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GENERAL INTRODUCTION

David A. Shirley, Divieion Head
Holf H. Muiler, nsgiagtant to the Division Head

This is the first annual report of the Materials
and Molecular Research Jivision of the Lawrcnce
Berkeley Laboratory. M{RD was formed late in the
year--October, 1975--as part of a Laboratory
reorganization. Elements of the Nuclear Chemistry
Division and the Physics Division were added to
the Inorganic Materials Research Division {IMRD),
increasing its size by 55%, Division prpulation
as of the end of 1975 was: 47 principal investiga-
tors, 92 postdoctorals and other scientific
personnel, 237 graduate students, and 67 technical,
administrative and clerical support personnel for
a total of 443. The total fiscal year 1976
operating budget for MM was $7,255,000. During
calendar year 1975, 1% Ph.D, 3 Doctor of
Enginesring, and 12 M.5. degrees were awarded to
MRD students. One hundred and eighty-one journal
articles were published by MMRD merbers during
1975.

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

The Inorganic Materizls Research Division was
born in the post-Sputnik era, and its traditions
and operating procedure reflected a strong academic
basic-research orientation. The natiocnal attitude
toward science wvas supportive and optimistic:
basic research was fostered, and its growth was
encouraged. The interdisciplinary character of
IMRD, as well as its ability to combine the
strengths of the Berkeley Campus and Lawrence
Berkeiey Laboratory, yielded many significant
contributions to basic scientific knowledge and
understanding. Nevertheless IMRD research had
important--and at times dramtic--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 seered to be widely appreciated.

Now the boundary conditions have changed. The
Lawrence Berkeley Laboratory is fumded by the
Energy Res. irch and Dovelopment Administration
instead of the Atomic Energzy Comuission. The
charter of ERDA is broader and its timetable is

more demanding. It would be hard to imagine a
greater scientific, tedinological, amnd social
challenge than meeting America's energy needs
during the last gquarter of the twentieth century.
Although the outcome is uncertain, this period is
destined to mark a turning point in history. It
js an exciting time to be aiive and contributing
to science and technology.

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

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

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

3. The diversity of ERDA, the breadth -~ MRD,
and the rcod of the times pecessitave
investigators' taking more active roles
than tefore in 'selling' their research
ideas.

It is a pleasure to report that witnin the last
few months MMKD investigators and staff have
responded to these new challenges. Our investiga-
tors have made meny trips to Washington, and
almost every week comeone in MMRD comes forth
with a significant new research proposal for
attacking a problem of interest to ERDA. It 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 MRD to play an
increasingly important tole in LBL and in ERDA,

The structure of MRD includes some new
features. A Divisional Council sdvises the
Division Head on broad policy matters. The
Council is represented by subject areas and its
menbership - 111 rotate. Present nenbers are
Yuan Lee, . -hard Marrus, Rolf Muller, 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 its 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 lrvestigators who have
received awards and honors during 1975 were:

John Clarke and Y. Ron Shen were Miller Rescarch
Frofessors.

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

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

Harold Johnston gave the U.C. Berkeley Gilbert
N. Liwis 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 Acadewy
of Engineering.

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

Alexander Pines was an Alfred P, Sloan Reseaich
Fellow.

Kenneth Pitzer was awarded the National Medal of
Science--the U.S. Govermnent's highest award
for outstanding achievement in Science,
Mathematics and Engineering.

David Shirley, in addition to being named an
Associate Director of LBL and Pivision Head
of MMRD, was chairman of the Division of
Nuclear Chemistry and Technology of the
American Chemical Society.

Gabor Somorjai was the Francis Clifford Phillips
lecturer, University of Tittsburg.

David Templeton was dean of the College of
Chemistry until June 30, 1975.

Gareth Thomas is serving as Secretary-General
of the International Federation of Electron
Microscopy Society - 1974 through 1979.

Charles Tcbias was selected as the first "BASF
Renowned Scientist'' Lecturer at Wayne State
University, Detroit.

It is fitting and appropriate to finish this
Introduction with a tribute to Professor
Leo Brewer. MMRD embarks as a strong Division in
large measure because of Leo Brewer's inspired
leadership of IMRD over a fourteen-year period.
His scientific leadership and administrative
perspicacity, and most of all his system of values,
provide a model for Division leadership that
present and future administrations will do well to
emulate.

David A. Shirley



A. METALLURGY AND CERAMICS

1. STRUCTURE OF MATERIALS

a. Microstructure, Properties and Alloy Design
Gareth Thomas, Princtipal Inveatigator

Structural Steels, Alloy Design

This program has been continuing with the
objectives of producing high strength, tough,
economical experimental steels by utilizing the
martensitic transformation to cbtain desirable
microstructures. The principles and ideas behind
the program have been described in previous
reports. Applications invelving energy considera-
tions include (i) economy of materials selection,
(ii) economy of processing, and (iii) development
of superior properties for applications in the
wmining industry and for transportation. The
program involves basic ap;lizations of phase
transformations and microstructural analysis.

The desig, ideas are directed towards achievement
of properties through thermal processing alone
(i.e., ncn-thermal -mechanical).

The following summarizes research work sub-
sequent to that described in the 1974 annnal
report (LBL-3530}. I wish to acknowledge continued
support from industry for supplying (gratis) alloys
designed to our specifications (esperially
Climax-Molybdenum Co., and Daido Steel Corp.).

1. SIGNIFICANCE AND IDENTIFICATION JF RETAINED
AUSTENITE IN STEELS

G. Thomas

Since the discovery of narrow films of untrans-
fored austenite around martensite laths and
packets by electron microscopy” it has become
evident that this austenite, if themmally and
mechanically stable, appears to convey improved Kio
toughness (sharp notch) properties. This becomes
evident by comp. arnglthe ropertlss of experi-
mental Fe/4Cr/0.35C,' Fe/2Mp/0.4C* steels and
commercial steels” at the same strength levels,
as shown in Fig, 1. It is evident that identifica-
tion of retained austenite is a necessary and
important aspect of research on steels, In the
structural steels the retained austenite is
severely deformed and in most cases the amount is
so small that detection by x-ray analysis becoms
impossible. However, sophisticated electron
microscopic techniques involving carefui selected
area diffraction, bright field and dark field
imaging can unequivocally establish thi presence
of such small quantities of austenite.® Extremely
useful morphological and microstructural informa-
tion on the austenite can also be obtained from
the electron metallography. Careful choice of
orientation and dark field znalysis is essential
(Fig. 2) if austenite is to Se uniquely identified
and not confused with, e.g., carbides,
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Fig. 1. Relationsnip between plane strain fracture

toughness and ultimate tensile strength for two
experimental temary alloy steels developed recent-
ly. Note that the Fe/Cr/C steel has superior
properties to the Fe/Mp/C steel and to other
commercially 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/Mo/C steels the
amount, if any, was too small to be identified
(Data from Refs. 1,2) (XBL 758-6366)

Figure 3 illustrates the systematic identifica
tion of retained austenite occurring at the lath
botindaries of martensite. Commonly, the
martensitic (a) laths in a packet occur in
alternate (11I}g and ¢ 100}, 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 pattcrn for the matrix and for the
austenite correspond to a nonsymmetrical orienta-
tion and only (002)y and {110}, reflections are
strongly excited. ¥he DF picture [ Fig. 3(b)) is
obtained from (002j~ reflecticn whereby only the
austenite reverses contrast. Also faint streaking
in the diffraction pattern is discernible at {110},
reflecting along a direction normal to the y film,
indicating that these films are indeed very thin.
Often, however, the unequivocal identification of
the austenite phase is complicated 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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(i) Il 1070 Fig. 3, Bright-field image (a) and dark field
-3 ¢ image (b) of an Fe/1Cr/1Mo/0.3C steel quenched
211 11 (00N 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

Fig. 2. Calculated electron diffraction pattern the case, but it serves to illustrate the
for martensite in [I11} with retained austenite importance of the proper dark field imaging.
and Widmanstatten cementite. (XBL 758-6830) Courtesy Y.-L. Chen. (XBB 758-5825)
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Fig. 4. The common orientation relationship
observed between lath martensite and retained
austenite in all the steels. The SAD pattem {a.)
and the analysis (b.) show the Kurdjumov-Sachs
orientation relationship viz., [110]y I [111]y,
(111)y Il (110)) observed between bec martensite
and fcc y. (XBB 755-3495)



SAD resolution to 2 um, independent of the
aperture size. [he 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 y (of Fig. 2).

Similar to earlier ohssrwtions,3 retained v has
also heen identified conclusively in steels sub-
jected to low temperature [~ 910°C) austenitizing
treatments.  In addition, extremely narrow inter-
lath films of stahilized y have been identified in
Fe/0.5Mn/0.1C steel, which is guite surprising,
since the occurrence of this phase in such low
carhon steels has heen overlooked by carlier
investipators. [ue 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 vary with the heat treatment it
received, its occurrence seems to he a rule rather
than an exception, and its detection sequires
sophisticated electron metallography.

1. J. McMahon and G. Thomas, Proc. Int. Conf.
"Microstructure and Desig: of Allovs", Cambridge,
Institute of Metals (Lon'on) 1, 180 (1
2. R. A. Clark and G. Thomas, Met. Tra
(1975).

5. G. Y. Lai, W. E. Wood, R. A. Clark, V. F.
. R. Parker, Met, Trans. 5, 1663

. 6A, 969

4. B. V. N\, Rao, J. Y. Koo and G. Thomas, Proc.
BMGA 1975, p. 30 (Claitons Publishers, 1975},
1BL-3771.

Fig. 1. Carbon in solution and martensite packet
size are the two most important parameters
influencing intergranular quench cracking in
Fe/4Cr/0.4C steel, viz., an increase in either
causes an increase in the transfommation strains
and the resultant impingement stresses of two
growing martensitic packets. Conventional high
temperature austenitization followed by quenching
(Fig. A) invariably leads to intercrystalline
cracking due to the large martensite packet size
and the carbon being entirely in solution. After
this treatment the steel failed prematurely at
200 ksi and at zero elongation. Conventional
grain refinement, involving repeated austenitiza-
tion and quenching (Fig. B) does not result in any
significant improvement in mechanical properties
since intergranular cracks produced during first
quenching do not heal on subsequent heating.
Although the transformation strains are reduced in
the interrupted-quenched specimen (Fig. C}, the
intercrystalline coliesion remains poor because of
the large martensite packet size. The specimen
after this treaiment does, however, yield
plastically followed by failure at 270 ksi. When
this specimen was re-austenitized at 900°C to
refine the grain size (Fig. D), a substantial
improvesent in mechanical properties is achieved.
A tensile strength of 335 ksi and a 6% elongation
have been obtained. In this case, although the
specimen retained most of the carbon in solution,
the much reduced martensite packet size resulted
in elimination of intergranular cracks. Courtesy
of B. V. N. Rao. {XBR 757-5000)

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

+
B. V. Narasimha Rao,’ R. W. Miller’ and G. Thomas

In a continuing program ¢n allgy design of
experimental structural steels,lx- the present
investigatici: of the structure and properties of
lower bainite and martensite of the simple ternary
Fe-4Cr-0.4C steel is taken up since a similar
martensitic alloy (but with a lower carbon
content, viz,, 0.35%) yielded superior mechagical
properties even in the untempered condition.” The
increase of carbon from 0.35 to 0.4% has the
potential of economically raising the yield
strength of the steel to 300 ksi, but the steel is
then prone to embrittlement; hence the challenge
is tc eliminute such embrittlement.

