
Fig. 1). The standard deviation of the 
experimental points is less than 31. The 
accuracy of the measured half-wave E 1/2 
potentials is less th:<n 3 mV. The experimental 
points obtained for Fm (Fig. 1) are less accurate 
because of the small amount of 255pm available. 

Fig. 1. Radiopularograms of: Am, pH 2.0, LiCl 
0.26M; Cm, pH 2.5, LiCl 0.10M; Bk, pH 2.5, LiCl 
0.10M; Cf, pH 2.5, LiCl 0.10M; Es, pH 2.5, 
LiCl 0.10M; Fm, pH 2.5, LiCl 0.10M. (XBL 756-1634) 

Mechanism of the Electrode Process 

Am, Cm, Bk, Cf; Es. The slope of the curve 
-E » f (log A/Ad " A) was measured for each 
investigated element. Most of the measured 
slopes for Am, Cf, and Es l ie within 25 * 5 mV; 
this is consistent with the following electro­
chemical process: 

M3* * 3e + Hg * M(Hg) . 

The transfer coefficient a is estimated to vary 
between 0.7 and 1. This is characteristic of a 
"quasireversible" electrode process. 
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249, 

254, 

326 

Taiile 2. 

PH -CE 1/2) 
(vo l t s ) 

-(E 1 / 2 ) r e v 

(vo l t s ) 
«E 3 

(vo l t s ) 
61=2 

(vo l t s ) 
,0 

"•-III -0 
(vo l t s ) 

LAm 2.0 - 2.2 1.598 3 0.78 1.594(5) 0.46 

2* 4Cm 1.7 - 2.0 

249 D V -> n . i 2 *Bk 2.0 

Cf 2.0 - 2.2 

Es 2.0 - 2.2 

1.66 3 0.40 1.62 (1) 0.445 

1.64 3 0.45 1.62 (1) 0.50 

1.503 3 0.90 1.500(5) 0.51 

1.456 3 0.80 1.452(5) 0.53 

1.474 0.90 1.474(6) 

2.06 

2.07 

2.12 

2.01 

1.98 

1.95 

. 0 

•|:n-o 
(volts) 

2.37 

Fm. As with the preceding elements, the slope 
was~Fbund t o be 29 ± 4 mV. The number of e l ec t rons 
exchanged in t h i s case , according to a, could be 
two or t h r e e . However, the fact tha t the standard 
e lec t rode E"II I - I I of Fm i s l e s s negat ive than 
-1.15 V/ME suggests that the Fm ion i s in the 
d iva lent s t a t e a t the dropping mercu*-- cathode 
s ince t he radiopolarographic wave i s s ec ted at 
-1.47 V/lsHE. The following mechanism is therefore 
suggested: 

Fin' .2+ 2e + Hg -* Fm(Hg) 

In order t& confirm t h i s mechanism, study of 
the radiopolarogram behavior in the presence of 
a complex agent ( l i thium c i t r a t e ) was undertaken. 
Ihe ca lcu la ted s h i f t on t he half-wave po t en t i a l 
of Fm should be about 50 mV in t he presence of 
0.005 M l i th ium c i t r a t e , when the e lec t rode 
process i s Fm^4, -*• Fm . This s h i f t in t he same 
condi t ions should be more than 200 raV i f the 
e lec t rode process i s Fm-5* •+ Fur. The measured 
s h i f t confirmed Fur* -+ Fm" mechanism. 

Half-Kave Po ten t i a l s and Standard Electrode 
Po ten t i a l s 

Frequently in polarography pM may affect the 
half-wave po t en t i a l determinat ion. Searching 
for t he minimum value of C 1/2 at su i t ab le pll, 
radiopolarograms of Am, Cm, Bk, Cf, and Es were 
obtained in several pH media ''from pM 1.7 t o 2 . 5 ) . 
From the ana lys i s of half-wave E 1/2 p o t e n t i a l s 
measured for each of these elements, i t appears 
tha t minimum values for Am, Cf, and us a re 
obtained with pH between 2 and 2 .2 . However, a l l 
measured E 1/2 beyond t h i s range are nr>re negative 
by only a ii_-w mV. In Table 2, column 1, the 
measured E 1/2 a r e l i s t e d for a l l inves t iga ted 
elements. In column 2 the corresponding pi! i s 
l i s t e d , and in columns 4 and 5 the number n i f 
e lec t rons and the t r ans f e r coeff ic ient a , bctJ. 
obtained from the measured slope of 
-E = fflog A / A Q - A ) . In column 6 the deduced 
(E l / 2 ) r e V a r e tabula ted and wi l l be used for the 
standard e lec t rode po ten t ia l determinat ion. 

Since the mechanisms of the e lec t rode process 
correspond t o the reduction of the divalent or 
t r i v a l e n t ion t o the meta l l i c s t a t e , the 
measured half-wave V. 1/2 p o t e n t i a l s include the 
energy of amalgamation. 6E3, for the t r i v a l e n t ion 
or -51-2 for divalent ion, so" t ha t : 

(1: 1 /2 ) ,= fili, + I : ° 1 M . n 

(E 1/2), = &li2 + i i l

n _ n 

The energies of amalgamation of BJ., Cf, and Es 
a re est imated by c o r r e l a t i n g the i n t r a - s e r i e s 
va r i a t i on in 61:^ (known for Gd, l b , Ifo, and 
I.uj and deduced" for Am ,-nid Cm from tin.-
standard e lec t rode I-. III-O p o t e n t i a l s measured 
by Fuger e t a l . and our experimental half-wave 
E 1/2 p o t e n t i a l s . Estimated values S\:.$ a re l i s t e d 
in colum"' 7 of Table 2. The &V-2 of Fm is e s t i ­
mated (coiumn 8) by in te rpo la t ing the va r i a t ion 
in known iSE? of d iva len t elements Mg, Ca, Sr , 
Ba, Ra, Eu. 'and Vb with the corresponding rad i i 
of the divalent meta ls . F ina l ly , E n I I I - 0 and 
E°II-0 a r e l i s t e d in column 9 and 10. 

K. Samhoun, on leave fiom CNRS of Ix-banon. 
Present address : I n s t i t u t de Physique Nuclcai rc , 
Bat. 100 B. P. No. 1, 91406 Ursay, France. 

F. David, I n s t i t u t de Phvsiquc N u c l e a s e , Hat. 
100, B.P. No. 1, 91406 Orsay, France. 

3. THE PHYSICAL PROPERTIES OF URAMLM(IV) 
DIETHYLAMIDE: CRYSTAL STRUCTURE, OPTICAL AND 
MUM-TIC PROPERTIES 

J . Reynolds, A. Zalkin, D. H. Templeton, and 
N. Edelstein 

The compound uranium(JV) diethyl amide, . 
U(N(C2Hr;)2)4 was f i r s t synthesized by Oilman ct a l . 
from the react ion of l i thium diethylamide with 



UXi using die thyl ether as :i solvent . After 
re .mval of the solvent tin- uranium amide was 
pur i f ied by d i s t i l l a t i o n under vacuum and was 
obtained as an emerald-green l iquid which c r y s t a l ­
l ized at approximately 35V. This mater ia] was 
extreiwly reac t ive to oxygen and water but proved 
useful as an intermediate for preparing uranium(IV] 
mercaptides and a lkox i j c s . Jfcignall and Vanir-
have reacted uraniumflV) diethyl amide with CS?, 
GV», and COS t o achieve The inse r t ion of these 
compounds in to the uranium-nitrogen bond and the-
format ion of the corresponding carbamates. 
.Jamerson and Takats -* reacted uraniumflV) 
diethylamide with two moles of cyclopcntadicne 
t o form f Vl 'sHsHUI^I '2^5 '2)2 which appears to be 
an intermediate useful "for*" the formation of 
compounds of the type (n-^HjJ-ilJX?. Because of 
the syn the t ic u t i l i t y of uraniumfTV) diethylamide 
and i t s known v o l a t i l i t y we have inves t iga ted i t s 
s t r u c t u r a l and spectroscopic p r o p e r t i e s . We report 
in t h i s paper the c rys t a l s t r u c t u r e of uraniumUV! 
diethylamide, i t s op t i ca l and proton magnetic 
resonance fpmr) spectra in various s o l v e n t s , and 
i t s temperature-dependent magnetic s u s c e p t i b i l i t y . 

The cr>*stal s t r u c t u r e of uranium(IV) d i e thy l ­
amide, U[SfC2ll5)2M. w : i s analyzed by s i n g l e - c r y s t a l 
x-ray d i f f rac tome t r y . Ihc material c r y s t a l l i z e s 
in the morioclinic space >;roiip 1*2 j / n with c e l l 
dimensions a = i>,326, b = i^. '83, c = 35.807 A, 
and f. ~ 108.43*. With four formula u n i t s per unit 
c e l l the ca lcu la ted dens i ty is 1.05 g/em-'1. More 
than 2~00 unique data were obtained by the omega-
two-theta scan technique on a Picker FAl.'S-l 
d i f f ractometer equipped with a molybdenum tube and 
a graphi te monochromator. After the t r i a l node! 
had been found by the Pat tersoq and Fourier 
methods, the 1809 data where I ;- > 2o{V~) were used 
in the fu l l -ma t r ix - l ea s t - squa re s refinement of 
the s t r u c t u r e parameters . All atoms, with the 
exception of hydrogen, were loc i t ed , and the 
pos i t i ona l and an i so t rop i c thermal parameters 
were refined by leas t squares , l :or the ISO!) 
r e f l ec t i ons the conventional K was reduced to 0.03$ 
and the weighted R tc 0.1)51. 

Th> c r y s t a l s consis t of dimer molecules. As 
shown in Tig. 1, f ive ni t rogen atoms form an 
approximate t r igonal bipyramid about each uranium 
atom, and two of these groups share an edge ta 
form the dimer. U-N d is tances are 2.46 and 2 . 5 " A 
for the br idging ni t rogen atoms and 2 . 2 1 , 2 .22 , 
and 2.24 A for the o the r s . The X-U-N and u-N-U 
angle'" for the bridge bonds a re 74° and 106 c 

r e spec t ive ly . The bond angles in the t r igona l 
bipyramid are 116°, 118°, and 125° for the 
equa tor ia l ? e t , and 1^7° foi tne axia l p a i r . 

The proton magnetic resonance spect ra of 
UfNT:t7)4 * n various solvents a t ambient tennerature 
a re shown in Pig. 2. In each spectrum there a r e 
two peaks of approximate r e l a t i v e in t ens i ty 5:2. 
The smaller peak is assigned to the methylene 
protons and the l a rge r peak to the methyl p ro tons ; 
in a l l four solvents the smaller peak i s sh i f ted 
to a g rea te r extent than the l a rge r peak. 
Cilman ct a l . , ^ have reported that L/fNEt;^ i s 
mononeric in benzene so in t h i s solvent (and 
pentane) the most probable s t r u c t u r e in so lu t ion 
is t e t r a h e d r a l . If we assume t h i s hypothesis 
is correc t then thr la rge methylene proton s h i f t s 
would be due to a rermi contact hyperfine 
in te rac t ion because the pseudo-contact term 
ould vanish with t h i s symmetry. However, the 

large upfield shift '* observed in the e t h e r 
solvents a re probably due to pseudo-contact 
s h i f t s because thfse solvents would be expected 
t o coordinate to the metal ion and lower the 
symmetry. Nonetheless, we can not ru le out a 
poss ib le dimer-monomer equi l ibr ium. Further 
s t ud i e s are underway on the temperature dependence 
of the pmr spec t r a . 

Tne opT'.cal and near i r spect ra of U(NEt?)4 
a t room temperature and in various solvents a r e 
shown in Fig. 3 and the peak pos i t ions a re 
reported in Table 1. As in the pmr data the spec­
t r a in benzene and hexane are very s imi la r while 
the spect ra in the e the r solvents a r e markedly 
d i f f e r en t . Again we a t t r i b u t e these spec t r a l 

UUC 2 H S ) 2 H) 4 

Fig. l . Molecular s t r u c t u r e of t h e uranium diethylamide dimer. (XBL 7512-9894) 
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Table 1. Peak pos i t i ons of U ( \ T t , ) , in var ious so lvents c 

X 
| UCWElJ^w 

WWEtl^in 
D,0 

J W . 

__A__ 
10 0 E 4 12 14 

TMS 
— Dowrrfitf PPM UpliiW — 

Fig. 2 . Proton magnetic resonance of U(NEt2)4 in 
various so lvents a t room temperature. 