SEN FRACTOGRAPH
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Thouzh a considerable amount of research in the
past has been directed to the design and develop-
ment of strong, tough new steels through often
expensive adjustments in composition, comparative-
ly little work has been done cn the effective use
of modifications in conventional heat treatment
practices 50 as to produce desirable morphological
and substructural features.

New douwble Leat-treatments have been designed
in order to avoid intergranular cracking in the
as-quenched structures and to take advantage of
both a higher austenisizing temperature and fine
austenite grain size.? These treatments involve
high temperature (1100°C) austenitizing during
the first solution treatment followed by either
interrupted quenching (Ms-Mf range) or isothermal
transformation to produce lower bainite. Finally,
the steels are given a 900°C grain refinement
treatment. These treatments are illustrated in
Fig. 1. Lower bainite was obtained by isothermally
transforming austepite just above the Ms temperature
(Fig. 2). Tempering after the martensitic and
bainitic treatments was also done in an attempt to
improve the toughness of the material.

The strength and toughness properties of as-
quenched martensitic structures are somewhat
superior while these properties of lower bainitic
structures are comparable to those of a plain
0.4%C steel. After the multiple treatments,
however, the quenched and tempered Fe/4Cr/0.4C
steel is far superior to the bainitic one. These
properties are summarized in Figs. 3 and 4.

—
Invited paper for International Conference on Heat
Treatment, Stratford, U.K. (May 1976), LBL-3982.

+M.S. Thesis (1975), LBL-3794.

R. W. Miller is now at Rockwell Tsternstivnal,
Materials Testing Divi<:icn, Downey, California.

1. G. Thomas, lron and Steel Int. 46, 451 (1973).
2, 6. Thomas, LBL-4175.

3. J. McMahon and G. Thomas, Microstructure and
Design of Alloys {Inst. of Metals, London) 1, 180
(1973). -

4. B, V. N. Rao and G. Thomas, Mat. Sci. § Eng.
20, 195 (1975),

3. STRUCTURE AND MECHANICAL PROPERTIES OF EXPERI-
MENTA% Fe-1Cr-~1Mo-0,25C ALLOYS WITH AND WITHOUT
BORON

Y. L. Chen’

A study of the microstructure and mechanicai
properties of martensitic steels with and withour
boron addition has been carried out because although
boron has been known to be a very potent element
in increasing the hardenability of steel, its
effect on the structure and mechanical properties
of martensitic steels is not clear. The results
show that the as-quenched stiuctures of both
steels consist mainly of dislocated martensite.

In the boron-free steel there are more lath boundary
retained austenite films.

a. Conventional Treatments

The mechanical properties of these steels ure
shown in Figs. 1 and 2. The boron-treated steel
shows higher strengths at all tempering temperatures
but with lower Zharpy V-notch impact energies,

Both steels show tempered martensite embrittlement
when tempered at 350°C for 1 hour, but the proper-
ties above 500°C tempering temperature are
significantly different in the two steels. Above
500°C tempering temperature the bornm-treated
steel shows better strength bnt lower impact
toughness. Transmission electron microscopy
shows that in the 600°C tempered boron-treated
steel, gross cementite particles precipitate at
the lath boundaries, which are probably responsible
for embrittlement. Thus although there is little
difference in mechanical properties between steels
with and without boron addition at high strength
levels, the boron treated steel has substantizlly
inferior impact toughness at lower strengths.
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b. Dou:le Treatments

Figure 3 shows the strength-toughness cherac-
teristics of these experimental steels, both with
and without boron compared to previous work on
Fe/Mo/C steels.l As one of the slloy development
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programs in this research grouwp, several experi-
mental grain refinement treatments have been
daveloped. In Fig. 4, a comparison of Charpy
impact energy values of the experimental steels
(grain refined) with several commercial high
strength steels is showi. It is quite cbvious that
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Fig. 4. Comparison of Charpy impact energy values

of the experimental steel with several commercial

high strength steels {data from ARML-TR-71-27},
(XBL 7512-10,011)

the strength-toughness characteristics of the
experimental steels are considerably better than
the commercial high strength steels, These results
are very ~mcouraging for applications of HSLA
steels.

——
We acknowledge the Climax Molybdenum Corp. for
supplying these alloys to our design specifica-
tions.

*Ph.D. Thesis, LBL Report # 5179.

1. R. A. Clark and G. Thomas, Met. Trans. 64,
969 {1975).

4. THERMAL CYCLING TREATMENTS AND MICROSTRUCTURES
FOR IMPROVED PROPERTIES OF Fe-0.12%C-0.5%Mn
STEELS*t

J. Y, l(oofF and G. Thomas

4. Summary

A non-standard heat-treating process has been
investigated with the aim of improving the
mechanical properties of low carbon Fe-0,12%C-0.5%Mn
steels, The process consists of alternate thermal
cycling in the y range and two phase (u+y) range
with intermediate quenching so as to produce a
microduplex fine-grained mixture of martensite and
proeutectoid ferrite. Some retained austenite is
also present. This heat-treatment cycle is
illustrated in Fig. 1, and the micros::ucture is
in Fig. 2. These structures were characterized
using optical and transmission electron microscopy.


http://Fe-0.12tC-0.5tth

The microduplex structures and the related
tensile properties resulting from the heat treat-
ment were compared with those from conventional

and rapid heat treatment methods. The tensile
propesties of the microduplex structures are
related to the volume fractions of ferrite and
harder martensite phases as a composite, and the
refined grain size. Considerable increases in
strength are obtained as shown in Fig. 3. These
results indicate the potemtial for utilizing these
heat treatments for strengthening, in the finishing
process, of steels useful in the transportation
industry where weight savings and fuel savings are
of prime significance.

— ——————
We ocknowledge Dr. D. J. Bailey of General Motors
who provided the steels used in this research.

TMat. Sci. and Eng. 24,187 (1970).
M.5. Thesis (1975), LBL-3587.

CONVENTIONAL CYCLING
_ FOR GRAIN REFINING, etc_

NEW
EXPERINENTA, Fig, 1. Diagram showing princi-
TREATMENT
—_—p ple of heat-treatment to produce
mirtensite dizpersions in ferrite
the conventional grain refining
cycling is also shown in compar-
ison to that following two phase
annealing.

(XBL 758-69254)

Fig. 2. Electron micrograph showing dis-
Jocated martensite and {errite in Joubly
treated VINXA" steel. Some heterogencaous
precipitation occurs on dislocattions in
the ferrite especially after tempering.
{XBB 731-753)
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S. PRECTPITATION OF TiC IN THERMALLY EMBRITTLED
MARAGING STEELS*

E. Nes' and G. Thomas

It is shown that maraging steels can be
embrittled by the precipitation of TiC during slow
cooling and/or intermediate annealing in the
austenite temperature range. It can also be
especially problematic in castings. An important
aspect in this embrittlement is the occurrence of
discontinuous precipitation of TiC at the austenite
grain boundaries, generating a cellular structure
of large fern-leaf-like carbides, Within the
austenite grains a non-uniform distribution of
irregularly plate-shaped TiC particles are formed
with {100} austenite habit orientation. Quenching
to martensite prior to any intermediate anneals
changes thecarbide distribution upon subscquent
annealing treatments into a fine dispersion of
TiC particles. The embrittlement resulting from
the various isothermal annealing treatments in the
austenite temperature region could all be directly
related to the carbide distribution in the prior
austenite grain boundary region.

—_—
E. Ness and G. Thomas, Met. Trans. 7A, 967 1976),

fPem\anent address: Central Institute for Industrial
Research, Blindern, Oslo 3, Norway.

6. METALLOGRAPHY OF BAINITIC TRANSFORMATICN IN
SILICON-CONTAINING STEELS

Der-hung Huang* and G. Thomas

The formation of carbide in lower bainite was
studied in two silicon-containing carbon steels by
transmission electron microscopy and diffraction
techniques. Epsilon carbide was identified in the
lcw temperature, isothermally transformed bainite
structure. The crystallographic relationship
between epsilon carbide and bainitic ferrite was
found to follow the Jack orientation relationship,
viz., (0001)eil(011)a, (1011)el{101)a. The

cementite observed in lower bainite was in the
shape of small platelets and obeyed the Isaichev
orientation relationship with the bainitic ferrite,
viz., (010)ci(111)e, (103)cil (011)a. Direct
evidence showing the sequence of carbide formatica
from austenite in bainite has also been obtained
and is illustrated in Fig. 1. Based on these
observations and all the crystallographical
features, it is strongly suggested that in silicon-
containing steels, the bainitic carbide
precipitated directly from austenite instead of
from ferrite at the austenite/ferrite interface as
has been ?mpcsed by Hehemann, Kinsman and
Aaronson.’ ‘The wmiformity of the carbide distribu-
tion is thus envisaged to be the outcome of
precipitation at the austenite-ferrite interphase
boundary.

Submitted to Met. Trans.
tph.D. Thesis, LBL-3713.

1. R, F, Hehemann, K. R. Kinsman and H. I.
Aaronson, Met. Tranc. 3, 1077 (1972).

7. THE MICROSTRUCTURE OF NITRIDED 1'>-0.3 Wt Ti
ALLOY ANNEALED AT 800°C*

D. H. Kirkwood+ and G. Thomas

Iron-titanium specimens (containing 0.27 Wt% Ti)
were nitrided at 600°C to form a fine precipitate
within the grains, and subsequently were annealed
at 800°C to promote precipitate coarsening. The
microstructure was examined by electron microscopy,
and precipitate size and coherency strain were
measured o5 a function of aging time. 1In the very
early stages of aging, w large coherency strain
(~ 50%) is observed in the matrix around the small
platelets lying on {100}, planes which indicates
that the precipitate is $ce Tik. The electron
diffraction evidence supports this conclusion, and
it is argued that TiN is also the initial product
of nitriding. The dicposition of platelets between
the three possible orientations appears to be
quite random in this alloy. Some preferred
precipitation on dislocations is apparent but not
on grain boundaries.

Retoirad ;
SAumteiate ond
Camantite
Retoined
o Augheniie
Austanite /Cm/
—_— —_— —_—
Avetarite
groin boundary

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)

*Bt H. Kirkwood and G. Thomas, Met. Trans. 7A,
764 (1976)

+Pemanent address: Department of Metallurgy,
Sheffield University, Sheffield, United Kingdow

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 product that minimizes the total
energy. An important advantage of this approach
is that it 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 minimizatien is directly
related to the phonomenological crvetallaaraphic
theories. In the particular case .1 a trans-
formation having an invariant shear plane, the
elastic strair energy of an oblate spheroid is at
a minimum when its long axes lie 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. 1In 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 illustrate 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 ©.05.
The black dots mark the experimental .did-rib plane
determinations made by Breedis and Wayman and the
inverted triangles denotes the calculated
position of minimum strain energy. The value cof
the elastic strain emergy per unit volume at this
point, which is close to 5. 13 and 18, is
8.9 x 1072 M, where u is the shear modulus of the
austepite. In addition, contours corresponding to
101% (solid line) and 105% (dashed line) of the
minimm energy are also marked. These contours
represent the angular range over which the habit
plane would be found if energy perturbations of
1% and 5% aoove 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. Stercogram depicting the predicted habit
plane (V-close to 5,13,18) and the 101% and 105%
(dashed line) of minimum energy contours calculated
for Fe-31%¢Ni using an aspect ratio of 0.05. Also
shown (in dots) are the martensite mid-rib plane
determinations made by Breedis and Wavmanl on
Fe-30.9%Ni and Fe-31.13Ni specimens. (XBL 751-5-35)

illustrates one of the advantages of the
methodology; for the first time it 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.