(XBL 7512-9946) 

Mr-

Fig. 3 . Optical spec t ra of U(NEt2)4 in various 
solvents a t room temperature. (XBL 7512-9945] 

Solvent 1 

Hexane 0.704 a b 1.L04 I.188 b 

Benzene 0.692 a b 1.090 1.172 b 

Hie thy]e ther 0.638 0.660 0.718 0.990 1.070 1.302 

THF 0.630 0.653 0.715 0.985 1.061 1.287 

Peaks were not" s p l i t i n to two components 

Peaks rasked by solvent hands 

10 20 30 40 50 60 TO 80 90 100 
T(°K)— 

Fig. 4 . Inverse s u s c e p t i b i l i t y of [UfNIbUl? v s 

temperature. The s t r a i g h t l i ne i s the ca lcula ted 
inverse s u s c e p t i b i l i t y in that temperature range 
with the parameters obtained from a l eas t - square 
f i t as given in the t e x t . (XBI. 7512-9944) 

The inverse of the molar magnetic s u s c e p t i b i l i t y 
of [U(NEt2)4]2 in the temperature range 4.2°K -
100"K i s shown in Fig. 4 . At low temperatures 
(T < 10°KJ the s u s c e p t i b i l i t y becomes temperature 
independent. Above 20°K the s u s c e p t i b i l i t y follows 
the Curie-Weiss law: 

*M ' T + 0 ' 

with C = 1.052, (u e f f * 2.81 BM) and © - 2.4°K. 

If we assume [UfNEt2)4l2 t 0 be a U i J + compound 
5 f z ) with approximately C^ v c rys t a l 

symmetry about the IT ion, then the ground L-S 
s t a t e wi l l be a 3fl4 which wil l 

(Rn core, 
be split into 

three singlets and three doublets. The magnetic 
susceptibility appears to be due to a ground 
state singlet with a doublet state approximately 
20 cm" 1 higher in energy. The third crystal 
field state must be greater than 70 cm"1 from the 
ground state. It is interesting to note that there 
is no indication of magnetic ordering in this 
dimeric compound down to 4.2aK. 
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Although other l.i amides b?sides the diethyl 
compound have reacted with UC.4, only Uf\?:t2J4 
has hcen isolated by sublimation. The unusual 
five-coordinate dimeric structure of this 
compound suggests that steric effects play the 
primary role in determining its stabili ty. It 
appears that the -\-RT(R = C2H5) group is small 
enough to allow coordination to stabilize the 
dimer but is large enough to prevent further 
coordination to a polymeric compound. R groups 
smaller than -C?Hs may cause the U compound to 
polymerize while larger R groups on the U ion may 
be too bulkly to form stable dimers and instead 
polymerize. The relatively low yield of 
[U(\Iit?)4]? after sublimation (<' 30$ based on UCI4I 
may be due to a competition between the 
dimerization and polymerization. Further work is 
in progress on the solution studies. 

The crystal structure described here is the 
only example we know of uranium with Tu'e-
coordination in the crystalline state. It is 
also a rare example of bridge-bonding of a 
uranium complex. 

1. R. G. Jones , C. Karma?, 0 . A. Martin, J r . , and 
H. fiilman, J . Amer. Chem. Soc. 78, 4285 (195b'|. 
2. K. IV. Bagnall and I.. Y a n i r . l . Inor. Nucl. 
Qicm. 36, 777 (1B74). 
3. J . P. Jamerson and .1. Takats , .J. Organometal. 
Chem. 78, C25 (1974). 

4. MUKETIC SUSCEPTIBILITIES OF URANOCEVES WITH 
HYDROCARBON SUBSTITUTES AND THEIR ELECTRONIC 
GROUND STATES 

N. Edelsteii., A. Streitwicscr, J r . , P. G. Morrell, 
and R. Kalkei 

The successful syntheses of neutral 
cyclooctatetraene sandwich complexes with the 
first five tetravalent ions of the actinide 
series (thi+ - I \ r + ) has generated much interest 
in the electronic strictures of these compounds. 
The original impetus for the synthetic work came 
from the recognition that the highest filled 
orbitals of the cyclooctatetraene (COT) dianion 
(a 10 v electron system) and an f electron metal 
ion which could be involved in bonding were 
similar to the bonding orbitals of iron series 
bis cyclopentadienyl compounds except that the 
orbitals had one more node in rotating aboi.t the 
synmetry axis.* This qualitative picture was 
later supported by a molecular orbital calculation 
by Hayes and Edelstein^ (HE) which shewed con­
siderable mixing of the ligand Z? = ±2 orbitals 
and the corresponding metal f-orbital. This 
calculation showed that the main feature of their 
electronic ground states was determined by the one 
electron antibonding metal-like orbitals occurring 
in two groups with the JU = ±1, *3 orbitals lying 
below the i z = ±2, 0 orbitals. This ordering was 
reproduced with an effective crystalline field 
potential. By this method the results of the one-
electron molecular orbital calculation were 
included in the di3gonalization of the electro­

s ta t ic , spin-orbit, and crystalline field matrices 
for the f" systems of interest. The calculated 
ground state magnetic properties for U(C0TJ2, 
NpfCOT)?, and Pu(C0T)2 w e r e g°° d agreement with the 
experimental results. 

This calculation predicts Curie-Weiss behavior 
for the magnetic susceptibility of uranocene 
below - 300°K. The experimental evidence, however, 
indicates that the susceptibility becomes 
temperature independent below 10°K. It was 
suggested this deviation from the predicted 
behavior could be explained by a low symmetry 
crystalline field lifting the ground state 
degeneracy of the J z = ±3 states which was imposed 
by the assumption of a Cs molecular axis in 
the molecular orbital model.1* 

An alternative model has been proposed to 
explain the temperature dependence of the magnetic 
susceptibility of UfC0T)2 by Amberger et a h * 
In this model, which also assumes a Lg symmetry 
axis, the lowest state for the ground J = 4 term 
is n singlet .J- = 0 level. The J 2 = ±1 level is 
then placed 1? cm"*- above the ground state in order 
to reproduce the experimental susceptibility. 
A number of theoretical approaches were used 
in an attempt to verify this model. Values were 
also given for the crystalline field parameters 
which gave the optimal fit to the measured 
susceptibil i ty. 5 

This alternative model seriously challenges 
the concept of the uranocenes as an aromatic 
f-electron organometallic series homologous to 
d-electron metallocenes. A distinction between 
those two models can be made by the study of the 
magnetic behavior of related organoactinide 
compounds. In this paper we present magnetic 
measurements on several substituted uranocenes. 
he also extend the calculations of Ref. 3 to 
include Np(O0T)2 and Pu(C0T)2. This work will 
demonstrate that at this time only the HE model 
is consistent with all of the data and s-jpports 
Streitwieser's original concept. 

The results of the measurements are summarized 
in Table 1. Typical graphs of the inverse 
susceptibility vs temperature for two compounds 
are shown in Figs. 1 and 2. The measured 
susceptibilities of the substituted uranocenes 
(Table 1 and earlier measurements) fall into two 
classes: one thut shows a Curie-lVeiss dependence 
in the temperature range measured, and another that 
follows the Curie-Weiss dependence down to 
approximately 10 - 20°K where the susceptibility 
becomes temperature independent. 

We make the assumption that the gross electronic 
structure of uranocene and i t s substituted analogs 
are basically similar. The experimental evidence 
supports this assumption, for the optical spectra 
show only miner shifts from one compound to 
another and the ring proton magnetic resonance 
spectra of the various uranocenes occur in the 
same region. Furthermore, the empirical electronic 
magnetic, moments are very similar. Therefore, we 
expect the model that explains the uranocene data 
should also hold as a f irs t approximation for i ts 
substituted analogs even though the local symmetry 
is certainly lower in the lat ter compounds. The 



Table 1. Magnetic p rope r t i e s of some subs t i tu t ed 
u ranocenes . 3 

Compound Temperature 
(°K) 

"eff 
EM (°K) 

[(CH3)4COT]2U 1.9 - 73.7 

[(C 5 H 5 ) 4 C0T] 2 U 4.2 - 100 

[c 6H 5Trr] 2u i4 - ioo 

2.2 l 0.2 11.3 t 3 

2.5 l 0 .1 6.7 i 1 

2.65* 0.2 12.2 ± 3 

% = 0.036 i 
0.001 emu) 

XM - C/T + 8 

"eff 2 . 8 4 ^ BM 

TIP * temperature independent paramagnetism 

40 60 
T{°K) 

100 

160 

140 

120 

IOO 

" 80 

120 

Fig. 1. l / x M vs T for a sample of [(C6H5)4COT]2lI. 
The smooth l i n e represents a l eas t - square f i t t o 
the experimental da ta . fXBL 7511-9503) 

Fig. 2 . I /XN vs T for a sample of |C 6 H 5 car ] 2 U. 
The smooth l ine represents a l eas t - square f i t 
t o the experimental da t a . (XBL 7511-9502) 

r ing subs t i t uen t s appear to have only minor e f f ec t s 
on t h e e l e c t r o n i c p rope r t i e s of these compounds. 

The magnetic data presented e a r l i e r show Curie-
Weiss behavior for two of the compounds over the 
e n t i r e temperature range. This type of magnetism 
i s incompatible with t he model given by Amberger 
e t a l . 3 which requ i res t he J, = 0 level t o be the 
lowest c r y s t a l l i n e f i e ld l e v e l . 

Ke have extended the ca lcu la t ions of Ref. 3 
to include Np(cr>T)2 and MCOT)?. Ke used t h e i r 
empirical c r y s t a l l i n e f i^ ld parameters with the 
spin orbi t^end electro=t<-tic parameters described 
previously- to determine the ground s t a t e level 
s t ruc tu re and magnetic p o v e r t i e s for these 
higher Z a c t i n ide complex!-,. Since the complete 
fz bas i s se t was not used >r. Ref. 3 , we have 
s l i g h t l y d i f fe ren t c r y s t a l l i n e f ie ld parameters. 
The r e s u l t s of the ca lcu la t ions a re shown in Table . 
and the value of the cr>'= t . i l l ine f ie ld para­
meters a re given in Table 5. 

These ca lcu la t ions give th'i e f fec t ive moment 
for Np(C0T)2 as 2.35 BM, in fiiir agreement with 
the experimental value of 1.8 St . However, the 
ground s t a t e of PufCODi i s pri Jicted t o be the 
J 2 <= ±4 s t a t e which would be paramagnetic and 
follow the Curie-Weiss law. Thii p red ic t ion is 
in con t rad ic t ion with the s t r ik i ; i* diamagnetic 
behavior of PufCOT)? and shows again the 
inadequacies of the"model of Ambet-ier e t a l . 



331 

Table 2. Crowd s t a t e energy levels and magnetic p rope r t i e s of Ac(C0T)2^compoinds t 

Ac = U, Np, and Pu, p red ic ted by the models of Anberger et a l . 3 

UfC 8 II 8 ) 2 U(C g H 8 ) 2 ' 

>z E.on" 1 H J z E.cm"1 

0 0 - 0 0 

:1 17 ~ n 19.1 

1 200 - 12 202.6 

3 1535 - i 3 1537.5 

4 6600 -- 14 6779.3 

NP(C B H 8 ) 2 ' 

E.cnf 1 

*» 

P u ( C 8 H 8 ) 2

c 

E.ou" 1 

0 t 7 / 2 -2612.6 4.694 

0.654 U / 2 -2404.6 1.302 e 

3.454 J5/2 - 2 0 U . 3 3.802 

6.380 13/2 -1691.9 3.307 

9.098 19/2 - 683.0 8.187 

14 -5901.7 4.552 

i ? -3849.4 2.230 

i l -3314.8 -0.427 

13 -2287.3 5.835 

0 -1770.6 0 

Values given in Kef. 8 
This work g. = 0 unless noted 

*gy ' 2.97? 

Table 3. Values of the empirical c r y s t a l l i n e 
f ie ld pa rame te r . a 

-10356.4" cm 

-14324.41- on 

Nomenclature as given in Ref. 6 
b 3 

Parameters obtained by Amberger e t a l . with an 
incomplete fz bas i s s e t . 
Parameters obtained in t h i s work with the 
complete f2 bas i s s e t . 

1. A. S t r e i tw ie se r , J r . and U. Niiller-Westerhoff, 
J . Amer. Chem. Soc. 90, 7364 (1968). 

2 . R. G. Hayes and N. Ede l s t e in , -J. Amer. Chem. 
Soc. 94 , 8688 (1972). 
3 . H. H. Ambergcr, R. D. F ischer , and 
B. Kanellakopulos, Theor. Chim. Acta 37, 105(1975). 