1t is a consequence of these calcvlations that
for the transformations considered, the elastic
strain energy is greater than the typicel surface
energies involved which suggests that the
minimization of the strain encrgy term must
dominate even at the earliest stages of the
formation of the transformed phase.

—
D. R. Clarke, Met. Trans. 7A, 723 (1976)

1. J. F. Breedis and C. M. Wayman, Trans. ADME,
224, 1128 (1962).



b. Ceramic Alloy Program

Gareth Thomas, Principal Investigator
A) FERRITES: HI@ VOLTAGE ELECTRON MICROSCOPE
STUDIES OF CERAMIC FERRITES

It jis 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 defzcts using high order bright field
imaging, etc. Some examples of applications have
been reviewed recently.! 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 te thin and bean 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 scft 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 cbtain basic
structural ingformation 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 transfurmations 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

2, Dynamic Studies of Order-Disorder in LiFesOg
1 ¥y

0. Van der Biest

Lithium ferrite (LiFes0g) is a ferrimagnetic
compound wiEh some interesting technological
properties. 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 resistivity which changes by several
orders of magnitude upon ordering. Other properties
such as the ferrimagnetic resonance line-width,
the magneto-crystalline anisotropy constants and,
for polycrystalline samples, the squareness of
the hysteresis loop are all 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 1Li* and 3Fe3* on the octahedral sites (space-
group FdZm). Below 750°C the lithium jons and
iron ions on the octahedral sites order and the
space group symmetry is lowered to P4332 (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 ir the normal
atmosphere of the microscope leads to a reduction
of the compohmd in a way similar to that found
for CoFey04.% 1In order to control the stoichiometry
of the compound during the ordering reaction, it
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 Swann® 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 envugh to
have sufficient penetration and contrast in the
images. Radiation damage definitely played a role
during the experiments. Prclonged focusing of the
beam (> 10 min) on one spot caused voids to
nucleate and grow until holes were formed.
aiso observed that the amount of damage was
proportional to the time the specimen had spent
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 covled as fast
as the stage permits, to temperatures slightly
below the ordering temperature (735°C-745°C).
The changes in microstructure 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. It can be seen that
disordering starts at the anti-phase boundaries,
vhich 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.

It was

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
undercocling, 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 finction of
undercooling was found to exhibit a mavimum., This
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Fig. 1. Disordering sequence in situ at 1 MeV under

40 Torr oxygen pressure, Disordering nucleates at

ABP's. Dark field image of 1)2 superlattice spot.
{XBB 753-2230)

Fig, 2, Ordering sequence followed dynamically
in situ at 1 MeV, as in Fig. 1. Dark field images
of the 112 superlattice spot. (¥®B 753-2231)



agrees with the theory of themmally-activated
growth, where atomic processes at the interface
sre 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. Burier for help with these experiments.
The National Science Feundation provided a travel
grant to allow O. Van der Biest to use the
Imperial Collepe instrument.)

. High Temperature Phase Transformation in LiFegOg
[650 k)

R. Mishra

In addition to the order-disorder phase transi-
tion at about 750°C in LiFegOg, at higher
terparature there occurs a precipitaticn reastion,
This transformation was studied at 1200°C in air
and in vacuum (10'3 Torr). Specimens for HVEM
observation were prepared from the center of 15 mil
thick heat-treated single crystal discs using the
ion bombardment technique.

The microstructure for short annealing times
consists of small octahedral precipitates dis-
persed in the spinel matrix as shown in Fig. 3a.
The precipitate phase has been identified to be
lithium ferrate (LiFeO) having a Na(l structure
and lattice parameter 4.14 A (agpinel = 8.33 A).
Computations of interfacial energy and strain encrgy
for these particles show that the most favorable
shape would be an octahedron with {111} crystallo-
graphic planes as faces. In terms of the
structure of the two phases, this amounts to the
oxygen layers in the spinrel and the precipitate
being indistinguishable and the only difference
is in the cation distribution in the interstices.
For longer annealing times, these particles grow
and become semicoherent (Fig. 3b), when their
average size exceeds 2500 A, The dislocations at
the interfaces have Burgers vectors parallel to
(1i0 } . Measurement of the scparation between the
interfacial dislocations give their magnitude to
be 1/2¢110} for a lattice misfit of 0.6%. The
LiFeQ; phase has been observed to transform to a
spinel phase for very long aging times. The
available phase diagram on Li0 - Fe0z system
cannot explain this formation of LiFeO; from
nearly stoichiometric LiFesg.,

The formation of a glassy phase has been
observed both in air and in vacuum. The glassy
particles form very rapidly in vacwum-annealed
specimens while they do not form in the air-
annealed specimens until the LiFe0Op phase has
transform~d back to spinel. Figure 4a is the
microstructure obtained after prolonged amnealing
in air, and Fig. 4b shows preferential growth
of the glassy phase at the LiFegOg - LiFe0;
interface in vacuum, We believe that this phase
is due to the presence of residual flux in the flux
grown spinel single crystals.
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Fig. 3. a) Octahedral precipitates of LiFeQ; in

Lifes0g, -imaged near the (11C¢) poie. b) Growing

LiFeO; precipitutes with semicoherent interfaces.
(¥BB 753-2434)

Fig. 4. a) Glassy particles dispersed in lithium
spinel phase. b) Preferential growth of glassy
phase at LiFe0p-LiFeg0Og interface. Note the
eiongated LiFeO, particle morphology parallel to
[220]. (XBB 757-5807)



2. STUDY OF THE DEFECTS (650 kV)

a. The 5tudy of Stacking Faults in Nickel Ferrite

M, Kao

The ferrimagnetic NiFep0y, with an inverse
spinel structure possess a high Curie temperature
{580°C) along with low dielectric loss# and is
one of the commercial ferrites used in high speed
computer memory units. LElectron microscopy
observation of some sintered fine grain poly-
crystalline NiFe;0y samples has shown cation
faults in most grains. Jue o the very small
grain sizes of many commercial ferrites, contrast
analysis becomes difficult and tedious. However,
analysis of a threefold junction shown in Fig. 1
is possible using (131, (220) and <151} sets of
reflections in our 650 kV microscope due to our
large angle double tilt stage. The results
confinm that the faults are on {110} with 1/4¢110)
fault vectors normal to the fault planes. This
fault Lonflghxratmn is similar to that reported
for LiFeg0g.” It may be noted that faults in
{001} nlancs, reported for the normal spinel
Mgl 704 have not been observed in aiy of these
inverse spinels.

Fig. 1. Cation faults in polycrystalline nickel
ferrite (NiFe;Oz). The threefold fault_junction
is inside a graln. a) g =13, b) g = i3.

(XBB 7511-8375)
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b. Cation Faults in Lithium Ferrite: New Contrast

Resulit

R. K. Mishra

In flux grown LiFesOg single crystals as well
as sintered nickel ferrite polycrystal cation
faults with « = 7 have been observed, and have 6
been characterized as {110}1/4< 110} gmwth faults.
Also, in our laboratory, faults with a = %7 have
been observed in sintered silicon carbide poly-
crystals. Special contrast effects occur for
@ = $2r/3 faulting in dark field images in *g
and t2g, satisfied for systepatic reflections and
have already becn described.’ Similar imaging
conditions can be used for rapid determination of
the fault plane by identifying the top and bottom
of the fault plane even when a = :v. Figure 2a
and 2b are D. F. pictures taken with g and -g,
respectively, when 2g is axcited. The computed
fringe profiles for the two cases are shown in
Figs. 2c and 2d. While the contrast difference in
g and 2g is not very pronounced, the fringes in the
-g und 2g condition show pronounced contrast
corresponding to the bottom of the foil. The
yesult has been confirmed by determining the actual
fanlt plane from detailed contrast experiments.

c. Dissociated Dislocations and Stacking Fault
Inergy in LifegOg

R. K. Mishra

The multibeam dynamical interaction effect giving
rise to increased resolution in B.F. images when
a high order reflection in a systematic row is
excitzd’ has been used to resolve the partial
dislocations in disordered lithium ferrite spinel.
Figure 3 shows the B.F. micrograph along with a
microdensitometes trace and the computed image
profile for the two partials with b = 1/4 0I1 .
The dissociatien can be vepresented as
1/2{011] = 1/4[011] + 1/4[011] on the (fll) plane
connected by a stacking fault 220 A wide in the
cation suplattice. The splitting here (_orrespgnds
to a stacking fault energy of about 75 ergs/cm
Computation for inverse spinel gives a value of
80 ergs/cm® for lithium spinel.® This is the
first time a stacking fault energy has been measured
for an inverse spinel.

1. G. Thomas, Phyr‘zal Aspects of E£lectron
Microscopy and Micrcbeam Analysis, eds. B. M.
Siegel ané D. R, 'B'e’ama—nﬁ'ﬂﬁ'- 81.

2. K.-H. Hellwege and A. M. Hellwege {eds.),
Magnetic and Other Properties of Oxides and
Related Compounds, Landolt-Bomstein Tables, 111/4
(Sprmge r-Verlag, 1570).

0. Van der Biest and G. Thomas, Acta. Cryst.
A31 70 {1975).
L. C. DeJonghe and G. Thomas, Mat. Sci. §

Eng. 8, 259 (1971).

§.  P.R. Swann, Electron Microscopy and Structure
of Materials, eds_G—'HT_R_F-%Wx—'d'_
R Fb17sﬁer IUnlvers:.ty of Cahforma Press, 19721,

p. 678.
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6. 0. Van der Biest and G. Thomas, Phys. Stat. 25, 193 (1974).
Solidi 24, 65 (1974). 8. R.K. Mishra, Ph.D. Thesis, in progress.
7. L.J."Chen and G. Thomas, Phys. Stat. Solidi 9. M. Lewis, Phil. Mag. 14, 1003 (1966).
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Fig. 3. a)
densitometer trace at A.

B) FERRITES: WORK IN PROGRESS AND FUTURE PLANS
0. Van der Biest and R. K. Mishra

a. Contrast in Non-Centrdsymmetric Crystals

Computer programs for centrosymreetric crystals
have been adapted to include non-centrosymmetry.
The program has been applied to the problem of
contrast between cnantiomorphic domains under
multibeam conditions (deviations from Friedel's
law). The contrast is found to be very much
thickness dependent. Influence of changes in
orientation and choice of absorption paramecter have
also been investigated. Calculations on this
project have been completed. The results now
await a detailed interpretation. It will be
possible to determine the structure absolutely,
i.e., whether a particular domain is right or
left handed.

b. Contrast of 1/6(11]) Faults in Spinel

The nature of 1/6{111) faults in spmel is being
investigated using contrast calculations. These
calculations ure now in progress.

c. Analysis of Kinetic Data Obtained by Hot Stagw
E.M. Studies

Detailed analysis of the hot s*tage data is in
progress. Data on the growth rate cf particles
will be completed soon. Data on the nucleat.on
rates are harder to obtain because of i) the
uncertainty of the temperature, ii) the foil
thickness is not accurately known for many
sequences.,

d. Surface Energy and Material Loss in Spinel

Material loss of spinel is a significant
problem, e.g., in sintering: the anisotropy of

Dissociated dislocations in LiFe.Og imaged near (110) pole.
c) Computed profilé %o
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(XBB 758-5877)

this 1055 is being investigated in temms of the
anisotropy of surface energy. This is the first
time this problem has been studied in spinels.