5 . o- VS *-B0M> ORGANCttCTINIDES., THE SYNTHESIS 
AND STRUCTURAL ANALYSIS OF TRISfn 5-
CYOOPEWrADIENYH-n1^ liETHVLALLVUlRANIlWCm* 

Gordon W. Halstead, Edgar C. Baker, and Kenneth N. 
Raymond 

The s y n t h e s i s , c h a r a c t e r i z a t i o n , and s t r u c t u r a l 
a n a l y s i s of the t i t l e compound, 

(CsIlsljiCHjCcafoJziU 1 1 , i s reported. The reac t ion 
of UfCjUj^Cl with MgICH3C(CH2)2]Cl under i ne r t 
atmosphere condi t ions at -78° in T1IF gives a high 
y ie ld of the uranium a l l y l . Slow r e c r y s t a l l i z a t i o n 
gives dark red-brown c r y s t a l s . The s t r u c t u r e has 
been determined from three-dimensional x-ray 
d i f f r ac t i on data co l lec ted by counter methods. 
Three T-bonded n -cyclopentadienide r ings pre 
bonded t o the uranium atom with an average bond 
d is tance of 2.74(1) * . A o-bonded n 5 -methy la l ly l 
group completes the coordinat ion sphere with a 
U-C bond length of 2.48(3) A (see Fig. 1 ) . 

F ig . 1 . The IKCcHc^ICHjCfCHj^] molecule viewed 
with t he 2-methylal lyl group in the plane of t h e 
paper. Atoms are diawn a t the 40* p r o b a b i l i t y 
contour s c a l e . (XBL 743-^34) 



The coordinat ion geomet ry i s a d i s t o r t e d 
te t rahedron with approximate C j v symmetry- f t e 
average (center of eyelopentadisnide ring)-U-
fa l ly l carbon) bond angle i s 100°. A a-bonded 
ground s t a t e geometry vs t he n-bonded geometry 
observed in (£5115)411 i s explained by the 
competition between t he reorganisa t ion energy and 
the increase in coordinate bonds on going from 
the 3- to Tr-bonded complex s as shown in Fig. 2. 

U~He! 

<Q~7 

9J0 

c rys t a l and molecular s t r u c t u r e . The preparat ion 
of the yellow c r y s t a l s and t h e i r analys is by 
chemical and spectroscopic methods are described 
in another sect ion of t h i s repor t .* Because none 
of the d i f f r ac t ion pa t t e rns was of very high 
q u a l i t y , a large number of c r y s t a l s were examined 
by photographic or counter methods, and data s e t s 
were co l lec ted for two c r y s t a l s with the 
dif f ractometer . Ibe best data s e t , cons i s t ing 
of 7S0 independent re f l ec t ions with I > o [ I ) , 
was derived by averaging equivalent r e f l ec t i ons in 
the full sphere out to 20 = 42°. Correction 
factors for absorpt ion, rai-ung from 1.2 to 2 . 5 , 
were ver i f ied by measurements made at various 
azimuthal angles for several r e f l ec t ions . The 
s t ruc tu r e was found by Fourier methods and refined 
by least squares to R = l).0t>*', with an iso t rop ic 
thermal parameters for :ill atoms except oxygen. 

Hie c r y s t a l s are monoelinic, space group i*2/m, 
with ce l l 'd imensions a = in. 3(1(1), b = 1(>.M(2), 
c =• 9.1)7(1) A, and a = 111.11°. The molecular 
s t ruc tu re ( l ; ig . I) has uranium bonded in an 

<3> 
—U—c [3|--l>-C-ct 

Fig. 2. Interconverion oi .r\''-C5H5)±U to 
(-!?-C5H5J3(ni-C5H5)U and o 
fr5-c5Hs}5[-s-aV:(af->)^t- ^ h 
c (a i 2 j : ]u . 

- r 5 i i 5 ) 3 [ - x 

(XBI. "41U 

The c r v s t a l s conform to ipace group f'?i-1-1 
- j ; c = iK.i9Sri 

A tota l of 
vsith a = 10.240f4 

4; and p c a T c j 
?{J) ) *; 

;4~(i 
b = 8." 
1.99 ; 

r e f l ec t ions w a s \ o l l c c t e d 1 f which Id98^ 
independent r e f l ec t i ons with F~ > 5a IF-1 were used 
in t he f inal refinement by -"uH-matrix leas t -
squares methods to give we ^hted and unweighted 
R factors of 6.4 and 6 .S- •aspect ively . 

.Abstracted from J . Amer. ( >em. Soc. 97, .-.,149 
11975). P a r t i a l l y suppor i by the .National 
Science Foundation. 

6. STRUCTURE OF A WUTIU: URANIUM FLUOROTI 1.I.U1UTI-

I.. K. Templeton, 1). II. Templeton, K. Seppcl t , 
and X. B a r t l e t t 

-An ana lys i s by x-ray d i f f r ac t ion confirmed the 
cons t i t u t i on of UfOTen5)6 and es tabl i shed i t s 

U(OTeF5)6 

Fig. 1. Molecular s t r u c t u r e . f.XBI. 7512-100"5) 

octahedral fashion to six oxygen atoms, while each 
te l lur ium atom has an oxygi-n and five f luorine 
arnms -i< i».~rnhp;lral neiWihiu's. \vvr.Li;e bond 
d i s t ances , not corrected for the subs tan t ia l 
thermal motion, are U-0 - 2.(15, Te-0 = l . M , and 
Te-F = l .d9 A. The nond angle at oxygen is 170° 
or 171°. The globular mole rules pack in t r i angu la r 
fashion in layers (Fig. 2) which stack to give 
each molecule 10 nearest neighbors in a manner 
s imi la r to the body-ccntered-tetn.gonal s t r uc tu r e 
of protactinium metal . The weak bonding between 
these molecules i s ref lec ted in the v o l a t i l i t y 
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Fig. 2. Crvstal structure: a axis horizontal, 
b axis vertical. (XBL 7512-10074) 

of the compound which in spite of its high 
molecular weight can be sublimed at 60°C. 

I. (report being prepared by X. Bartlett) 

UfCel-yCeHsU)., 

Fig. 1. Molecular s t r u c t u r e of octaphenyluranocene. 
(XBL 7512-10072) 

7. M3LBCULAR STRUCTURE ASP DISORDER IN CRYSTALS 
OF CXTAPHn\YLURANOCENi; 

I. K. Tcmpleton and 0. H. Tempieton 

Bis -Tr- ( l ,3 ,5 ,7- te t raphenvlcyc iooc ta te t raene) 
uranium, UCCaH^CfcHsJa)?! w a s prepared by 
Streitwiescr and ivalker1 by reaction of UCI4 
with the dianion of 1>3,5,7-
tetraphenylcyclooctatetraene. They sublimed it in 
vacuum to obtain tiny hlack crystals. A structure-
analysis of these crystals by the x-ray diffraction 
method confirmed that the material (Fig. 1) is a 
sandwich compound with the same uranium-carbon 
bond geometry as in unsubstituted uranocene,2 The 
phenyl rings are tilted about 42° from the planes 
of the 8-rings and are interlocked in a manner 
which effectively shields the uranium atom from 
approaching molecules. This feature of the 
structure is presumed to explain the stability 
of this compound in air , in contrast to air-
sensitive uranocene and i ts other known deriva­
tives. X-ray diffraction measurements, which 
showed no significant change over a period of 
two months, gave the first quantitative data of 
the extent of this stability. 

The crystals exhibit a remarkable type of 
molecular disorder which cotmlicated the 
interpretation of the diffraction data. The 
diffraction patterns contain sharp reflections 
and diffuse streaks. The sharp features 
correspond to the orthorhombic symmetry Pccn 
with unit cell dimensions a = 24.84(3), 

b = 12.4*i'l), c = 7.587(6), and 2 = 2; in this 
symmetry \"ne two uranium atoms per unit cell 
must be distributed randomly over four equivalent 
positions. The carbon atoms, however, can be 
assigned positions without any disorder. This 
structure was refined to R * 0.088 for 723 
independent reflections with F > o(F). The 
diffuse features shew that the true structure 
is ordered in layers parallel with b and £, 
but the stacking of these layers in the a direction 
involves disorder of the uranium positions. The 
ideal ordered structui? is described by the 
monoclinic symmetry P2/c for a cell with a = 24.86, 
b = 7.587, c • •• 27.78, & = 116.58, and Z = 4. 
The disorder can be described as polysynthetic 
twinning of this monoclinic structure with two 
orientations of the monoclinic c axis. 

The explanation of the disorder in molecular 
terms is that the shape of the molecules permits 
them to stack in th^ direction of the orthorhombic 
c axis with parallel 8-rings and interlocking 
phenyl groups so that the space between molecules 
is almost the same as the space occupied by an 
uranium atom. These stacks of molecules are 
viewed end-on in Fig. 2. In this crystal the 
average of ring-to-ring distances in the molecule 
and between the molecules is 3.79 A. while in the 
uranocene molecule2 the ring-to-ring distance is 
3.85 A, Thus uranium atoms will fit in either 

position if carbon atoms are shifted about 0.06 A, 
according to which side is occupied by uranium. 
This kind of partial disorder is commonplace in 
structures of netals and salts, but we do not 
know of an analogous molecular example. 
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uayycvWa 
Fig. 2. Crystal structure of octaphenyli;ranocene. 
viewed down the orthorhombic c axis; a i.-
horizontal and b vertical. (XBI 75:2-10073) 

1. A. S t r e i tw ie se r and R. Walker, J . 
Orga none t a l l i e Chen. 97, C41 (1975). 
2. A. Avdeef, K. N. Raymond, K. 0. Hodgsc i, 
and A. Zalkin, Inorg. Chem. 1^, 1083 {V 11 . 

8. POLAR HYDROGEN SCATTERING FACTORS IN X-RAY 
DIFFRACTION ANALYSIS* 

A. J . Olson and D. H. Temoleton 

The standard l e a s t squares refinement of tomic 
pos i t i ona l and thermal parameters from x-ray 
d i f f r ac t i on data requi res a s c a t t e r i n g model for 
each of t he atomic cons t i t uen t s of t he c ry s t a l -
lographic un i t c e l l . 

The customary model of a sphe r i ca l ly symmet-ic 
atom i s described by a s c a t t e r i n g fac tor f whi h 
i s a function of t he magnitude of t he d i f f r ac t i on 
vector h . A r e a l i s t i c desc r ip t ion of a terminal 
hydrogen atom requi res recogni t ion t ha t t he 
e l ec t ron dens i ty i s not centered at the proton, 
nor i s i t sphe r i ca l ly symmetric. Both the 
magnitude and phase of t he complex form fac tor 
|f]exp(iifO are functions of | h | and the angle 
between h and the bond d i r e c t i o n . The form fac tor 
must he ca lcu la ted separa te ly for each atom in 
the p r imi t ive uni t Cor ha l f of them in the 
c e n t r i c case) s ince i t i s changed by ro t a t i on 
o r r e f l e c t i o n . Inversion gives t he complex 
conjugate. The economy of r e t a in ing only r ea l 
terras for ha l f the atoms in the c e n t r i c case i s 

poss ib le i f <J> i s added t o the argument 2n(hx+ky+$,z) 
and i f If 1 i s used in place of the ordinary real 
f. With t h i s method and neglect of df/dx in 
ca lcu la t ing d | F | / d x , we found tha t no change was 
required in our rout ine for ca l cu l a t i ng 
de r iva t ives and solving the l ea s t squares 
equat ions . 

Polar hydrogen form factors developed by 
Stewart e t a l . l have been applied to x-ray data 
from decaborane (B10H14) and sucrose ( C ] 2 f , 2 2 0 n ' -
This app l i ca t ion has yielded improvements over 
the spher ica l hydrogen model in the derived PHI, 
C-H, and 0-H bond lengths as judged by comparison 
to the corresponding d is tances determined by 
neutron d i f f rac t ion s tud ies of the same molecules. 
The improvements have not been uniform hetween 
the d i f f e ren t bonding types . Using t h i s polar 
hydrogen model in x-ray refinements, the mean 
devia t ions from neutron hond lengths for B-H, C-ll, 
and 0-H were 0.019 A, 0.043 .\, and 0.079 A 
respec t ive ly . This t rend can be explained by the 
fact t ha t the model employed in a l l refinements 
was based upon hydrogen in the II2 molecule. With 
increase in atomic number and e l ec t ronega t i v i t y 
across the f i r s t row of the per iod ic c h a r t , the 
bond to the hydrogen becomes increas ingly more 
polar than the ll-H bond in the hydrogen molecule. 
The thermal parameters r e su l t i ng from these x-ray 
refinements a l so ind ica te varying a p p l i c a b i l i t y 
of the polar model of Stewart e t a l . 

From t h i s i n i t i a l work, we recognized the 
necess i ty of employing hydrogen form fac to r s t ha t 
are dependent upon the bonded atom type. For t h i s 
purpose, an ab i n i t i o method of modeling bond 
spec i f i c hydrogen e lec t ron dens i ty and producing 
polar hydrogen s c a t t e r i n g fac tors was developed. 
Calcula t ions involving several d i f fe ren t wave 
function represen ta t ions of the water molecul • 
have been ca r r i ed out using a va r i e ty of computa­
t i ona l parameters . Oxygen-bonded hydrogen s c a t ­
t e r ing factors have been generated from these 
molecular desc r ip t ions by appropr ia te es t imat ion 
of the non-hydrogen e lec t ron densi ty con t r ibu t ion 
in the v i c i n i t y of t he pro ton , point by poin t 
sub t rac t ion , t a i l f i t t i n g , and subsequent Fourier 
invers ion . In the methods ou t l i ned , computational 
parameters and pathways have been se lec ted for 
use in these c a l c u l a t i o n s . Also, ce r t a in minimum 
c r i t e r i a for the se lec t ion wavefunctions have been 
es t ab l i shed . 

A summary of ca l cu l a t i ons has been reported 
and t h e i r r e s u l t s have heen compared among them­
selves and with x-ray and neutron data on sucrose , 
desc r ip t ive of the 0-H bond. The bes t t ab l e 
produced was generated from an extended Gaussian 
molecular water wave function and a matching 
masking function represent ing the oxygen dens i ty . 
I t gives 0-H x-ray bond lengths t ha t a r e , on t he 
average, only 0.005 A shor te r than the correspond­
ing neutron-derived va lues . Thus the p o l a r i t y 
of t he hydrogen e l ec t ron d i s t r i b u t i o n i s well 
described by t h i s model. The thermal parameters 
derived using t h i s t ab l e are on the average 0.48 A 2 

l a rge r than the corresponding neutron w l u e s . 



Although a comparison of these parameters i s l e ss 
r e l i a b l e than the bond d i s t ance comparison, the 
discrepancy nay i nd i ca t e an inadequacy in the 
r ad ia l e lec t ron d i s t r i b u t i o n of the model, A 
poss ib le explanat ion may l i e in t he f a i l u r e of 
the model t o account for the add i t iona l d i f fuse 
cha rac t e r of the bonded hydrogen charge d i s t r i b u ­
t i o n imparted by t h e ex i s tence of i n t r a - and 
in ter -molecular hydrogen bonds in sucrose . Fur ther 
t e s t s of t h i s t a b l e on data from non hydrogen-
bonded molecular systems could answer t h i s 
ques t ion . 

Abstracted from LBL-4530 
1. R. F. Stewart , K. K. Davidson, and W. T. 
Simpson, J . Chem. Phys. 4£, 2071 (1965). 

9. STRUCTURES OF SODIUM URAWTL FLUORIDE HYDRATES 

J . R. Hauser, L. K. Templetcn, and D. H. Templeton 

We have been studying the phases t h a t c r y s t a l ­
l i z e from concentrated aqueous so lu t ion of uranyl 
s a l t s ; t he purpose i s t o extend our knowledge of 
t he c r y s t a l chemistry of a c t i n i d e elements and 
t o gain a b e t t e r understanding of the s o l u b i l i t y 
behavior of uranium. Experiments with mixtures 
of sodium f luor ide and uranyl n i t r a t e have r e s u l t e d 
in a v a r i e t y of phases according t o condi t ions 
which we have succeeded in reproducing only in 
p a r t . TWo of these phases , not prev ious ly reported 
to our knowledge, have been i d e n t i f i e d by c r y s t a l 
s t r u c t u r e ana lys i s as ^ ( U O ^ t V Z I ^ O and 
NaTfU02)2l*7*6H?0. Work continues to iden t i fy some 
o the r phases or" unknown composition and t o explore 
the condit ions for t h e i r formation. 

The dihydrate i s monoclinic, space group C2/c, 
with c e l l dimensions a = 15.127, b = 6.926, 
c = 11.235 A, and 6 = 94.77° . The hexahydrate i s 
t r i c l i n i c , space group PI , with c e l l 'dimensions 
a = 7.177, b = 8.63?, c = 7.000 A, a = 113.28°, 
B = 104.92", and Y = 77.88°. Both s t r u c t u r e s 
were determined by Four ier methods and ref ined 
by l e a s t squares . For the d ihydra te , R - 0.022 
for 2534 independent r e f l ec t cms included in t he 
f ina l refinement; for the he ihydrate , R = 0.024 
for 2846 r e f l e c t i o n s . In di "erence maps we 
de tec ted the hydrogen atoms fur the d ihydra te , 
and they were included in the c a l c u l a t i o n s . For 
the hexahydrate t he evidence for hydrogen pos i t i ons 
was marginal , and they were neglec ted . 

In both s t r u c t u r e s each urani JH atom has 
neighbors a t the corners of a pei.tagonal bipyramid: 
two oxygen atoms on the axis and five f luor ine 
atoms around the pentagon. This geometry i s the 
ru le for o the r uranyl f luor ide s a l t s t h a t have 
been s t u d i e d . These bipyraroids,, however, a r e 
l inked toge ther by shar ing co rne r s , edges, o r 
both in d iverse ways, and t h e p resen t s t r u c t u r e s 
(Figs . 1 and 2) a r e not the same a s any o the r 
known examples. 

Fig. 1. S t ruc ture of Na 3CU0 2)2F7'2H 20. 
(XBL 764-1233) 

F ig . 2 . P a r t i a l s t r u c t u r e of N a j f U C ^ h ^ ' ^ O . 
(XBL 764-1234) 

10. ENERGY-LEVEL ANALYSIS OF Pm 3 + :LaCl 3 * 

W. T. Ca rna l l , Hannah Crosswhite, H. M. Crosswhite, 
and John G. Conway 

A diagonal iza t ion of trw matr ices represent ing 
t he combined atomic and c r y s t a l - f i e l d i n t e r ac t i ons 
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for the 4fd-configuration has provided the basis 
for interpreting the spectrum of Rn 3 +:LaCl3. 
Experimental data were drawn from the literature 
and were augmented by unpublished absorption and 
fluorescence results, A method of truncating 
the large matrices that are involved was developed 
and yielded results in excellent agreement with 
complete calculations. Fluorescence branching 
ratio calculations based on the Judd-Ofelt 
intensity theory were used to guide the 
interpretation of the fluorescence spectra. 

11. INFRARED SPECTRA OF CURIUM, BERKELIUM, AND 
CALIFORNIUM 

2 4 6 C m - 21.44*, 
2 4 5 C m - 23.121 
2 4 4 C m - 54.96% 

Electrodeless discharge lamps were made with 
the iodides of these samples. The spectra were 
photographed on the 30-ft Paschen-Runge spectro­
graph at the Argonne National Laboratory and the 
plates are being measured at Livermore. These 
data,together with a re-measurement oi the 
plates containing 2 4 2 C m - Z 4 4 C m (Ref. 2 ) r will 
give us a great amount of isotope shift data 
with which to extend the work on curium. 

John G. Conway, Earl F. Worden, Jean Blaise, 
Pierre Camus, and Jean Verges 

Infrared spectra of curium and berkelium in 
the region of 3700 to 1200 o n - 1 were recorded 
on the high resolution Fourier Spectrometer 
located at the Laboratoire Aims' Cotton in Orsay, 
France. Each of the actinide materials was 
sealed in a quartz tube as the iodide and then 
evacuated. These tubes were then used as lamps 
in an electrodeless discharge cavity. The curium 
spectra have been analyzed and the report is in 
press (Spectrochemica Acta.). 

The term analyses of Bk was fairly well along 
so it was possible to make a great number of 
assignments, "ihe whole list contained 1223 lines 
of which S33 or 44% have been assigned to 
transitions within known levels of Bk I. There 
are 37 assignments to transitions of Bk II. This 
work also produced the interval between the 
ground level and the first level of the opposite 
parity. The ground state belongs to the 5 P 7s 2 

configuration and the first level of the 5P6d7s2 
is at 9141.113 cm" 1. 

1. Earl F. Worden, John G. Conway, Energy Level 
Analysis of the First Spectrum of Curium, Cm I, 
UCRL No. 76921, J. Opt. Soc. Am. (accepted for 
publication)-
2. John G. Conway, Ralph D. McLaughlin, J. Opt. 
Soc. Am. 46, 91-93 (1956). 

13. SPECTRA OF EINSTEINIUM 

John G. Conway, Earl Y-. Worden, lv\ Carnal 1, 
Ruth Sjoblom, H. M. Crosswhite, and M. Fred 

Tiie level ana lys i s and a l imited l ine l i s t of 
Es were published in 1974. I At that time i t was 
decided t ha t a more complex l i s t was needed to 
ex te id the work. A j o i n t project was planned by 
s c i e n t i s t s from LBL, ANL, and l.BL for March, 1975. 

The ana lys i s of the Cf spect ra i s underway. 

12. ISOTOPE SHIFT IN THE CURIUM SPECTRUM 

John G. Conway, George V. Shalimoff, and 
Earl F. Worden 

The i n t e r p r e t a t i o n of the spectrum of Cm I i s 
well advanced. 1 Extension of the ana lys i s w i l l 
be made only a f t e r new experimental r e s u l t s are 
produced. One experiment underway i s the measure­
ment of a great number of isotope s h i f t s . 

Two samples were ava i lab le in the winter of 
1974. The one which we re fe r to as ^^Cm con­
ta ined the following mole r a t i o s : 

248 r „ _ , , , . 

Four d i f fe ren t Es emission lamps were prepared 
in 2 weeks. Chemical recovery and pur i f i ca t ion 
of the Es were necessary between each lamp 
prepara t ion . The f i r s t two lamps were not s a t i s ­
factory as they contained great amounts of 
impur i t ies . Ihe t h i r d and fourth lamps were very 
good and we were able to photograph the Es 
spectrum from 2500 A to IJJ. Zeeman spect ra in 
the region of 2500 to 8900 A were then obtained. 
The p l a t e s were l e f t a t Argonne t o be measured. 

The problem of observing the complete spectrum 
of Es, with i t s 21-day h a l f - l i f e , i s so d i f f i c u l t 
i t r equi res the e f fo r t s of a complete team of 
workers ready t o do t h e i r par t a t any time of the 
day or n igh t . I t was only by combining the 
ef for t of workers from the three nat ional labora­
t o r i e s t ha t such a d i f f i c u l t spectroscopic problem 
could be undertaken. 

In the year to come these p la te s wi l l be 
measured and the analys is extended. 

and t h e second ca l l ed Cm contained 
1. E. F. Worden, R. W. Lougheed, J . G. Conway, 
J . Opt. Soc. Am. 64, 77 (1974). 
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}A, SPKCTRA OF HIGHLY ICKIIKI) ATOM:'. 

.). G. Conway, G. IV. Shalimoff, T. Hayhurst, 
S. P. Davis, S. Goldsmith* and C. II. 11. Van Iteurzen 

We wish to mention several ongoing p r o j e c t s in 
the area of higMy ionized spec t r a . 

At t h e beginning of t he year , S. Goldsmith 
b u U t a power supply for a t h r ee -e l ec t rode 
t r iggered spark. This supply, toge ther with a 
s u i t a b l e discharge chamber, was t e s t ed on several 
elements. Spectra have been taken of Fe, Au, Cu, 
and Th. Recently, Fe and Th have been photographed 
on the 2-m grazing incidence spectrograph in the 
Space Science Laboratory. For t h i s work a camera 
was designed and cons t ruc ted . These p l a t e s a re 
being used t o evaluate the technica l problems and 
sho r t l y we wi l l photograph o ther e lements , 
varying thf c i r c u i t parameters . 

Standards havt- been a problem in the 10 - 500 A 
region . In order t o improve t h i s s i t u a t i o n and to 
extend the ana lys i s of V(.Vj we have taken p l a t e s , 
using a s l i d i n g spark source , on t he Natic/ial 
Bureau of Standards grazing incidence s p e c t r o g u p h . 
These p l a t e s have been measured, but we a r e not 
s a t i s f i e d with t he s tandards . Some normal 
incidence p l a t e s a l so taken a t NTJS have been 
measured and ; iddi t ional l ines have been iden t i f i ed 
on our p l a t e s so i t has been poss ib le t o ob ta in 
a more accura te and cons i s t en t s e t of l e v e l s . 
These l eve l s a r e now being used t o c a l c u l a t e 
s tandards in t he 10 - 500 A region, he wi l l use 
these ca lcu la t ed s tandards as i n t e rna l s tandards 
and extend the accuracy nf our ireasurements. This 
w i l l not only give us a b e t t e r and more completed 
desc r ip t ion of V(V) but i t wi l l enable us to 
extend the ana lys i s and provide us with an 
increased number of wavelength s t andards . 