C) REFRACTORY CARBIDES: TURBINE MATERIALS (WORK
IN PROGRESS AND FUTURE PLANS}

F. Dizon and D. R, Clarke

a. Basis of Program, Objectives

Some desirable performance objectives for gas
turbines used for power production include improved
efficiency, lower initial cost, and extended
engine life. These objectives are at present
limited by the properties of super-alloys used in
these turbines. These m~:erials can be operated
only at surface temperatures less than about 900°C
unless cooling is used. The engine life of gas
turbines is limited mainly by the poor corrosion-
erosion resistance of these alloys when used at
high temperatures. The susceptibility of super-
alloys to impurities found in dirty residual
fuels limits theis fuel economy. The necessity
for cooling increases the initial blade costs
and decreases their power output.

Jeranics such as silicon nitride and silicon
carbide overcome many of the limitations that the
use of super-alloys imposes on the improved
performance of gas turbines. Since ceramics have
refractory propertics, they can he used at surface
temperatures exceeding 900°C without cooling.
This is an important asset since it is known that
engine efficiency increases with higher operating
temperatures. Ceramics have superior corrosion-
erosion resistance and are able to tolerate the
contaminants found in residual fuels.



Unfortunately, ceramic parts cannot be sub-
sticuted divectly 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 its intended

use in turbines has been made. The General
Electric Conpany has invented a process which
employs borun in the sintering of the cubic (B)
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 BSiC

Research work so far has been concentrated on
the analysis of line and planar defects in the
GE B-silicon carbide in both its as-sintered «nd
deformed states. The carbide has the sphalerite
crystal structure and consists of two inter-
penetrating fcc 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 tipe
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 nenuniform intensity of
the streaking through the (111, spot in the
diffracticn pattern indicates that some ordering
of the faults does in fact occur. In addi*ion,
it is occusionally observed that some grains
contain a high density of narrow twins, as in the
dark field micrograph, Fig. 1.

Dark field electron micrograph. The

light areas are regions that are crystallographical-
1y twimmed with respect to the matrix (dark).

(XBB 754-3138)

Fig. 1.

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

», ,,

Fig. 3.
complex faulted and twinned grain of cubic silicon

High resolution electron micregraph of a

catbide. Magnification calibration indicates that

the coherent regions marked A ure hexagonal (o)

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



densities of glide dislocations (b = u/2¢ 1102 lattice imaging will be utilized to interpret the

Iving paralle]l to the edge. In other instances complexities of the faulted regions and to confirm
(Fig. 2), the fracture edge is serrated and has that regions such as A in Fig. 3 are indeed
associated with it a number of partially healed coherent hexagonal (u-SiC) laths within an other-
subsidiary cracks stemming from the serrations, wise cubic (-$iC) grain.

but with few dislocations,
(We are grateful to General Ele.tric Co.,
Although these characterizations have been Schenectady, New York, for supplying the SiC.)
carried out using conventional electron microscopy,



¢. Electron Microscopy

Gareth Thomas, Principal Invectigator
1. HIGH RESOLUTION ELECTRON MICKOSCOPY
G. Thomas

As reported in the 1974 Annual Report (LBL-3530)
the availability of our two high-resolution
microscopes (Siemens Elmiskop-102 and Philips
FM-301) has enabled us to exploit the lattice
imaging technique toward studies of coherent phase
transitions, especially ordering (with emdhasis
on short range order) and spinodals. The method
is particularly advantageous for studies of the
initial stages of these transformtions.

The results of work on many ordering systems,
e.g., Cu-Au, Au-Cr, Mg-Cd, confirm the micrcdomzin
model of short ramge order (s.r.o,) viz,, that
s.r.0. is physically described in tewms of very
small {~ 20 A diameter) ordered domains in an
essentially disordered matrix.l”? Also, as shown
in LBL-3530, the lattice imaging technique enables
the composition amplitudes of spinodally decomposed
materials %o be estimated from the lattice image
spacings.

1. R. Sinclair and G. Thomas, J. Appl. Cryst. 8,
200 (1975).

2. R. Sinclair, K. Schneider and G. Thomas, Acta.
Met. 23, 873 (1975).

3. J. butkiewicz and G. Thomas, Met. Trans. 6A,
1919 (1973); see following.

2. HIGY RESOLUTION STUDY OF ORDERING REACTTONS IN
GOLD- CHROMILM ALLOYS*

J. Dutki.ewic:+ and G. Thomas

The ordering reactions in AuyCr and AusCr alloys
have been investigated using high resolution dark
field and lattice imaging techniques. It is shown,
¢.g. in Fig, 1, that there is good correlation
between dark field imaging diffuse s.r.o, reflec-
tions and lattice imaging. The results strengthen
our view of the microdomain concept of s.r.c. In
all cases the ordered structures can be described
in terms of compositional modulations as occur
during spinodal decomposition. In alloys quenched
from above the critical temperature s.r.o.
microdomains of size 10-1S A have been resolved
with structures represented by modulations in
compositicn along (420). After aging, the Auylr
alloys below T. the Dl lro phase appears as
ordered domains of size 50-100 A showing composi-
tion modulations with wavelengths of 5d4(531) .
These domains grow in size up to 500 A, becoming
finally the D1; fully ordered structure.

A new observation has been made in the AuzCr
alloy, viz. that the 1lro structure is nonstoichio-
netric L1y with A{go1] = 4 A. The transformation
from s,r,o0. in this ahoy occurs with the formation
of a transitional ordered phase (similar to 103.),
which can be described in terms of composition

Fig, 1.
with tilted illumination and (100} superlattice

A comparison of the lattice image taken

dark field of partially ordered AusCr. Bright
regions in the dark field micrograph correlate
vell with ordered domains visible in the latrice
image. Only one domain marked 'X'" does not appear
in the dark field micrograpi. (XBB 751-788)

modulations along [001], with wavelengths equal to
the ¢ parameter (8 A) of the 1022 structure.

Lattice imaging of the two variants of super-
lattice planes in ordered AuyCr enableu the atomic
arrangement in the area of translational and
rotational antiphase boundaries to be determined.

[
Abstracted from Met. Trans. 6A, 1919 (1975), and

LBL- 3559,

‘On ¢ne year leave from the Institute of Metallurgy,
Polish Academy of Sciences, 30-059 Krakow, ul.
Reymonta 25, Poland.

3. OPTICAL DIFFRACTION FROM LATTICE IMAGES OF
ALLOYS*

R. Sinclair, R. Gronsky and G. ‘Thomas

Optical diffraction patterns have been obtained
from optimm lattice images of partially ordered
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CuzAu and spinodally decomposed Au-Ni alloys.
These diffraction results show excellent agreement
with the corresponiing portions of electron

di ffraction pattei's, indicating that a direct
correlation exists between the lattice images and
the atomic lartices 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 im, 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 lattice
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 spinodally decomposed Au-Ni.
(XBB 757-5130)

transformations., All the results are in agreement
with conventional experimental results and modern
theories of phase transformations and illustrate
an exciting new approach to gaining information
about localized atomic mechanisms of phase
transformations in alloys.

This research is supported by NSF.

Acta. Met. {LBL-3970) (in press).

Fig. 2. Comparison of the electron diffraction
pattern (a} from the decomposed Au-Ni specimen with
the optical diffraction pattermn (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. HIGE VOLTAGE ELECTRON MICROSCOPY: APPLICATION
OF THE CRITICAL VOLTAGE EFFECT TO THE STUDY OF
ORDERING IN ALLOYS*

R. Sinclair, M. J. (‘m‘inge+ and G. Thomas

Calculated values have been obtained for the criti-
cal voltage (V) of several ordered alloys as a
function of degret of long-range order (8). Most
systems have a reflection showing a cr1t1cal
voltage within the range of our microscope (220-
650 kV) but the variation with S is generally
predicted to be very small. Experiments on CuzAu
and NijMo further indicate that the critical
voltage effect is not useful for obtaining new
information shout the early stages of ordering
transformations.

Financial assistance from NSF is acknowledge
by R.S. and G.T.

_—
Philosophical Magazine 32, 501 (1975).

“on leave from Department of Metallurgy and Science
of Materiale, University of Oxford, England.

S. THE AQCURATE MEASUREMENT OF THE ENERGY
DEPENDENCE OF RADIATION DAMAGE RATES IN CRGANIC
MATERIALS*

D. G. Howitt'

In electron microscopy and radiation damage
studies in organic materials it is important to be
able to make an accurate asessment of the rate at
which the damage processes proceed.

Approximate values for these radiation damage
rates have been calculated using solid state
detec.ors in order to measure the appropriate
beam current densities,! however, the strong
intensity dependence of these Jdevices and their
susceptibility to radiation damage imposes large
errors when any consistency in their efficiency is
assumed.

A Faraday cup has been constructed (Fig. 1)
i;h is capable Sf measuring currents down to
107> amperes cm < irom the final image plane of
an electron microscope, with an error of less than

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

1%. The cup, bcm;, positioned bencath the final
viewing screen is therefore capable of distinguish-
ing local incident intensities in the object
plane.

In assessing the beam current density at the
specimen an overestimation can arise from electrons
which are incident at the image plane but not
derived from the associated obhject. This effect
is most prevalent in high voltage microscopes and
arises from the malalignment of lens apertures and
the ability of secondary electrons, for example,
those created on the walls of the microscope
column, to reach the final image plane. The large
operating range of the Faraday cup, bowever,
facilitates the measurcment of beam currents at
very iow magnifications where this effect is
minimized.

[n the measurement of radiation damage rates
(see following abstract) the fading diffraction
pattern technique is employed’ and the determination
ot the end point can have a large degree of
uncertainty associated with it, particularly at
high voltages, when determined visually from the
fluorescent screen. The Faraday cup can, however,
when measuring high beam currents, sustain a rapid
response to changes in intensity. Thus it may be
utilized to monitor the decay of any Fourier
component in the diffraction pattern to the
int-nsity of the final hackground.

—
EMSA Student Fellowship Award Paper i575.

M.S. Thesis, LBL-3180 (1975).

1. R. M. Glaescr, LBL-2163 (September 19731,
2. D. T. Grubb and G. W, Groves, Phil. Mag.
815 {1971).
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6, THE ENERGY DEPENDENCE OF RAD1ATION DAMAGE iIN
1-VALINE*
D. G. Howitt, R, M. Glaeser, and G. Thomas
Experimental electron diffraction and microscopy
results arce described regarding the energy
dependence of electron radiation damage in the
aliphatic amino acid 1-valine. The critical
exposure, defined as the electron flux ncressary
to destroy the crystallinity of a material, has
been determined over a range of electron energy
from 50 keV to 3 McV. The results ave shown in
Fig., L. In .emms of the electron velocity, un?
results indicate a B depnndcnuc rather than g
as predicted from stoppi.iy power theory. The
results are used to estimate the applicability,
especially with respect to potential resolution,
of very high voltage electron microscopy in the
study of beam sensitive organic materials, and
indicate that a factor of two times improvement
in resolution can bu expected at 1 MeV compured
to 100 keV.
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with_increasing electron energy. The relationship
of 33 in N vs electron energy is obtained.
(XBL 752-5710)

Some Financial support from the National
Institute of Health is gratefully nowledged.
We are particularly indebted to Professor G, Dupouy
and Dr. R. Jouftrey for use of the Toulouse 3-MeV
clectron microscope.