A few new leve ls have been i d e n t i f i e d in Th IV 
but t he extension seems d i f f i c u l t . With t h i s in 
mind we have used Jlartree-Fock parameters t o 
c a l c u l a t e t he spectrum. Additional and as yet 
unlocated conf igura t ions have been included and 
the c a l c u l a t i o n s are done with and without 
conf igura t ion i n t e r a c t i o n . This i s giving us a 
b e t t e r understanding of the problems in extending 
such an a n a l y s i s . The same ca l cu l a t i ons w i l l be 
used on the analyzed spect ra of Sc I I I , Ti IV, 
V(V), and Cr VI. 

Experiments on the Zeeman effec t of U ions in a 
s l i d i n g spark source have been attempted. There 
i s a very no t i ceab le d i f ference in t h e discharge 
with a change in the r e s u l t i n g s p e c t r r . This i s 
being further investigated. 

1 5 . IONIZED SPECTRA OF GOLD* 

S. Goldsmith, J. G. Conway, and S. P. Davis 

By control l ing the c i rcu i t parameters of a 
s l id ing spark discharge i t i s possible to vary 
the stages of ionization of a gaseous species and 

the spec t ra which are emit ted. Using the condi­
t i ons which favored the AuIII spectrum, we have 
photographed Au vapor in the region from 500 t o 
4500 A. A study was a l so made of the s e r i e s Pt I 
through Hi VI. In t h i s s e r i e s the sys temat ics 
were s tud ied and Au II was found t o have severa l 
mis ident i f ied l e v e l s . * 

In Au II the array 5d 8 6s •* 5d 76s6p was s tudied 
from an experimental and a t h e o r e t i c a l viewpoint. 
The experimental scheme was determined, then 
using ca lcu la t ed Hartree-Fock parameters i t was 
p red ic ted . I t was found t ha t t he Hartree-Fock 
parameters must be sca led . Some of the s ca l i ng 
fac tors were known from previous work, such as 
tha t done by R. Cowan of Los Alamos, who supplied 
UG with h i s program and the f i r s t c a l c u l a t i o n s 
for Au. When the parameters were derived from 
l e a s t square f i t t i n g of the experimental d a t a , 
and those new parameters were used t o c a l c u l a t e 
i n t e n s i t i e s , a g r ea t l y improved f i t was obta ined. 
We a l so gained ins ight i n to the sca l ing of the 
Hartree-Fock parameters. 

A t h r e e - e l e c t r o d e , low-inductance spark 
source has been constructed and gold has been 
observed in t h e region of 500 t o 1200 A. This 
source should produce more highly ionised 
spec t r a . However, these spec t ra cannot adequately 
be s tudied and ve r i f i ed u n t i l observat ions a re 
made in t he 50 - SOO A region. IVe a r e sure t ha t 
higher ion iza t ion s t a t ' ; are produced s ince in 
the s l i d i n g spark source we have found spec t ra 
of Au V. 

A paper presented to the Atomic Spectroscopy 
Symposium, September, 1975, National Bureau of 
Standards , Gai thersburg, Maryland. 
1. Samuel Goldsmith and John G. Conway, LBL-4001, 
J . Opt. Soc. Am. 65, 1371 (197E). 

16. RESEARCH PLANS FOR CALENDAR YEAR 19">6 

Norman M. Ede l s t e in , Neil B a r t l e t t , John G. Conwav, 
Kenneth Raymond, Glenn T. Seaborg, Andrew 
S t r e i t w i e s e r , J r . , David H. Templeton, and 
Allan Zalkin 

The bas ic purpose of t h i s p ro jec t i s t o study 
lanthanide and ac tu i i de mate r i a l s in o rder t o 
provide t he bas ic knowledge necessary for t h e i r 
safe and economic u t i l i z a t i o n in present day and 
future technology. 

This program wi l l include s t ud i e s of the 
preparat ion and physical and chemical properties 
of a variety of new gaseous, l iqu id , and s o l i d 
phases. Synthesized compounds w i l l be ident i f i ed 
and characterized by x-ray d i f fract ion , opt ical 
and vibrational spectroscopy, and by magnetic 
resonance and magnetic s u s c e p t i b i l i t y techniques. 
Equilibrium constants for complex formation w i l l 
be measured. Neutron diffract ion studies w i l l 
be done in cooperation with other laboratories . 

From these complementary s tudies , new insights 
into the structural and chemical principles of 
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actinide compounds will be gained to imagine new 
bonding situations and to design new synthetic 
schemes to produce new materials. 

A major aspect of our program is the design of 
sequestering agents for actinide ions which can 
engulf the ion an'l generate neutral or negatively 
charged complexes. The sequestering agents will 
have a very high specificity for actinide ions 
a; well as large absolute formation constants 
with these ions. Such compounds may have use in 
the treatment of actinide poisoning or in new 
processing schemes for nuclear waste. A 
systematic application of various macrocyclic 
polydentate chelating agents containing such 
functional groups as hydroxamate and catecholate 
anions to the lower oxidation state actinide ions 
will be investigated. Reagents will be developed 
which can be used to extract the actinides from 
aqueous media. 

The preparation of new organoactinide compounds 
and their characterization is of great chemical 
and perhaps industrial importance. The discovery 
of uranocene by Streitwieser and Muller-Westerhoff 
in 1968 has led to a renaissance of interest in 
these actinide organometallic compounds. Further 
synthetic efforts with substituted 
cyclooctatetraenes could produce uranocene-type 
compounds with substantially different properties. 
This work will be extended to higher Z actinides. 

The preparation and physical studies of new 
inorganic actinide compounds and well-characterized 
actinide metals will continue. Studies on the 
optical spectra of free atoms and ions of the 
actinide series, and on actinide ions in crystals 
in collaboration with other ERDA laboratories 
will be pursued with special emphasis on highly 
ionized ions. The spectral analyses of the highly 
ionized ions is important to the understanding 
of the chemistry of these elements. For example, 
the ionization potentials and location of various 
electron configurations can be experimentally 
obtained by no other method. 

17. 1975 PUBLICATIONS AND REPORTS 

Norman M. Edelstein and Associates 
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1. LASER CONCEPTS 

o. Now Synthetic Methods in Ach'nida Chamistry for VolatiFt Materials 

Norman M. Edelstein, Principal Investigator 

1. STUDIES OF VOLATILE ACTIMDH COMPOUNDS 

R. Rietz and N. l idelstein 

lit have begun a program t o prepare , i s o l a t e , and 
cha rac t e r i ze new compounds of the lanthanide and 
a c t i n i d e elements . We are emphasising the 
syntheses of new v o l a t i l e m a t e r i a l s . 

he a r e reviewing recent syn the t ic advances in 
d - t r a n s i t i o n metal chemistry in order to apply 
These methods to the lanthanide and ac t i n ide 
s e r i e s . We wi l l explore promising synthe t ic 
rou tes t o new ac t i n ide complexes and w i l l i nves t i ­
gate t h e i r p roper t i e s by physical and spectroscopic 
techniques . High reso lu t ion spectroscopic s tud ies 
of v o l a t i l e compounds in the vapor phase wi l l 
provide information on i so top ic e f f e c t s . We 
expect the r e s u l t s of t h i s program w i l l find 
important app l i ca t ions in isotope enrichment 
e f f o r t s , a c t i n ide separa t ion technology, and bio­
log ica l research work. 

Our recent research ef for t )u.s been divided 
between two syn the t i c e f f o r t s . The f i r s t was an 
at tempt t o synthesize hexaKis-( t r i f luoromethylJ-
uranitunOf) by reac t ion of UClfc with t r i f luoromethyl 
r ad i ca l s produced in a low-frequency r f discharge, 
he have a l so t r i e d , unsucessful ly , more con\ rentional 
chemical methods to synthesize UfCFjig. The 
second projec t we have begun involves the use of 
uranium hexachloride and uranium hcxafluoride as 
percursors to uraniumfVI) compounds. Many 
i n t e r e s t i n g and unexpected products have been 
i d e n t i f i e d but no new v o l a t i l e mater ia l s have been 
discovered. One of our experiments has produced 
a new means to synthesize UCI5 of exceptional 
p u r i t y . Detai ls of our experiments follow. 

a. Attempted Synthesis of U(CF^)^ 

Uranium hexachloride was reacted with 
t r i f luoromethyl r a d i c a l s and the major v o l a t i l e 
products i d e n t i f i e d . The CF3 rad ica l s were produced 
by homolytic cleavage of C?I:£ in a S.53 MHz r f 
d ischarge . The UC16 was posi t ioned a t various 
po in ts in the plasma t a i l . In some exneriments 
UC1& was heated from 60-100°C t o sublime i t 
through the plasma t a i l . The r f power, C2F6 
p ressu re , and experimental durat ion were var ied . 
In a l l the experiments, a major por t ion of the UCI5 
was recovered downstream from the plasma or in the 
f i r s t downstream t r a p . At high r f power l eve l s a 
mirror formed in the reac t ion chamber. When UClfc 
was sublimed through the plasma t a i l a yellow-green 
glow was seen over the UClg. Reactions a t room 
temperature produced no colors o ther than t ha t 
of t he CF3 plasma i t s e l f . Some reac t ions l e f t 
small amounts of non-vo la t i l e white or yellow-
green r e s idues . 

The v o l a t i l e products from above were separated 
by high vacuum f rac t iona l d i s t i l l a t i o n . X-ray 
fluorescence t e s t s using Mo Ka r ad ia t ion showed 
tha t none of the v o l a t i l e m a t e r i a l s , as ide from 
the recovered UCl^, contained uranium. The freons 
produced wer? iden t i f i ed by t h e i r molecular 
weights , vapor p re s su res , infrared spec t r a , and 
1 5 C and i y F nmr spec t r a . In addi t ion t o C2F6, 
we recovered CjFg, C4FH), £ ( ^ 3 ) 4 , find a mixture 
of C5 - C^ fluorochlorocarbons. 

Our second approach toward preparing U(Cf3)6 
involved the pseudohalogen-halogen exchange: 

UF6 • 2 H C F 3 ) . - U(CF 3 ) 6 • 2PF 3 

which might parallel the reported reaction: 

UT, + 2FCU + IJC1, + 2PF_ 0 j 0 3 
Tris- ( t r i f luoromethyl)phosphine was prepared and 
pur i f ied but i t underwent no reac t ion with UFg 
in a s t a i n l e s s s t e e l bomb in 4-1/2 hours a t 20°C. 
Subsequently, the bomb was heated to 200°C for 
8 hours , causing react ion of a l l the uTg. The only 
uranium containing mater ia l recovered was UF4, 
i den t i f i ed by i t s x-ray powder p a t t e r n . The 
v o l a t i l e products , i den t i f i ed by vapor pressures 
and inf rared spec t r a , contained varying amounts 
of unreacted PCCFjJs as well as (CF3J3PF7, 
(CF 5 )2PF 5 , CF3PF4, PF 5 , and t races of PF3 and C?F 6 . 

Subsequentlv the reported react ion 
(Ul:6 + 2PC1 5 •+ UC16 + 2PF 5) was r e inves t iga ted and 
we found no UCI5 or PF3 as claimed. A number of 
phosphoranes were produced, i . e . , PCI3F?, PCI4F, 
PF5 but only a nonvola t i le uranium resi3ue 
remained. 

A t h i r d attempt t o synthesize U(CF3)D involved 
exchange with an element already in i t s h ighest 
oxidat ion s t a t e : 

UC16 + 3Hg(CF-)2 * U[CF 5 ) 6 + 31gCl 2 

Uranium hexachloride does not react with dry 
Hg(CF3>2 or wi*h Hg(CF 3 ) 2 in CFCI3 so lu t ion . ' These 
compounds did not reac t when heated toge ther . 
Both r e a c t a m s were e a s i l y separated and recovered 
by f rac t iona l sublimation. 

b . Reactions of UC1, and UF, 

The v o l a t i l e tungsten(VI) compound WfNCQh^ta 
has been reported, We have attempted to prepare 
an analogous uranium compound, UlNfG^^Ig-

The following reac t ion , which c losely p a r a l l e l e d 
the tungsten work, was attempted. 
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UC1 6 + 6LiN(CH 3) 2 •> U[N((3I3)2]6 + 6L1C1 + 
No volatile U compounds were found. The uranium 
was present in an unidentifiable grey powder. 

Uranium hexachloride and LiNJXHj^ did not 
react when mixed as the dry powders; however, they 
exploded violently when heated to 48°C under 
vacuum. A dark brown powder was formed, from 
which small amounts of dimethyl amine and 
tetramethylhydrasine were identified. When 
n-pentane was condensed on dry UCla and LiNCCHj^, 
warmed to room temperature and stirred for one 
hour; an explosion occurred when the n-pentane 
was pumped off. These reactions are under 
investigation. 

A monel vacuum line was fabricated to study 
reactions of uT^. 

We have explored the known halogen exchange 
reaction 

2BF 3 

using stainless steel bombs to produce gram amounts 
of UClg in 254 yield. Although the yield is good, 
the UCIg sublimes with a red film that produces 
impurity lines in the x-ray powder pattern. We 
are currently trying to isolate and identify this 
impurity. 

By analogy we tried the following reaction in 
an attempt to synthesize the known uraniumfVI) 
alkoxides in one step, 

UF 6 + 2B(OCH 3 ) 3 - u r o a y 6 + 2BF 3 . 

Trimethoxyboron and UF 0 did not react in IS 
hours in a S.S. bomb. They were subsequently 
heated to 200°C for 3 days to produce a reaction. 
The only non-volatile product was UTM, identified 
by its x-ray powder pattern. The major volatile 
products were dimethyl ether and a low volatility 
liquid. Molecular weight and mas? spectral 
analysis showed the liquid to be a substituted 
boroxine: 

The following reaction was attempted to produce 
U[N'CCH3)2]6: 

UF 6 * B[N(CH 3) 2] 3 - U[\'(CH 3) 2] 6 + 2BF 3 

We synthesized B[N(CH3)2]3 a n d t h i s material was 
warmed from -196 with UF 6 in a S.S. bomb using 
CFCI3 as a heat moderator. After 12 hours the only 
volatile products were CFCI3 and excess BIfl(CHO?]v 
The UF 6/B[N(CH 3) 2l3 ratio was 1/1. No BF 3 was 
present. The uranium-containing non-volatile grey 
powder did not sublime up to 250°C. The x-ray 

powder pattern of this material could not be 
identified. !t is currently under study. 

We have also attempted the methathesis route 
with UF 6: 

These reactants were warmed from -196° in a 
S.S. bomb. The bomb was opened in one week. The 
Only volatile products were traces of dimethyl 
amine, tetramethylhydrazine, and tetra-
methyltriazine; these being identified b/ infrared 
and mass spectra. The uranium was contained in 
a non-volatile green and white powder. Its 
chemical form has not been identified. 

We are currently exploring the use of 
electropositive groups to extract fluorine from 
UFg according to the scheme: 

'6 w l"'3 J3° 
The first reaction tried was 

" 3 ^ 

+ 6(CH3)3SiF. 

This reaction was conducted in a S.S. bomb at 
20° for 23 hours. At this time, the major 
volatile products were (Q^^SiF, (G^^SiF?, 
and excess (CH^SiCl. The uranium was contained 
in a brown residue. The black crystal subliming 
from this residue at 80° were identified as UClg 
from their x-ray powder pattern. The non-volatile, 
air-stable grey residue was similarly identified 
as UF4. This UCI5 was free of the red coloration 
seen in the material prepared from IJF5 and BCI3. 
Its powder pattern showed no spurious lines. 

The second reaction tried was 
UF 6 + 6(CH 3) 3SiOCH 3 - U f O C H ^ + 6(CH3)-SiF 

This reaction was conducted in a S.S. bomb at 20° 
for 24 hours. At this time, the major volatile 
products were CH3OCH3, (CH3)3SiF, excess 
(CH3)3SiOCH3, and a high boiling siloxide. The 
uranium was contained in a non-volatile red-brown 
powder. An x-ray powder pattern showed this 
material to be amorphous. 

2. RESEARCH PLANS FOR GUEMDAR YEAR 1976 
Norman M. Edelstein 

Our present efforts are directed toward syntheses 
and studies of new volatile uranium compounds that 
appear to be promising materials for new isotopic 
enrichment techniques. This chemical knowledge 
will benefit other more physically oriented 
isotope separation studies and may influence larger 
scale enrichment facility design. 

a. Uranium Borohydrides 

U(BH4)d has been photolyzed to produce uranium 
atoms. U(BH 4) 4 is one of the most volatile 
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uranium(IV) compounds known, Dut i t is hydrolytical-
iy unstable. UCBlfy)̂  is prepare! from Al(8114)3 
and UF4. Al(Bil4)3 is an explosive, oxygen and 
water-sensitive material. 

We shall attempt to make other uranium 
borohydrides that might be more hy lrolytically 
stable at room temperature but could be heated 
slightly to produce a molecular v»por from which 
U atoms might be generated. Precedents from the 
d-transition metal complexes suggest that 
U(B3Ho)4, U(B5H8)4, and U{B6Ug)4 molecules are 
possible. Experiments to synthesize these 
compounds have begun. 

The substituted species UfBlî CBHjCHs) and 
U(BEI?iai3)4 are of the same volatility as U(814)4 
but are also hvdrolytically unstable. We plan 
to replace the methyl groups with the more steri-
cally hindered -Si(0)3)5 g r°uP s t 0 f°m a m o r e 

volatile but less chemically reactive species, 
e.g. U[BH 3Si(ai 5) 5l 4. 

We will attempt to devise new and safer 
reactions to prepare 11(81)4)4 utilizing the readily 
available materials UFf,f UCI4, and uranium metal. 
Ke will convert the metal to UH3 and attempt to 
hydroborate this to UfBI^).;. We have already 
foum1. tnat Al(Bll4)3 will not reduce UCle to U(BH4)4. 
Presently, we arc studying the chemical reactions 
of U(1*114)4 toward common substrates, e.g. amines, 
alcohols, alkoxides. Such basic chemical knowledge 
is essential if (̂8114)4 or any of i t s analogs are 
to be produced and handled safely and economically 
in large quantities. 

b. Uranium Amides 

The chemistry of UlXfCiH^H i s currently 
under investigation in this laboratory. This 

volatile solid is extremely reactive toward 
oxidizing agents. The diethylamide ligands can 
easily be displaced in the presence of ligands 
containing protonic hydrogen atoms. Plans are 
being made to study the photolytic and thermal 
decom«-"sition of this material; for i t , too, may 
be another source of free uranium atoms. 

We are presently trying several approaches 
toward producing new uranium amides that will 
be less oxygen-sensitive than U[N(C2Hc)2]4 but 
more volatile. A recent x-ray crystal structure 
has supported the idea that UfNO^Hg^U is prone 
to oxidative addition, particularly in i t s 
monomeric solution and gaseous configurations. 
(It is five-coordinate and dimeric in the solid.) 
We have exchanged some of the -NCCjHs)? ligands 
with the much bulkier -N[Si(CH3)3]2 group, 
producing a new volatile uranium amide. Our 
present evidence suggests we have not completed 
the exchange to U{NlSi(CH3)3!2H, the fully-
substituted product. We have also t r i e i to 
produce this compound directly from UC14 and have 
obtained a second compound. Both of these 
materials are under active investigation. Ojr 
goal is to produce a near spherial molecule with 
al l external C-H units shielding the uranium from 
chemical decomposition. In a similar fashion, 
we are attempting to prepare U[N(CH2CF3)2l4> t n u s 

using the -CF3 groups not only as shielding for 
the metal but also to increase the volatil i ty. 

Attempts are also being made to synthesize 
uranium amides that resist oxidation because of 
their high oxidation states and saturation of their 
coordination spheres. Ke are attempting to 
synthesize U(V)[N(C2Hs)2l§ and U(VI)[N(CH5)2]6-
Both of these molecules might be expected to be 
monomeric and quite \-olatile. 

file:///-olatile


b. ScUctiv* Photochemistry 

C. Bradley Moore, Principal Investigator 

1. VIBRATIONALLY INDUCED PHOTOCHEMISTRY* 

R. Glen MacDonald and C. Bradley Moore 
The effect of enhancing chemical reactions by 

the addition of internal energy to the reactant 
species is the subject of great current interest. 
The study of vibrationally induced photochemistry 
is not only important from a theoretical point 
of view since it enables valuable information to 
be obtained about potential energy hypersurfaces, 
but also has important practical applications such 
as isotope separation and possibly chemical 
synthesis. 

The reactions investigated so far have been 

HCl(v=2) + Br -+ HCl(v=l) + Br 

-*+ HBr(v=0) + Cl 
kl 

HCl(v=2) + 0 -±* HCl(v=l) + 0 
*2 
-£*> OH(v=0,l) + Cl 

(1) 

(2) 

The HC1 was excited directly to v = 2 by an 
optical parametric oscillator (0P0). Since the 
0P0 is tunable with a bandwidth of ~0.005 cm"* 
either species IP^CI or H37C1 may be excited to 
v = 2. The time dependeace of HCl(v = 2) and 
(v = 1) was followed by monitoring the infrared 
fluorescence 2 -> 1 and 1 •* 0 of HC1. The 2 •*• 1 
and 1 •*• 0 fluorescence may be separated using an 
HC1 cold gas f i l ter to absorb the 1 + 0 radiation. 

The population of HCl(v = 2) is directly propor­
tional to the 2 + 1 fluorescence intensity. The 
reactions (1) and (2) were carried out in a fast 
flow system. The atoms were produced in a micro­
wave discharge of the parent diatomic molecule 
and the atom concentration determined by an 
appropriate gas phase t i t rat ion. The competition 
between k\ and 1(2 w a s determined by a fluorescence 
depletion technique. It was also possible to 
determine the total removal rate of HCl(v = 1) 
by these atoms. 

Reaction (1) is approximately thermoneutral as 
written. From chemiluminescence studies of the 
reverse exothermic reaction (All0 = -15.5 kcal/mole) 
between unexcited Cl and lfflr i t is known that 
vibrationally excited HC1 is produced. Micro­
scopic reversibility would suggest that vibrational 
energy would be efficiently utilized in reaction 
(1). This was found to be the case. Reaction (2) 
is exothermic by 15.3 kcal/mole as written. The 
activation energy has been determined to be 
5.9 kcal so that there is 9.4 kcal of vibrational 
energy in excess for reaction. It is expected 
that the reaction of HCl(v = 2) + 0 atoms would 
be much faster than the thermal rate constant. 
This was found to be the case. In both systems 
i t was found that relaxation was the dominant 
path for removal of HCl(v = 2). The results are 
summarized in Table 1. 

Partially supported by U.S. Army 
1. S. R. Leone, R. G. MacDonald and C. B. Moore, 
J. Chem. Phys. 63(11), 4735 (1975). 

Table 1. Results for the relaxation and reaction of HClfv = 2) by Br 
atoms and 0 atoms at 296°K. 

Atom Relaxation rate Reaction rate Reaction rate 
(cm^ molecule-1 sec - 1) (cm molecule" sec ) Thermal rate 

(1.4 ± .21) x 10 

(4.1 t .32) * 10" 

12 

(9 ± 7) x 10 8.2 ± 6.4 x W 
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2. PORMWJEHYDE HWrOCHEMlSTRY 

a. Appearance Rate, Vibrational Relaxation, and 
Energy Distribution o* the' Co Product* 

Paul L. Houston and C. B. Moore 

The mechanism of formaldehyde photochemistry 
has been investigated by monitoring the appearance 
rate, relative yield, and vibrational distribution 
of the 00 photochemical product detected either 
by i t s infrared fluorescence or by i t s absorption 
of a cw CO laser. The energy levels of 
formaldehyde and i t s photolysis products are 
shown in Fig. 1. In the limit of low formaldehyde 
pressures, the CO product appears with a rate 
more than 100 times slower than the decay rate 
of the formaldehyde first excited singlet s tate. 
This fact indicates the presence of a long-lived 
intermediate state between Sj and the molecular 
products, 1*2 + CO. It is found that the 
appearance rate for CO is linearly proportional 
to the pressure of H2CO, Fig. 2. Collision-
induced CO production following 337,1 nm 
formaldehyde excitation occurs with,appearance 
rates of 2.7X10"11 cm3 molec - 1 sec"" for D2CO and 
•J.TxlO"11 cm3 molec"1 sec"* for HjCO. After i t s 
production, C0(v = 1) relaxes to the ground 
vibrational state in_collisions with D?CO at a 
rate of 5.3X10*1- cnr* molec"1 s ec - 1 an3 in col­
lisions with Hi CO at a rate of 3.7xiQ-14 cm° 

xtO 5 

molec"1 sec" These rates have been confirmed 
by a separate measurement that monitors CO(v - 1) 
fluorescence following excitation with a 
Q-switched CO laser. The CO photolysis yield 
decreases with the addition of argon, but 
increases dramatically for 305.5 nm photolysis 
upon the addition of NO or O2. 

40 

30 

20-

1 5 - . 
8 -

H 2C0 A 

Fig. 1. Energy levels of formaldehyde and i t s 
photolysis products. (XBL 755-1455) 

In addition, XT.bration.al distributions of the 
CO product have been measured as P function of 
energy and vibrational level of the formaldehyde 
singlet state, The result is shown ir. Table 1. 
Although the amount of energy appearing in CO 

Table 1. CO vibrational distributions. 