[y
1BL.-3958, submitted to J, Ultrastr. Res,

7. RESEARCH PLANS FOR CALENIAR YEAR 1976, ALLOY
HESIGN

G. Thomas

a. Significance of Retained Austenite: Heat
areatment

M. Carlson, M.S. Thesis

In the high-strength, tough Fe/Cr/C martensitic
steels, optimum heat treatments for heat properties

involve anpealing at 1000°C prior to the martensitic

transformation. A systematic study of the effect
of austentizing temperature, grain size, retained
austenite mirtensite substructure and carbides on
the strength and toughness (both Kpc and Charpy)
is underway.

b. Optimization of Tough, High Strength Fe/Cr/C
Base Steels

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

Experimental steels based or he/4Cr/0.3C with
quaternarn alloying additions (e.g., Ma, Ni, Ti)
are being studied to optimize the yield strength
and toughmess by control of grain size, martensitic
structure and to maintain stability of untrans-
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formed austenite. (We acknowledge Daido Steel
Corp. for supplying the rteels to our specifica-
tions.)

c. Steels for Transportation Applications

1. New Steels (J-Y. Koo, Ph.D. Thesis).
Experimental Jow alloy steels based cn the 1010
commercial type have been designed to exploit the
two-phase {a+y) heat treatment and increase
hardenability. The resear.h program entails
maximizing the role of martensite (morphology and
distribution) to attain strength levels ~ 80,000
psi at acceptable ductilities. (We acknowledge
Maido Steel Corp. for supplying the steels.)

2. [Exploitation of Commercial 1010 and 1020
Steels (M. Youmg, M.5. Thesis). 1his is a
contlnuation of J, Y, Koo's M.S. Thesis to
explore the relation between strength and
martensite volume fraction following two phase
annealing and quenching.

d. Manipulation of Spinodal Transformations

1. CuNiFe (K. Kubarvch, M.S. Thesis).
Continucus cooling and step aging are underway to
improve the strength ard toughness of spinodal
allovs utilizing the main strongthening mechanism
viz. vield strength vs,, sa/ here 4a is the
difference in lattice parameter vetween the
coherent phases, Initial results indicate that
30% or more increase in strength with no sacrifice
in ductility can be achieved compared to con-
ventionally heat treated alloys.

2, Cu/29Ni/3Cr (C-K. Wu, M.S. Thesis). The
relation between microstructure and mechanical
nroperties is being established in this spinodal
alloy system using conventional electron microscopy
and high resolution lattice imaging to establish
composition changes with heat treatment.

5. FeCrCO (M. Okada, Ph.D. Thesis}. Ne
systematic investigations appear to have been done
on the relation between spinodal microstructure
parameters {amplitude, wavelength, volume fraction)
and magnetic properties. The goal is to achieve
high coercivity (with good ductility for processing)
by utilizing the spinodal transformatior in FeCrCo
alloys (e.g., (31Cr/23Co/46Fe)).

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

a, Structural befects in Fast Breeder Reactor and
Controlled Thermonuclear Reactor Materials

K. H. Westmacott*

Tests of new alloy designs for application in
advanced nuclear reactor systems are both costly
and time-consuming, and sometimes impossible, in
the actual reactor environment; consequently
damage simulation methods are commonly employed.
A new technique which offers several advantages
over existing simulation methods is being
investigated in a jeint program with the Lawrence
Berkeley Laboratory. The principal advantage of




the technique is that concurrent introduction of
damage and inert gas atoms at a high (variable)
rate is possible. Initial results will be
compared with other simulation *echniques and
theoretical calculations to assess the potential
of the method. The cooperation of the Lawrence
Livermore Laboratory in the radiation experiments
is gratefully acknowledged.

—
On leave at LBL from Naval Weapons Center,
China Lake Laboratories, 1975/76.

b. Short Range Order: Radiation Damage

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

Previous work on the s.r.o, state ("K' state)
in Fe-Al alloys {G. Thomas and H. Warlimont, Met.
Sci. J. 4, 47 (1970)) indicates that s.r.o. is
very stable and ordered domains do not coarsen.
This project explores this effect more deeply with
a view towards establishing if s.r.o. is resistant
to swelling under radiation conditions. The
program involves an evaluation of s.r.o. in alloys
up to 20%Al, and correlation with mechanical
properties and irradiation damage by electrons
(HVEM) and neutrons (reactor experiments).
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d. Powder Metallurgy

Hilton R, Pickus, Prineipal Investigator

1., THE TERBIUM-T1RON PIASE DIAGRAM

M. P. Dariel, J. T. Holthuis and M. R. Pickus

The equilibrium phase diagrams of most rare-
earth metal-iron binary systems have been reported.
Notable exceptions are those of the bivalent rare-
earth metals europium and ytterbium, and trivalent
terbium. Some terbiwn-iron intermetallic com-
pounds, particularly the Laves phase TbFe,, have
exceptionally interesting properties such as high
magnetostriction, large magnetocrystalline
anisotropy and a strong dependence of Young's
modulus on an applied magnetic field (AE effect).
In order to facilitate the development of
technologicalily useful materials based on these
compounds, it was deemed necessary to determine the
terbium-iron diagram. The diagram shown in Fig. 1
was constructed from data acquired by means of
metallographic, differential thermal analysis
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{DTA), x-ray diffraction and electron microprobe
techniques.

The invariant temperature cf the eutectic and

of the four peritectic reactions were determined

from the thermal arrests appearing on the heating
curves. The solid solubility of iron in terbium
is below the detection limit of the experimental
techniques employed. The addition of terbium to
iron slightly increases the a~+y and decreases
the y—+ ¢ transformation temperature. The rate-
carth metals act as BCC stabilizers in iron.
Electron microprobe and lattice parameter measure-
ments indicate that the solid solubility of
terbium in iron is below 0.1 at$.

Similar to the other heavy rare-earth {Gd to
Lu)-iron systems, four intermetallic compotmds
occur in the Tb-Fe binary system. Structural data
concerming these compounds are given in Table 1.

Table 1. Structural data for the Tb-Fe intermetallic compounds.
Compound Crystal Space Structure typc Lattice parameters
symmetry group (K)

ThFe, Rhonbohedral R3n distorted MgCu, a= 5.1896%

(room tenmperature) c = 12.8214
(hex. axes)
ThFe, Rhonbohedral RIm PuNiy a= 5.13920.001
c = 24,610%0.002
(hex. axes)
TIJSFEZ3 Cubic Fm3m 'I'l'|6r&1n23 12.085 % 0.002
Tb,Fe, ; Rhombohedral R3n ThyZa,, a= 8.504=0.004
(Tb-rich side) ¢ = 12.413£¢.002
(hex. axes)
Tb,Fey; Hexagonal P6 o /mmc ThyNi, 4 a= 8.472x0.004
c= 8.32120.002

(Fe-rich side)

Results taken from A. E. Dwight and C. W. Kimball, Acta Crystallogk. B30 (1974) 2791.

Metallographic examination of iron-rich ThFey
samples, slowly cooled from 1100°C, indicated
the presence of iron-rich precipitates in the
TbFe; grains (Fig. 2). No such precipitates were
observed in quenched samples, suggesting the

at elevated

presence of a homogeneity range
iron-rich

temperatures, extending towards
compositions.

Contrary to some previous reports, the presence
of the TbgFep3 compound was definitely established.
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Fig. 2. Two phase, 68 at% Fe alloy. Iron-rich
precipitates in the TbFez phase (on the left).
Note their absence in the region abjacent to the
TbFez-TbFe3 phase boundary. (XBB 755-3622)

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

Both structure types of the 'lsze%z compound
namely the rhombohedral ThyZng7 and the hexagonal
ThyNip7 are present in the Tbh-Fe system (Fig. 3}.

Fig, 3., Strongly twinned 89.5 at% Fe alloy,
believed to be a mixture of the two structure
variants of TbpFey7: ThZny7 and ThyNipsy

1
structure types. (XBB 755-3519)

The hexagonal type is found on the iron-rich side
of the stoichiometric TbaFep7 composition, in
agreement with the observation that this structure
is able to accommodate an excess of the smaller
size component.

2. POWDER METALLURGICAL PROCESSING OF MAGNETO-
STRICTIVE RARE-EARTH IRON LAVES COMPOUNDS

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

The pseudo-binary Tbyg 3Dyg, 7Fez Llaves 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
moke this compound a potentially valuable material
for magnetomechanical transducer applicationms.
Like most intermetallic compounds the Laves
phases are extremely brittle., 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 them ground under
toluene, using a steel container in a planetary
mill, The milled powder was vacuum dried, packed
into 8 mm diameier, 50 mm long, rubber tubing
and isostatically compacted at 75,000 psi. The
sintering parameters were investigated by varying
time and temperature, and trying dynamic and
static 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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Higher initial iron contents yieclded samples
containing varying amounts of additional phases.

The magnetostriction of the sintered samples
was determined in a superconducting magnet at
fields up to 45 kG, using the strain gauge
technique. ‘fhe longitudinal and transverse
magnetostrictions were measured simultaneously
by mounting two perpendicular gauges on the
specimen surface. A special tecinique involving
the use of a reference sample, was employed tc
corpensate for temperature and magnctostrictive
effects in the strain gauges.

The magnetic fizld dependence of the longitudi-
nal and transverse magnetostrictions of a sintered
Tbg.3Pvg.7Fer» sample is shown in Fig. 1. The
températire dependence of the magnetostrictive
coefficient |X -} |, shown in Fig. 2, was deter-
mined by carrying out two sets of measurements,
one in the presence of an applied magnetic field
of 25 kG, and the other without field. ‘This
procedure had to be followed in order to correct
for the difference in the thermal expansion
coefficient of the test sample and the adjacent
reference sample.

Noteworthy is the aspect of curve ) in Fig. I,
suggesting that even at the highest applied field
the magnetostriction is far from saturation. The
density of the sintered material was only 80% of
theoretical; further efforts are, therefore,
necessary in order to eliminate the residual
porosity and thereby increase the magnetoelastic
force and energy density of the sintered compounds.

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

3. OXYGEN-STABILIZED RARE-EARTH IRON INTERMETALLIC
COMPOUNDS

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

In the course of the study of sintered pre-
alloyed rare-earth iron powders, the presence of
a previously unreported phase was observed. In
an effort to identify the new compound, a
systematic study in the Dy-Fe system was carried
out., We were able to prepare a nearly single
phase sample of this compound (called B-phase}
and used powder diffraction spectra to determine
its crystal structure.

On the basis of the composition ratio of the
two components, corresponding to formula DysFeg
and the x-ray data, we assigned the structure of
the 8-compound to space group m3m (Int. Tab. No.
229) with four formula units per unit cell. No
such compounds, however, have ever been reported
in bipnary R-Fe systems and it seemed wmlikely that
they should have been overlooked. It was assumed,
therefore, that the B-compounds had been stabilized
by the presence of a ternary component.

Chemical analysis of the single phase Dy-Fe
B-compound revealed the presence of approximately
1 at% oxygen. Crystal structure considerations
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Fig. 1. Projection on the (001) plane of the
proposed RjsFe3,0; structure. (XBL 759-7328)

as well as the results of the chemical analysis
suggest that the actual formula of the §-compound
should be DyjsFezp07, space group Im3m with the
atoms distributed on the following sites (Fig. 1):

20 ina

(2 =0.18)
12 Dy in e
8 Fe in ¢

(x = 0.667)

24 Fe}I inh

An effort was made to aetermine the occurrence
of the R-conpounds in other R-Fe systems. The
lattice parameters of the B-compounds that have
been observed are shown in Table 1.

The best kaown terncry compounds are the rare-
carth iron garmets (RsFeg0ps) and orthoferrites
(RFeOz). Both series have a relatively high
oxygen concentration and are non-metallic. In
contrast, the f-compounds have a low oxygen
concentratian and .. metallic luster.