A 
(run) 

H2C0 
Vibrat ional 

level 
Y=0 1 

Product CO t r a c t 
2 3 4 

Lon 
5 6 

Percent of 
Available 

E 

347.2 «s .900 .100 0.7 

337.1 «ft .870 .110 .020 1.1 

317.0 2 2 4 3 
Vo 

.731 .213 .049 .005 .002 2 .3 

314.5 2V Vo .663 .195 .071 .032 .021 .012 .005 4.1 

309.1 ih1 224 
Vo-V 

0 6C .607 .265 .092 .029 .005 .002 3.7 

305.5 2 3 4 3 .661 .242 .058 .026 .009 .004 3.2 

303.6 0 0 .571 .262 .103 .037 .015 .008 .004 4.5 

295.0 4< .598 .25S .094 .034 .014 .005 3.9 

294.0 Vo .609 .264 .099 .024 .004 3.5 

http://XT.bration.al
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r i I T ] i • 1 1 1 1 i 

O v D 

- o -

U J ^ 
^ a A 

vr i l l i i < 1 i 

Observed lifetimes of single rotational 
states of H2

12CO in the 4A band. 

0 0.5 i.O 1.5 2.0 
Pressure (tore, H2C0) 

Fig. 2. Appearance rate of the CO product from 
H2CO. Dissociation was at 357.1 ran. The t r i ­
angles represent the appearance rates for 
COfv = 1), while the squares represent the 
appearance rates for C0(v = 0) . (XBL 7SS-1437) 

vibrational modes increases with increasing 
excitation energy, the CO vibrational energy 
accounts for only between 0.7 and 4.5? of the 
energy available to the products at the measured 
dissociation wavelengths. 

Laser 
•-.-avp'ength Tshort Tlong Assignment 

(n"l) (nsoc) (P.5?<*! .!• K ' 

706.048 104. 889. 11 1 
M6.107 134. 1563. 1 1 
706.129 100. 1435. 8 2 
706.132 116. 610. 11 2 
706.154 170. 16 4 
"06.180 121. 447. 2 1 
706.195 178. 462. 3 1 
706.213 164. 770. 18 2 
706.220 104. 447. 4 1 
706.244 108. 604. 5 1 
706.269 128. 885. 13 2 
706.290 116. 1124. 10 2 
706.298 100. 1077. 12 0 
706.513 6 1 . 558. 7 0 
706.320 108. 210S. 19 2 
706.323 79. 541. 6 0 
706.329 1 1 6 . 8 1 
704.281 132. 12 6 
704.291 100. 20 8 
704.302 113. 13 6 

Partially supported by NSF and U.S. Army. 

b. Rotational Quantum Number Dependence of 
Radiationless Transition Rates' in Formaldehyde* 

A. P. Baronavski, Y. Haas and C. Bradley Moore 

Two sets of measurements have revealed a 
striking dependence of the lifetime of the f irs t 
excited singlet state of formaldehyde on rotational 
quantum number. This result is especially 
interesting since none of the theories proposed 
for the non-radiative decay of excited formaldehyde 
predict a variation with rotational excitation.* 
Table 1 shows the results of preliminary fluores­
cence lifetime measurements for the f irs t excited 
singlet state of formaldehyde with one quantum of 
the out-of-plane bending vibration excited. There 
is no clear pattern to the variation of lifetime 
with J and K quantum numbers. It is not known 
whether the long decay i s an isolated molecule 
phenomenon, or the result of collisions, or an 
experiiiiental art ifact . The pressure-tuned, 
N2-pumped dye laser and Tektronix-PD> fast 
signal averaging system will be used to answer 
these questions. For higher vibrational levels 
where fluorescence lifetimes aTe too short to 
measure directly simultaneous fluorescence 
excitation and absorption spectra have been 
recorded using a tunable, high-resolution 

Fig. 1. Absorption and fluorescence excitation 
spectra of H2CO near 3037 A. Differences in 
relative intensity show variations in lifetijne 
with rotational level- (XBL 764-1362) 

H2C0 -3037 A 

ABS. 

EXC. 

cm" 



u l t r a v i o l e t l a s e r . The r a t i o of fluorescence 
i n t e n s i t y to absorption s t rength i s propor t ional 
to tne rad ia t ive emission r a t e divided by non-
rad ia t ive t r a n s i t i o n r a t e . Since r a d i a t i v e 
l i f e t imes are independent of ro t a t i ona l quantum 
number, the va r i a t i ons in the r e l a t i v e s t r eng ths 
o f the two spectra (Fig. 1) demonstrate the 
dependence of the non- rad ia t ive t r a n s i t i o n r a t e 
on ro ta t iona l quantum nunber. In these spec t ra 
as w e l l , the va r i a t i on of l i fe t ime with J and K 
appears qu i t e random. 

These r e s u l t s point out another ser ious gap in 
our t h e o r e t i c a l understanding of the r ad ia t ion -
l e s s processes in formaldehyde. -a re fill study 
of these phenomena i s c ruc ia l t o a •. understanding 
of t he photochemical and photophysi^al processes 
in formaldehyde vapor. 

P a r t i a l l y supported by NSF 
1. E. S. Yeung and C. B. Moore, J . Chem. Phys. 
60 , 2159 (1974). 

5. FLUORESCENCE LIFETIMES OF N0 2 

Y. Haas, P. L. Houston, J . H. Clark and 
C. Bradley Moore ( in co l labora t ion with H. Rosen 
and P. Robrish, Energy and Environment Divis ion , 
LBL) 

Unravelling the exceedingly complex v i s i b l e 
absorpt ion and emission spec t ra of NO2 i s a 
problem in molecular spectroscopy t ha t i s only 
r ecen t ly beginning t o be s o l v e d . 1 The most widely 
accepted t h e o r e t i c a l model 2 p red ic ted t h a t t he 
prominent K a = 0 l i n e s of the 2 B^ s t a t e in the 
absorpt ion spectrum of NO2 would exh ib i t l i f e t imes 
on the order of 1 usee. 

In con t ras t v h previous experiments and 
expec ta t ions , we have found 3 tha t t he Ka = 0 , z B j 
l i n e s near 454.8 nm do not have shor t l i f e t i m e s , 
but r a t h e r t ha t they exh ib i t long c o l l i s i o n l e s s 
l i f e t imes of 33 ± 4 usee. To achieve t h i s r e s u l t , 
i t was necessary t o resolve the spectrum both in 
e x c i t a t i o n (using a narrow-band, tunable dye 
l a s e r ) and in emission (using a 3/4 m monochroma-
t o r ) . Thus we i s o l a t e d t he f luorescence 
s p e c i f i c a l l y from the Ka = 0 s t a t e s . An 
wiambiguous assignment of t he l ines as Ka = 0 , ^Bj 
was obtained by comparison of the f luorescence 
exc i t a t i on spect ra with previously published 
work.1* Figure 1 compares the l i f e t imes of the 
resolved fluorescence from the Kg * 0 l i n e s wi th 
t ha t of the unresolved, broadband f luorescence. 

All the experimental evidence, inc luding our 
exc i t a t i on spec t i a , point to the Ka = 0 , 2 B j 
l eve l s as unperturbed, s t a t e s . However, a 
lengthening of the l i f e t ime by a fac tor of 30 i s 
not compatible with e s s e n t i a l l y unperturbed s t a t e s . 
Thus we conclude t h a t thp o s c i l l a t o r s t r eng th from 
which the l i f e t ime near 1 usee i s ca l cu la t ed must 
be due t o t r a n s i t i o n s t o s t a t e s o the r than ^ , 
most l i k e l y the ^ s t a t e and t h a t t he l i f e t ime 
measured i n our experiments i s t he l i f e t ime of 

Fig. 1 . Reciprocal l i f e t imes for NQ2 fluorescence 
J S a function of p re s su re . The c i r c l e s and 
squares a re for resolved b lue fluorescence 
exci ted by the Q(13) and Q( l l ) l i n e s , 
r e s p e c t i v e l y . The t r i a n g l e s are for the un­
resolved red f luorescence. The i n s e r t shows an 
expansion of the low-pressure region for t he 
b lue f luorescence. (XBL 755-1360) 

the unperturbed 2 B j e l e c t r o n i c s t a t e . 

P a r t i a l l y supported by KSF 
1. R. E. Smalley, B. L. Ramakrishna, 0 . H. Levy, 
and L. Wharton, J. Chetf. Phys. 6 1 , 4363 (1974). 
See a l so p r e p r i n t : "The Fluorescence l ixci ta t ion 
Spectrum of Rota t ional ly Cooled N02»" b>* R - E. 
Smalley, L. Wharton, and D. H. Levy. 
2. A. E. Douglas, J . Chem. Phys. 45_, 1007 (1966). 
3 . Y. Haas, e t a l . , J . Chem. Phys. 63 , 4195 
(1975). 
4 . P. Robrish and H. Rosen, Lawrence Berkeley 
Laboratory Report LBL-323^. 

4. LABORATORY FACILITIES 

A. H. Kung and C. B. Moore 

This program was i n i t i a t e d in January 1975 and 
the labora tory space completed in April 1975. 
Since then the following experimental systems have 
been s e t up OT are in the process of being 
developed: 

(1) A pressure- tuned, N2-laser pumped dye l a s e r 
i s under const ruct ion which when completed w i l l 
d e l i v e r r a d i a t i o n tunable from 35u0 A to 7100 A 
with bandwidths of l e s s than 1 GHz. By frequency 
doubling techniques the tuning range can be 
extended t o 2600 A and s h o r t e r . The output energy 
of the system w i l l be in the order of 0.1 ml t o 
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0.5 nvi. I t w i l l be used t o measure i so top ic 
s h i f t ? and t o study s p e c t r a l l y resolved exc i ted 
s t a t e l i f e t i m e s , energy t r a n s f e r s and photo­
chemical p rocesses . 

(2) A high average power N'd:YAG o s c i l l a t o r -
ampl i f ie r chain with i t s f i r s t four harmonics wi l l 
be used as a pump l a s e r t o obta in hign power, high 
energy, narrow-band r ad i a t ion throughout t he 
v i s i b l e and the u l t r a v i o l e t . Kith the help of a 
LiNbOj o p t i c a l parametr ic o s c i l l a t o r , broadly 
tunable r a d i a t i o n from 1.4 \m to 4.4 uni can a l so 
be obta ined . The Nd:YAG l a s e r system puts out 
energy in excess of 500 ml -*t 1.06 urn and is 
expected t o d e l i v e r tunable energy of as much as 
20 mJ pe r p u l s e . This w i l l improve the s i g n a l - t o -
noise r a t i o of our experiments g rea t ly and make 
many new measurements p o s s i b l e . I t w i l l be 
e s p e c i a l l y valuable for k i n e t i c spectroscopy 
s t u d i e s of photochemical reac t ion products and 
poss ib ly for multiphoton inf rared d i s s o c i a t i o n 
s t u d i e s . 

(5) A commercial flash-lamp pumped dye l a s e r 
has been i n s t a l l e d . The l a s e r has average output 
power of 0.5 W or b e t t e r and i s s u i t a b l e for 
some photochemical and isotope separa t ion exper i ­
ments in t he v i s i b l e and near u l t r a v i o l e t ranges . 

(4) For data process ing a Tektronix-PDP s ignal 
averaging system has been i n s t a l l e d and i s in 
o p e r a t i o n . The system has a time r e so lu t i on of 
0.5 ns and i s being used for s ignal averaging in 
a l l experiments . 

(5) The above combination of f a c i l i t i e s w i l l 
enhance our experimental c a p a b i l i t y t o a g rea t 
e x t e n t . Addit ional equipment such as a high 
power carbon dioxide o s c i l l a t o r - a m p l i f i e r system 
w i l l permit mul t ip le photon d i s s o c i a t i o n s t u d i e s 
in the in f r a red . Photochemical processes in 
heavy molecules , r e l a t e d k i n e t i c s and multiphoton-
mu l t i l eve l processes can be observed and 
app l i ca t i ons t o separa t ion of i so topes s tud ied . 
A CW tunable dye l a s e r w i l l provide extremely 
high frequency r e so lu t ion and w i l l permit k i n e t i c 
absorp t ion spectroscopy of r eac t i on in termedia tes 
and measurements o f i s o t o p i c s h i f t s and l i n e -
shapes u ide r Doppler-free cond i t ions . These 
in s t i lmen t s w i l l be i n s t a l l e d when add i t iona l 
funds become a v a i l a b l e . 

5 . RESEARCH PLANS FOR CALENDAR YEAR 1976 

C. Bradley Moore 

Vibra t ional ly- Induced Photochemistry 

The work on HCl(v = 2 , 1 ) w i l l be extended t o 
c o l l i s i o n s with o the r r eac t i ve atoms such as CI 
and H, Some s tud i e s w i l l be made as a function 
of temperature t o search for evidence of an 
a c t i v a t i o n energy. The new Nd:YAG pump l a s e r 
may make i t poss ib le t o extend these s tud ies t o 
h igher v i b r a t i o n a l l eve l s and to o ther molecules. 
The r a t e s of r eac t i ons which a r e exothermic for 
ground s t a t e reagents and a r e the microscopic 
reverse of v i b r a t i o n a l l y induced reac t ions w i l l 
be measured. In t h i s work the i r a n s l u t i o n a l 

energy and r o t a t i o n a l temperature of the reac tan t s 
w i l l be var ied independently. These s tud i e s w i l l 
complement molecular beam work on reac t ions of 
v i b r a t i o n a l l y exc i ted molecules in Y. T. Lee 's 
group. 

Prcd issoc ia t ion and Photochemistry of Formaldcjryde 

The ini ia l work on r o t a t i o n a l quantum number 
dependence of Sj exci ted s t a t e l i f e t imes wi l l be 
continued and extended to include measurements 
cf p ressure lependence, depo la r i za t ion , and 
energy t r ans e r . This requires: completion of the 
N'->-pumped pressure- tuned dye l a s e r in i t s f inal 
o s c i l l a t o r - a m p l i f i e r conf igura t ion . Time resolved 
spectroscopy cf the photo lys i s product •• of IbCO 
w i l l be extended to include I! and ICO. A d i r e c t 
search for the spectrum of the unknown intermediate 
s t a t e or s t a t e s in formaldehyde photo lys is wi l l he 
undertaken by infrared fluorescence and v i s i b l e 
absorpt ion spectroscopy. Photochemistry a t very 
high pressures of foreign gas wi l l be attempted. 
From t h i s work we hope t o be able to generate a 
complete p i c t u r e of the photophysics and photo­
chemistry of formaldehyde which w i l l lead to 
q u a n t i t a t i v e t h e o r e t i c a l work. 

Chemical Reactions of Excited Elec t ron ic S t a t e s 

I n i t i a l s t ud i e s wi l l be of CI?* + ifBr 
HC1 + CI Br and Rvi* + o l e f i n s . 7n the former 
cr>e a search for" the fluorescence of ClBr in the 
v i s i b l e and of HC1 in the infrared wi l l be 
undertaken. In the l a t t e r both k ine t i c spec t ro ­
scopy and f ina l chemical product analyses w i l l be 
made. We a re searching for an appropr ia te o l e f i n 
which r e a c t s d i r e c t l y with Br?* r a the r than 
inducing d i s soc i a t i on to Br atoms followed by 
free rad ica l reac t ions and scrambling. If we arc 
success fu l , a simple i so tope separa to r for Br can 
be s e t up producing grams per day. 

An expanded isotope separa t ion program in NMRIl 
a t LBL has been proposed sepa ra t e ly . This 
involves a j o i n t e f f o r t with t he groups of Lee, 
Shen and Winn. I t w i l l include in addi t ion to 
the above work the program of !,ee and a j o i n t 
program on multiphoton infrared-induced d i s soc ia ­
t i o n . 

6. 1975 PUBLICATIONS AND REPORTS 

C Bradley Moore and Associates 

Journals and Conference Proceedings 

1. R. G. Macltonald, I . W. M. Smith, F. J . 
Wodarczyk, and C. B. Moore, Vibra t ional Relaxation 
of HC1(V = 1) by CI Atoms, J . Chem. Phvs. 63 , 
2934 (1975) . 

2 . K. Bcrgmann and C. B. i^foore, Energy Dependence 
and Isotope Effi c t for the Total Reaction Kate of 
CI + HI and CI + MBr, J . Chem. Ph/s . 65, 643 
(1975) . 

3 . K. Bcrgmann, S. R. Leone, and C. B. Moore, 
effect of Reagent Elect ronic Exci ta t ion on the 
Chemical Reaction l*r('-P|/2>2/3) + M» J* Chem. 
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Phys. 63, 4161 (1975) (Part ia l ly sponsered by NSF, 
and the U.S. Array, Research Office, Durham.) 

4 . J . Finzi and C. B. Moore, Relaxation of 
CO 2 (10°l) , and N 2O(10°l) Vibrational Levels by 
Near-Resonant V •* V Energy Transfer, J . Chem. 
Phys. 63, 2285 (1975). 

5. S. R. Leone, R. G. Macdonald, and C. B. Maore, 
Vibrational Relaxation and Photochemistry of 
HCl(v * 1,2) and Br Atoms, J . Chem. Phys. 63, 
4735 (1S75) (Part ial ly sponsered by NSF ancTthe 
U.S. Army Research Office Durham.). 

6 . J . H. Clark, Y. Haas, P. L. Houstoi , and 
C. B. Moore, Carbon Isotope Separation by fljnable-
Laser Predissociation o f Formaldehyde, Chem. Phys. 
Lett . 35, 82 (1975) (Sponsered by the In ivers i ty 
of Cal i fornia) . 

7. Y. Haas, P. L. Houston, H. Rosen, P. Robrish, 
and C. B. Moore, Long-lived Ka • 0 , 2 B i States of 
NO2: A Direct Measurement Using a Tunable Dye 
Laser, J . Chem. Phys. 63, 4195 (1975) (Part ial ly 
sponsered by NSF). 

8. A. P. Baronavski, J . H. Clark, Y. Haas, 
P. L. Houston, and C. B. Moore, Photochemistry 
and Fsotope Separation in Formaldehyde, Proceedings 
of the Second Laser Spectroscopy Conference, 
Megeve, France (1975). (Part ial ly sponsered by 
NSF, U.S. Army Research Off ice , Durham, and the 
University o f C a l i f o r n i a . ) . 

9 . X. Bergmann, S. R. Leone and R. G. Macdonald, 
Vibrational Photochemistry, Proceedings of the 
2Sth IUPAC Conference, Jerusalem, Israel (1975). 
(Part ia l ly sponsered by NSF, U.S. Army Research 
Off ice , Durham, and the University of Cal i fornia. ) 

10. C. B. Moore, Laser Photochemistry and Isotope 
Separation, Bull . Am. Phys. Soc. 2£, 24 (1975). 

Invited Lectures 

1. Photochemistry of Formaldehyde, Seminar given 
at Stanford Research Ins t i tu te . 

2 . Laser Isotope Separation, Stanford University 
Industrial Associates Laser Chemistry Symposium. 

3 . Laser Isotope Separation, Nuclear Chemistry 
Division Seminar at LBL. 

4 . Laser Isotope Separation, Nuclear Engineering 
Department Seminar, University of California, 
Berkeley. 

5. Reaction and Relaxation in Halogen Atom 
Hydrogenhalide Co l l i s i ons , Chemical Physics 
Seminar, University of Lausanne, Switzerland, 
June 20, 1975. 

6 . Photochemistry and Isotope Separation in 
Formaldehyde, Second International Laser 
Spectroscopy Conference, Megeve, France, 
June 25, 1975. 

7. Chemical Kinetics, Isotope-select ive 
Vibrational Photochemistry, and Isotope Separation 
by Photopredissociation. The International School 
of Quantum Electronics, Erice, S i c i l y , I ta ly , 
June 28, and July 8-9, 1975. 

8. Vibrational Photochemistry, 25th International 
Union o f Pure and Applied Chemistry, Jerusalem, 
Israel , July 11, 1975. 

9. Reaction and Relaxation in Halogen Atom 
Hydrogenhalide Col l i s ions , Seminar a t Physics 
Ins t i tu te , Polytechnic University, Milan, I ta ly 
September 19, 1975. 

10. Reaction and Relaxation in Halogen Atom 
Hydrogen Halide Co l l i s i ons , Physics Department, 
Technical University of Munich, Germany, 
September 26 1975. 

11. Laser Isotope Separation, Physics Seminar, 
University of Kaiserslautsm, Germany, September 
29, 1975. 

12. Laser Isotope Separation and Select ive 
Photochemical Processes, General Colloquium of 
the Spectroscopy Inst i tute of the Soviet Academy 
of Sciences , Moscow, Oct. 9 , 1975. 

13. Photophysique e t Photochemie de Formaldehyde, 
Colloquium of Inst i tute o f Molecular Photophysics, 
University of Paris-Sud, Orsay, France, October 
22, 1975. 

14. Separation des Isotopes par Laser, A ser ies 
of three special lectures to the French Commission 
d'Energie Atomique at Saclay, October 23, 1975 
and November 18, 20 1975. 

15. Photochemie e t Relaxation Vibrationelle , 
Quantum Optics Seminar Ecole Polytechnique, 
Palaiseau, France, November 10, 1975. 

16. Photochemie e t Relaxation Vibrationelle , 
Colloquium of Molecular Photophysics Laboratory, 
Orsay, France, November 26, 1975. 

17. Laser Isotope Separation, Avco Everett 
Research Laboratory, Everett, Mass., December 23, 
1975. 

LBL Reports 

1. Jack Finzi , Vibrational Relaxation Studies in 
CO?, N2O, and HjO Using a Tunable Infrared Laser, 
(Ph.D. Thesis) LBL- , June 1975. (Part ial ly 
sponsered by NSF and the U.S. Air Force Office of 
Sc ient i f i c Research.) 

2. A. P. Baronavski, Photophysical and Photo­
chemical Procfc.ses in Formaldehyde, (Ph.D. Thesis) 
LBL- , December 1975. (Partial ly sponsored 
by NSF.) 
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c. Isotop* Separation 

yuan T. bee. Principal Inoestiqator 

1. LASER ISOTOPE SEPARATION 

Peter Schultz and Michael J. Coggiola 
The method of laser isotope separation is 

primarily based on the change of physical and 
chemical properties of selectively excited atoms 
or molecules. Most of the approaches that have 
demonstrated certain degrees of success, such as 
multiphoton dissociation, selective ionization, 
selective chemical reactions and predissociation, 
could be considered as "high energy" approaches 
in which either chemical bond ruptures or electron 
removals are involved. Although some of these 
approaches may lead to a feasible, large scale 
separation scheme, they are usually more compli­
cated due to secondary reactions, in addition to 
which the energy input in terms of laser photons 
is also quite high. 

It seems to be possible to develop a "low 
energy" scheme, such that the change of physical 
property induced by single 1R photon is sufficient 
to accomplish the separation process. The process 
we are investigating at present is a method based 
on a simple dissociation process of van der Waals1 

molecules in a molecular beam. When the vibration­
al motion of a molecule containing a desired 
isotope in a van der Waals' molecule is excited by 
an 1R laser, the recoil velocity associated with 
vibrational to translational and rotational 
relaxation will send those molecules containing 
the desired isotope away from the beam. 

We have constructed a new differentially pumped 
beam chamber for the production of a "clean" 
molecular beam containing desired van der Waals' 
molecules for this purpose. The first series of 
experiments that will be carried oat in the very 
near future will be the separation of isotopic 
halogen molecules. By using a tuneable dye laser, 
isotopic halogen molecules in van der Waals' 

molecules such as XcICl, XeBr2 can be excited. 
The vibrational energy of electronically excited 
halogen molecules in van der Waals' molecules is 
the only energy required for the separation. 
Electronic excitation is not required at all in 
this separation scheme. The a.'ailability of the 
tuneable dye laser makes it convenient to excite 
vibrational motion of halogen molecules through 
electronic excitation. 

Energy transfer processes between atoms anrl 
molecules will be investigated through both high 
resolution velocity analysis and laser fluorescence 
state analysis. The process of intramolecular 
energy transfer will be further studied as a 
function of total excitntion energies in chemically 
activated complexes. More ami more effort will he 
made in the area of photon (laser!-molecular beam 
interactions, and photoolectron spectroscopy of 
beams of radicals or van der Waals' molecules 
(with Shirley's groupi; multi-photon excitation 
of vibrational energy levels (with Shen's group) 
are the areas in which the combination of molecular 
beams method and laser technology will give 
enormous advantages. 

The effort in the laser isotope separation 
will be expanded in 1976. In addition to the 
decomposition of van der Waals' molecules in 
molecular beams, we will investigate the possibili­
ty of using selective condensation processes for 
effective isotope separation. This principle is 
based on the reduction of sticking coefficients 
of vibrationally excited molecules during the 
condensation processes. 

Surface chemistry using molecular beam method 
is another area (with Somorjai's group) that will 
pick up lots of activities in 1976. A new 
improved beam-surface machine will be completed in 
the near future and the reactions on catalytic 
surfaces will be investigated in detail. 
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