All three groups of compounds — the rare-earth
iyon intermetallics, the gamets, and orthofer-
rites ~ have interesting magnetic properties on
which are based a variety of practical applica-
tions. Since the B-compounds have a crystal
structure that is different from that of any of

Table 1. Lattice parameters of RyjFesz30;

compounds .

R a(d)

Gd 8.919 + 0.002
b 8.835 + 0.002
Dy 8.8692 + 0.0005
Ho §.8435 + 0.001
Er 8.815 + 0.002
Y 8.8832 + 0.0005

these three groups, new magnetic structures can
be expected.

4. LIQUID PHASE SINTERING IN FERROUS SYSTEMS
John Klein and Milton R. Pickus

Most iron base components produced commercially
by the pawder metallurgy process contain an
undesirable residual porosity of the order of 10%.
Research on this problem was divided into two
stages. The first, was an investigation of liquid
phase sintering in the technologically iuportant
iron-carbon system. As reported last year,
virtually fully dense alloys were obtained by a
simple two-step procedure consisting of compaction
and liquid phase sintering. However, in order
to accomplish this at moderate temperatures

(1175°C), the use of high carbon contents was
necessary, resulting in a microstructure
characterized by a continuous carbide network.

‘The second stage of this program, now in
progress, is concerned with microstructure
control and the application of liquid phase
sintering to other ferrous systems. In an effort
to eliminate the cementite network, ternary
additions were made to the iron-graphite powder
blend consisting of an element with a strong
carbide-forming tendency. Preliminary experi-
ments with titanium additions were disappointing.
In contrast, the addition of tungsten was quite
successful. For a powder composition of
Fe: 20% W: 2.20% C, a density of 99.4% of
theoretical was achieved by liquid phase sintering
for 30 minutes at 1250°C. The microstructure
(Fig. 1) shows fine angular grains of WC dispersed
in a pearlitic matrix, along with an as yet
unidentified ~hase. Another structure obtained
with this system by changing the compositi
(Fe: 15% W: 2.34% C) and lowering the liquid
phase sintering temperature to 1175°C — an
attractive economic and energy saving feature —
is shown in Fig. 2. The microstructure consists
of WC grains and giaphite nodules dispersed in a
fine-grained ferritic matrix, The density of
this sample is 99.0% of theoretical.

. Some preliminary experiments were performed
in the iron-boror system. The volume fraction of
liquid phase at sintering temperaturc was varied
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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
wnidentified phase (3). (XBB 7512-9221)

e
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Fig. 3. Fe: 0.97% B alloy liquid phase sintered
for 10 minutes at 1175°C. 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.

S. Cu-Ma-Si ALLOYS FOR INFILTRATING IRON POWDER
COMPACTS

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

o 8 M Sintered iron compacts infiltrated with copper
L N . have nearly full density and improved tensile
strength, The objective of this research is to
Fig. 2. Fe: 15% W: 2.34% C alloy liquid phase develop better materials for use as infiltrants.
sintered for 30 minutes at 1175°C. WC grains and
graphite nodules in a ferritic matrix. The copper-manganese-silicon system was

(XBB 7512-9222) selected as a promising one to investigate, A



composition was found that offered several
attractive features. It has a melting point of
~ 780°C ~ about 200°C lower than that of copper,
and exhibits excellent wetting characteristics
with respect to iron. The prealloyed composition
is very brittle and can be easily reduced to a
fine powder. This offers the advantage that it
can be used either as an infiltrant or as an
additive to be blended with iron powder and thus
provide a liquid phase during sintering.

Preliminary results indicate that this new
material infiltrates iron compacts quite rapidly
and that during the subsequent stage of liquid
phase sintering, both silicon and mangancse
preferentially diffuse into the iron, leaving
a ductile copper alloy to serve as a binder.
extensive solid solubilities of manganese and
silivon in iron favor this type of preferential
diffusion, which wis confirmed by electrorn
microanalysis.

The

With these favorable prognoses, it is planned
to optimize the compositicn and volume fraction
of the infiltrant and the sintering conditions,
and then to evaluate the mechanical properties.

6. RESEARCH PLANS FOR CALENDAR YEAR 1976
Milton R. Pickus

Research on multiphase composites will
concentrate on the nickel-titanium-silticon
system. The program will be directed toward
dstermining the thermal stability, the mechanical
properties and the compatibility of several types
of intermetallic phases (G,V,E,F, etc.) with a
variety of matrices, both ferrous and non-ferrous.
Special emphasis will be placed on the abrasion,
erosion and friction related properties of the
multiphase composites, since these properties
have high relevance in new cnergy systems.

Further studies are planned on developing
methods for controlling the microstructure of
nearly full density iron base alloys produced by
liquid phase sintering. The work on the iron-
tungsten-carbon system has suggested other ways
to modify the microstructure of high carbon alloys
to obtain attractive properties. An immediate
objective is to investigate procedures for
eliminating continuous carbide networks by the
preferential formation of spheroidized graphite
induced by the use of innoculants and controlled
furnace atmospheres. Such structures are
expected to have markediy improved properties
compared with conventional P/M steels.

The research on achieving full density iron
alloys by the use of our newly developed Cu-Mn-Si
infiltrating alloy will be centered on optimizing
the composition of the infiltrant and the
sintering parameters. The relationship between
the added weight fraction of infiltrant, the
sintered density and mechanical properties will
be determined.

Our studies related to the rare-earth iron
Laves compounds have shown that powder metallurgi-
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cal techniques can be applied successfully %o
produce sintered samples with satisfactory static
magnetostrictive properties, The first objective
of our forthcoming program will be to improve the
microstructure of the sinterc. compounds by
eliminating the residual poiusity. Efforts will
be nade to achieve this goal by hot-pressing the
rare-earth iron pre-alloyed powder or, alternative-
ly, by using liquid phase sintering. An increase
in the concentration of the rare-earth component
will indeed result in the presence of a liquid
phase fraction at the sintering temperature.

The resulting changes in microstructure will be
correlated with magnetostrictive behavior. Trials
will be made to produce more complex shaped
sintered specimens, e.g., toroids.

The powder making facility we have under
construction is now virtually complete. Studies
will be undertaken to determine and control the
process parameters that determine the characteris-
tics of the powder produced.
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2. MECHANICAL PROPERTIES

a. Theoretical Problems in Alloy Design

<. W. Morris, Jdr., Prineipal I[nvestigator

The .ctsearch to be reported here
The

Introduction.
can b: conveniently divided into two parts.
first part includes our theoretical research
activities in fumdamental metallurgy. During
the past vear 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
first, described under headings 1 and 2 below,
includes an attempt to directly characterize the
microstructures that might arise from simple
nucleation and growth transformations in a proto-
typic simple solid. Both theoretical and computer
simulation techniques are used. The ohject of
the investigation is to define measurable param-
eters that charact:rize the relation between
different poly-granular microstructures.

The second approach, reported under headings 3
tc 5 below, has as its objective the direct
determination of the structure-property rclation
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 stress, 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, bence predicting the rate
of plastic deformation as a finction 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 its effect on the mechanical
behavior of a material is concerned, the micro-
structure may be represented by a single structur.!
variable. Incorporating this variable into a
simple equation of state, we may investigate the
formal properties of the equation of state and
constyuct 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 of our research is con-
cemed with the actual design of new cngineering
alloys to meet advanced requirements in the energy
area. During the past vear our research has
included four specific alloy design projects to-
gether with supporting basic studies. The first
of these, reported under headings 7 to 11, is a
continuation of our rescarch toward tough ferritic
alloys for use at liquid helium temperature,
the temperaturc encountered in a cool super-
conducting magnet and in other advanced cryogenic
systems. During the past year our principal
rescarch effort has focused on reprocessing avail-
able cryogenic alloys, specifically the so-called
"ONi"' crvogenic stecl, to impart outs:anding
toughness in 1liguid helium. Basic vesearch
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-brirtlc 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. For 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 devei-
opment of ferritic Fe-12Mn alloys for cryogenic
use; this is reported under headings 12 and 13
below. Heading 12 describes the development of a
new Fe-Mn 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-Mn 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 !4 and 15 below, concentrated specifically
on reprocessing commercial 250 grade maraging
steel to impart exceptional toughness at strengths
near 200 ksi yield. Under heading 14 we report
a thermocycling procedure that appears successful
in accomplishing this. Under heading 15 we
discuss the role of retained austenite in the
250 grade maraging steel microstructurc. Retained
austenite is a mechanism that has often been



suggested as a device for improving the toughness
of high strength stecl, but in this instance tumns
out to be unsuccessful.

The fourth project below is a joint alloy design
cffort with Professor Gareth 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 Fe-Ni stainless steels.
Under heading 17 we report the resplts 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.

1.  CHARACTERISTIC POLYGRANULAR MICROSTRUCTURLS
FROM SIMPLE NUCLEATION ANI} GROWIH TRANSFORMATIONS
Jomn E. Sanchez and J. W. Morris, .Jr.

The polygranular microstructwe 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 <ohd sintered
from powder. The geometric characteristics of
the microstructure, including those which have an
important influence on subsequent physical
properties, are hence a product of the process
which brought the micrestructure into being,

In this project we are investigating the
various types of microstruciures that may result
from a simple, prototype nucleation and growth
process with the objective of classifying the
possible types of microstructure and identifying
their geometric similarities and differences. We
assume an initially homogeneous polvgranular body
that transforms by a ricleation and growth
mechanism to yield a himogencous product.
of the new phase are assumed to form cither
homogencously in the bulk of the original phase or
heterogeneously on one of the preferred sites
(grain boundaries, grain edges, or grain comers)
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 :ransformation, 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.

Nuclei

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 by nuclei

or growing grains) before the trznsformation is
essentially complete. The kinetic equations of
nucleation are such that if "saturation" occurs
at all, it .zy almost invariably be assumed to
occur at the very beginning of the transformation.

Using these results, we are able to identify
four distinct classcs of microstructure.
Specific microstructures within any class then
bear a simple geometric relaticn to one another.
The four classes are: (1) The Johnson-Mehl micio-
structure, the microstructure that arises 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 cormers or on any
set of discrete nucleation sites randomly
distributed through the volume. These micro-
structures are alsoc geometrically identical to
within a scale factor which determines average
grain size. ({3) A microstructure consisting of
columar or lath-like grains arising from a
saturated transformation dominated by grain
bounlary nucleation. (4) A microstructure con-
sisting of platelike grains arising from a
saturated transfermation along grain edges.
Individual microstructures within these latter two
classes are not geometrically identical, but are
simply related to one another.

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

COMPUTER STMULATION OF MTCROSTRUCTURE

Kim Walker Mahin and Kenton L. Hanson

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

—_—

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.
structure.

Development of the cellular micro-
(XBL 757-6694)

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
(vhich may be given as simple constants or in a
wide range of functional forms) and gencrates 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 ploutting selected
geomstric information (such as histograms of
area, side number, or junction angle). Research
to date has concentrated on the Johnson-Mehl
microstricture, shown in Fig, 1, and the cellular
microstructure, shown in Fig. 2. We are in the
pracess 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 Jolmson-Mehl microstructure, is shown
in Fig. 3.

in addition to permitting the geometric
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Fig. 3. Histogram of the cross-sectional area of

grains in a planar section through the Johnson-
Mehl microstructure. (XBL 761-2164)

characterization of tdeal microstructures, the
code is capable of accepting the microstructure

as input and providing a peometric characteriza-
tion, a capability we hope to exploit in penerating
experimental data to compare to the theoretical.

3. DEFORMATION OF AN IDEALIZED SINGLE CRYSTAL
CONTAINING IDENTICAL POINT BARRTERS TO
DISLOCATION GLIDE

Sabri Altintas, Kenton Hanson and J. W. Morris, .Ir.

Over the past several years we have been
engaged in a combined computer similation and
theoretical study of the plastic deformation of
idealized single crystal. The initial problem
investigated was that of a crystal that defomms
through the thermaliy-activated glide of disloca-
tions, given that the crvstal contains micro-
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 microstructuril
barriers to glide. During the past year our
understanding of the glide dislocatiun 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 a}'ray of like point ba-riers at zero
temperature.” The derivation of the equations
was such that the cquations 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. 1t accurately
reproduced both the value of the critical resolved
shear stress and the pertinent characteristics of
the configuration af 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 1imit of small
obstacle strength. While it appears reasonable
that this discrepency 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 8, a number corresponding to
the maximum dimensionless farce 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 8 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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parison we have also included the limiting value
of & 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 verv large arravs of obstacles.

The second major problem investigated during
the past vear is relevant to the theory of thermal-
1y activated glide through arrays of point
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 wiil depend on the temperature
as well as on the annlied stress. This
uncertainty in the glide path of the dislocation
poses a significant prohlem 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® supgested that this problem
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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 thermaliy
activated plide based on the assumption that the
dislocation follows the minimum angle path. As
can be seen from the figure, the agreement betwecn
the two sets of data is quite good. Our current
theoretical effort is hence focused on predicting
the geometric properties of the obstzcle 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.
dﬁ 933 (1975).

Morris, Jr., J. Appl. Phys.

2. 0 K. Morris, Jr, and D. H. Klahn, J. Appl.
Phys. 44, 4882 (1973].

3. J. W, Morris, Jr. and I. H, Klahn, J. Appl.
Phys. 45, 2027 (19710,

4. DEFORMATION OF AN IDEALIZED CRVYSTAL CONTAINING
MORE THAN ONE TYPE OF MICROSTRUCTURAL RARRIER

Kenton Hanson, Sabri Altintas, and J. W.
Morris, Jr.

In glide through a real crvstal a dislocation
contributing .o plastic deformation will generallvy
encounter microstructural barriers of more than
one distinct type. ror example, in glide through
a crystal containing both forest uislocations 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
tie variors 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 reselved shear stress when
a distribution of obstacles of different types is
present. The theory establishes an upper limit
on the critical resolved shear stress. Subseguent
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 determines the
critical resolved shear stress. The fit between



theory and experiment is illustrated in Table 1,
where we have selected ten example cases of arrayvs
containing a mixture of relatively strong and
relatively weak obstacles with the fraction of
weak obstacles given by the number N;. 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 sensiiive test of the accuracy of the theory
are presented in Fig. 1 where we have compared the
distribution of forces on the strength detemmining
configuration in case number 7 of Table 1 with
that predicted by the theory. As can be seen from
the tigure, the fit between theory and experiment
is very good. In current research we are extending
this treatment to construct a theory of a thermal-
1y activated dislocation glide threough arrays
containing distributions of distinct obstacie
types.

Fig. 1.

simulation.

Table 1.

The theoretical distribution of forces

(8) applied to the strength-determining obstacles 4
configuration in case 7 of Table 1 compared to
an empirical histogram obtained through compu'er
(XBL 7:10-475) 8
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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 dimensionless 85 and B, with X the (raction of

weaker obstacles).

t* is the critical resolved shear stress in dimension-

less form, c¥ is the fraction of weak obstacles on the strength-
determining configuration, and <2} is tbe mean segment length of this

configuration.

Case 8. 8, X, Theory (Toq t;glgy (g“)e‘P Cpeory  Pexp
1 0.5 .2 5 240 238 13 .12 1.30 1.26
2 0.5 .05 .5 ,251 .45 .029 017 1.44 1.44
3 0.2 .05 .5 ,057 063 .064 .064 2,25 2.04
1 0.5 .2 .17 299 L2099 030 .045 1.11 1.06
3 ¢.5 .05 .17 .297 .295 0042 .0049 1.13 111
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
8 0.5 .05 .83 135 135 .088 .15 2.31 2.1
9 0.2 .05 .83 .035 039 .24 .26 3.21 2,85

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

Kenton Hanson

As further extension of the reseaich 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 protiem in rea-
sonable computational time posed a series of
difficuit problems, since the code must simultane-
ously account not only for the interaction of the
dislocation with the obstacies it encouwers but
also for the interaction of segments of the
dislocation with one another and with oth.t dis-
locations in the array. Such a code has Been
written, and is now in use.

The initial problem investigated with the code
is the critical resolved shear stress for tne glide
of a train of dislocations through an array &



n=12
Fig. 1. The strength-determining configuration
for the glide of interacting dislocations through

arc array of like ohstacles of stremgth . = 0.252
in the fully periadic case. (XBL. T01-2170)

tile microstructural harriers. i these experi-
ments we assume that a group of interacting dis-
locations is present within the array and
further assume that the array is periodically
repeated in al} directions to produce a fully
periodic infinite vase. The code then computes
the value of the stress necessary to vause the
train of dislocations to become mechanically
wstable, corresponding to the stress at which
an infinite train of dislocations would move
freely through the infinite periodic array. 7The
critical configuration of dislocations, that is,
the configuration assumed by the dislocations
immediately prior to instability is shown in
Fig. 1 for the case of one, six, and 12 disloca-
tions within the arrayv. An interesting fe.ture
of these configurations is their regularity.
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Fig. 2. The critical resolved shear stress for

dislocaticn glide vs. the number of dislocations
per array of 107 obstacles (8; = 0.232) in the
fully periodic case. (XBL 761-2167)

The dislocations in the critical configuration
assume almost equispaced positions within the
arrav; no "pile-up' is observed. The critical
resolved shear stress for glide of the train of
dislocations is plotted in Fig. 2 against the num-
ber of dislocat-ons present in the array. Two
features of this plot are of interest. First,
the critical resolved shear stress decreases
rather sloxly as dislocations are added to the
array. In fact, when there are 12 dislocations
present, the critical resolved shear stress for
glide is fully 60% of the value for glide of a
=ingle dislocation through the array. Second, the
decrement in the critical resolved shear stress
per dislocaton added is virtually constant for
the range of conditions studied in this simula-
tion.

Computer sinulation experiments over a wide
range of conditions are new in progress. If the
r~sults of further research maintain the
simplicity apparent in Figs. 1 and 2 then the
construction of a rather general theorv for the
similtaneous glide of sets of interacting
dislocations should be straightforward.

—
Supported by the National Science Foundation
under Grant No. MR “5-05163.

6. RCH ON THE MECHANTICAL EQUATION OF STATE
OF SIMPLE SOLIDA

hs

M. C. Ho lee and 1. W, Morris, Jr.

1f the microstructure-property relation can be
quantified, then it should prove possible to
write an cquation like Eg. (1) below {often
referred to as the mechanical equation of state
of solids).
m

. s
£=1 [0, T, N)
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Equation (1) is writien in wniax:al form and
expresses the uniaxial strain ra*e as a function
of the applied stress, the tempe ature, and a
parameter or set of parameters w ich represent
the effects of the microstructur .

Given the complexity of the r :rostructure of
a real material, as djscussed in the paragraphs
abeve, there 1s no a prioti reason tu suspect
that the parameter n can be written as a single

parameter o even as a simple sct of parameters i

reasonably tractable form. One may nonetheless
hope that simple forms for the microstructural
parameter n may be found, at least for certain
simple solids. In this case, the parameter n
must represent either a scaling parameter that
connects different topologically similar micro-
structures or an entropy-like variable that
expresses the aggregate cffect of a set of
internal variables.

]
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In the absence of detailed microstructural
theory one may attempt to construct a model for
the wechanical behavior of a solid by assuming
the existence of a simple parameter and/or
exploring the mathematical consequences of this
assumption (in light of known experimental
constraints) to determine plausible forms for
the mechanical equation of state. This approach
to the mechanical equation of state has received
considerable attention in recent years from
several investigators, in particular, E. W. flart,
There is, as 2 consequence, a mounting hody of
experimental evidence that the assumption of a
rather simple microstructural parameter may be
helpful in rationalizing experimental data on the
mechanicai behavior of many simple materials.
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furing the past year we inaugerated a
theoretical investigation of the mechanical
equation of state, under the constraint that we
would like, insofar as possibie, to maintain a
model in which the effect of structure is
represented by a single parameter. The model
we ar¢ now studying has points of contact with
the prior work of several investigators, and .
based on two central assumptions. First, we
assume that a steady state of mechanical deforma-
tion exists at all temperatures and that the
sign and magnitude of the deviation from this
steady state determines the rate of evolution of
the current mechanical state. Second, we assume
that the microstructure parameter, n, can be
defined such that it relates to the plastic
strain through an integrating factor. These
assumptions allow the formulation of a set of
constitutive cquations which do a very good job
of predicting the mechanical behavior of aluminum
over a wide range of experimental conditions as
illustrated in Figs. 1 and 2, Development of
these equations and application to other materials
is currently under way.

7. REPROCESSING COMMERCIAL CRYOGENIC STEEL FOR
HIGH TOUGHNESS AT LIQUID HELTUM TEMPERATURE*

C. K. Svn and Sungho Jin

In the course of a research program on the
development of ferritic cryogenic steels which
has continued n this research group for several
yvears, we were able to demonstrate the possibility
of processing an Fe-12Ki-0.25Ti alloy to an
extremely fine grain size. The alloy as processed
has a remarkable combination of strength and
toughness at liquid helium temperature. Specifi-
cally, it haT 3 toughness estimated to be
~ 230 ksi in*/ < at a yield strength ~ 200 ksi.
These results show that the ductile-brittle
transiticn temperature of a ferritic structural
steel can be suppressed to below 4°K, wnd permit
the specification of properly processed ferritic
steels for structural use in liquid helium in
advanced energy systems.

From the practical engincering point of view,
however, the Fe-12Ni alloys emploved are not now
commercially available. As a consequence an
engineer would have considerable difficulty pro-
¢ ing commercial ferritic crvogenic steel, unless
he was prepared to order in large tonnage amounts.
To overcome this problem we began research to
reprocess commercially available nickel-bearing
cryogenic steels to impart toughness at liquid
helium temperature. The steel initially selected
was the so-called 9Ni stec! (of couposition
Fe-9Ki-1Mn-0.2C) which is a steel commonly used
in cryogenic tankage. Previous rescarch has
shown that while 9¥i steel has a good combination
of strength and toughmess at liquid nitrogen
temperature, it embrittles badly between liquid
nitrogen temperature and liquid helium temperature
and, heuce, is not suitable for the use in liquid
helium in its normal commercial treatment.

Commercial 9Ni steel was procured frem the
Nippen Steel Company and sub:ected to a grain
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MICROSTRUCTURE of 9Ni STEEL

G-k & Tempered

Fig. 1. Llarge grain size of ~ 10u in the as-
received condition was reduc:d to ~ lu through
the thermal cycling. A slightly larger-looking
grain size in the tempered condition is due to
specimen variation rather tham to grain growth
during tempering. (XBB 758-5826)

refinement treatment similar to that used in the
12Nt alloy. The efficiency of the grain refine-
ment. process is apparent in the micrograph shown
in Fig. 1. The final grain size of the 9Ni steel
is approximately 1 um. After grain refinement the
alloy is temperc:d, both to temper carbides
present in the microstructure and to introduce

a fine distribution of rotained austenite.

After processing the alloy was tested for its
tensile and fracture toughness properties in both



FRACTOGRAPHS
of ONi STEEL
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Groin-Refined

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.
(XBB 7512-9088)

Table 1. Cryogenic mechanical properties of 9Ni

steel,
Conventional Grain refined

YS 145 ksi 146 ksi
77K

KIC 210 ksi/In 314 ksi/In

YS 189 ksi 191 ksi
6K

Kic 75 ksivin 166 ksivin

liquid nitrogen and liquid helium. The results
are shown in Table 1. As can be seen from the
table, the reprocessed alloy has been toughened
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
tracture 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 azre 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
211 but the most ¢emanding structural applications.

—
Also supported by the Office of Naval Research
unc'er Contract N0014-75-C-0159,



8. INVESTIGATION OF Fe-Ni-Co-Mo ALLOYS FOR
CRYOGENIC USE*

Bradley W. Whitaker and J. W. Morris, Jr.

Alloys of the maraging 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 st 2ngths while maintain-
ing good values of the fracture toughness. The
alloys specifically investigated were low-
interstructural alloys with compositions varying
around a typical composition of Fe-12Ni-4Co-2MO-
0.05Ti. These alloys were processed and tested
both in the as-quenched condition and after grain
refining through a series of alternate treatments.
Tre results of the investigation were less
promising than had been hoped. The alloys showed
a good comhination of cryogenic strength and tough-
ness in the as-grain refined condition; however,
their propertics were not warkedly superivbr 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 tle aged condition
at temperatures of 77°K and below.

—
Also supported by the Office of Naval Research
under Contract N00019-75-C-0159.

9. ORDERING REACTIONS IN MARTENSITIC Fe-Ni ALLOYS*
Sheree Wen, 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 investipation of the specific role that
nickel may play, we have been engaged in an
investigation into possib? ordering reactions
in Fe-Ni martensities of ermediate nickel
content. Our anticipatioi. 1at 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-12Ni alloys contair a super-
saturation of nickel at room t-mperature and cne
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 NizFe phase is well docu-
mented. There is additional experimental evidence
for ordered phases for stoichiometric composition
NiFe end FesNi, While these phases sre based on
the face-centered cubic y structurc, their exis-
tence suggests a tendency for ordering in Fe-Ni
alloys.
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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 microscopy investigations using lattice
imaging 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 semsitive to surface contaminant phases.
We therefore sought a cooperative program with
the Oak Ridge National Lzboratory 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 Cak Ridge. If the further
neutron diffraction experiments substantiate the
initial results then transmission electron
microscope research will be conducted a* 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. N00019-75-C-0159.

10. LOW TEMPERATURE SURFACE OXIDATION OF Fe-12Ni
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 tiie low
temperature oxidation and corrosicn properties of
steels. It is hence important that the nature of
this passivating layer be uell understood. The
investigation conducted over the previous year
principally involved a transmission electron
wicroscopy examination of the thin oxide film
formed on the surface of Fe-12Ni alloys on exposure
to air at room temperature. Using high resolution
micrescopy 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 pattemn from a (100},
surface of an Fe-12Ni foil showing a diffraction
spots and oxide spots. The interpretation of the
diffraction pattem in terms of a Bain-related
Fe304 oxide coating is drawn. (XBB 7512-9242)

1. A passivating oxide layer, principally
Fez04, forms spontaneously on the surface of Fe-Ni
alloys on exposure to air at room temperature.

2. The crientation relation between thz oxide
and the metal surface depends on surface orienta-
tion. The Bain relation is obeyed when the alloy
surface is (100)y, while the Nishiyama-Wasserman
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)y
surface together with its 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 obe~.vation 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.

Fig. 2. Diffraction pattem and bright- and dark-

Also supported by the Office of Naval Research tield electron images showing discrete oxide

under Contract No. N00019-75-C-0159. particles on the foil surface. (XBB 752-1283)



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

C. K. Syn, Sungho .Jin, and J. W. Morris, Jr.

The use of retained austenite has often been
suggested as a means of improving the ductility
and toughness of high strength ferritic steels.
Howevraer, the introduction of retained austenite
has given mixed results in practice. With
specific reference to the cryogenic properties
of ferritic alloys, any benefit attrihutable to
austenite seems to depend on the nature of the
alloy and whether the Charpy impact energy or the
fracture toughness is used as a measure of alloy
toughness. In light of these known ambiguities,
we have begun research to clarify the effect of
austenite.

The available data agrees on the benesicial
effect of retained austenite on the ductile-
brittle transition temperature as measured in
the Charpy impact test. Retained austenitc is
intentionally imtroduced in the processing of
both commercial 9Ni and 6Ni steels and is in both
cases believed responsible for the pood cryosenic
properties obtaired. Our own researchl deomon-
strated a substantial decrease in the ductile
brittle transition temperature of Fe-8Ni-2Mn-0.25Ti
alloy on introduction of a small addition {3-5%)
of retained austenite and also foundl»2 that the
introduction of retained austenite led to a
substantial increase (of approximately 50%) in
the Charpy impact energy measured ahove the
ductile brittle transition temperature in both
Fe-12Ni and Fe-8Ni alloys.

The effect of retained austenite on the
fracture toughness is, however, less certain.
Reports of spectacular improvement in Ky on the
introduction of retained austenite must be viewed
with some caution because of interfering effects
of the alloy vield strength. One must also
distinguish between the eficct of austenite on the
ductile-brittle transition temperature and its
effect on toughness measured abeve the ductile-
brittle transition temperature. Prior work mukes
it clear that austenitizing treatments may be used
to lower the DBTT as measured by the fracture
toughness test. The effect is substantial in both
commercial 9Ni and 6Ni crvogenic steels. The
effect is also noticeable in our research 8Ni
cryogenic steels, although the lowering of the
ductile-brittle transition temperaturc as measured
by the fracture toughness is substantially less
than the lowering of the transition temperature
as measured by the Charpy impact test. This
result is illustrated in Fig. 1. The available
data leads us to hypothesize that the beneficial
effect of austenite is intimately comnected with
its mechanical stability.

In our research® on maraging steels, the
austenite bearing alloys had comparitively higher
toughness at the same strength level only when
the austenite was mechanically stable. When the
austenite was unstable the toughness was inferior
to that of the martensitic structure. In tests
at lower temperature, the toughness of the maraging
steel showed a sharp comparative drop at a
temperature near that of which the austenite
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Fig. 1. The effect of retained austenite on the

DBIT 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 by tempering
at 550°C. (XBL 761-2168)

first became mechanically unstable. Our research!
on the effect of retained austenite on the grain
refined Fe-12Ni alloy tested above the ductile-
brittle cransition temperature showed an apparent
decrease in toughness. The austenite was again
mechanically unstable uncer the test conditions,

Qur tests on the Fe-8Ni cryogenic alloy (Fig.
suggest a relatively small decrease in the DBTT
as measured hy the fracture toughness. The
austenite in this alloy is also mechanically
unstuable at crvogenic temperature. On the other
hand, the austenite present in the 9Ni and 6Ni
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 defornation 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.

F———————
Also supported by the Office of Naval Research
under Contract No. N0O0019-75-C-0159.
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12. RESEARCH TOWARD Ni-FREE CRYOGENIC STEELS*
S. K. thwang

While research in this laboratory and elsewhere
has shown that Fe-Ni ferritic steels can be



Fig. 1. Fracture modes of Fe-1Z2Mn-0.2Ti steels
at -196°C A.S.; As-Solution treated Temp;
Tempered at 500°C for 12 hours. C. W. § An.;
Cold Worked 30% at room temperature and annealed
at 600°C for 4 hours. (XBB 7510-7530})
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Fig. 2. TEM analysis of e-martensites in
Fe-12Mn-0.2Ti steels. The e phase bounds the
block-like a-martensite crystals. The orientation
relationship between the two phases follows
Kurdjumov-Sachs', (XBB 7510-7954)

processed to have excellent strength/toughness
combinations at cryogenic temperature, 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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second, as illustrated in Fig, 2, the as-quenched
Fe-12Mn alloy contains an admixture of hexagonal
g-martensite with the bcc a-martensite. The
e-martensite has an apparently deleterious effect
on cryogenic strength, and also regenerates an
thermal cycling, hence impeding grain refinement.

Two promising techniques for overcoming these
problems were identified in research on Fe-12h.
First, a tempering treatment at temperature near
550°C proved largely successful in suppressing
grain boundary embrittlement 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
an the toughness of alloy are illustrated in
Fig. 1 and in Table 1.

Even after processing, however, the cryogenic
properties of the Fe-12Mh alloy are not as good
as desired for cryogenic structural use. We
therefore sought a chemical modification of the
alloy to improve 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-1Mo alloy.

Initial results with the Fe-12Mn-1Mo alloy are
encouraging. As shown in Fig. 4, the Mo addition
suppresses grain boundary embrittlement even in
the as-quenched condition. After grain refinement

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 initial alloy of
Fe-12Mn and attempted to impart cryogenic toughness
through processing treatments. We had initially
hoped that this alloy could be grain-refined to
high cryogenic toughmess 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 Fig. 4. Suppressed intergranular fracture at
Fe-Mn alloy shows significant grain boundary -196°C by the addition of 1Mo into Fe-12Mn-0.2Ti
embrittiement in tests at cryogenic temperature; steel. Compare with Fig. 1. (XBB 7510-7534)




and tempering the alloy exhibits an excellent
strength/toughness combination at liguid nitrogen
temperature, as shown in Table 1. The alloy
retains good toughness at 77°K a‘ a strength
level 30 ~ 40 ksi above the strength of the 6Ni
and 9Ni cryogenic steels in current use. These
results suggest that wholly nickel-free steels
can be processed for structural use at cryogenic
temperature.

13. MICROSTRUCTURAL CONTROL IN Fe-Mn ALLOYS

5. K. Hwang and K. M, Chang*

The dev:lcpment of new Fe-Mn alloys of interme-
diate Mn content is made difficult by the
complexity of the transformations shown by these
alloys (in particular, the intrusion of hexagonal
c-martensite phase) and by the virtual absence
of relevant prior metallurgical research. For
this reason we initiated research on the control
of phase transformations and microstructures in
this alloy. We are particularly interested in
finding techmiques for suppressing the appearance
of e-martensite in Fe-12Mn alloys, and in
identifying precipitation reactions which might
be useful for strengthening austenitic Fe-Mn
alloys of higher Mn content.
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Fig. 1. Phase variations in the Fe-12Mn systems.

(a) Isothermal holding at 500°C. Fe-12Mn-0.2Ti

(XBL 7510-7449)
(b) C. W. & Annealing Fe-12Mn-0,2Ti

(XBL 7510-7448)
(c) Tempering at different temperatures

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

(XBL 761-157)

The intrusion of tie c-phase has been found to
decrease after cold-work and on the introduction
of Co and Mo alloying additions. The influence
of the cold work and Mo addition on the phase
distribution after amending is shown in Fig. 1.
As can be seen from the figure, the addition of
Mo causes a sharp minimm in the present € as a
function of annealing temperature near 500°C.

The introduction of coldwork suppresses the

e-phase for annealing temperatures less than ~550°C.
This behavior can be interpreted on the basis of
the mechanism of austenite reversions which
associated transmission electron micrographic
studies show to occur through a mechanization

and growth process which initiates preferentially
at the e-phase.



The precipitation reactions currently under
investigation involve the precipitation of Ti, V,
Al, and Nb intermetaliics, a group which, on the
basis of work on Fe-Ni alloys and very limited
data on Fe-Ma alloys, appears to include the most
promising hardening agents. Initial studies have
concentrated on precipitation in Fe-20Mn-1-5T, and
have included the determination of the re-solution
temperatw &, the characterization of precipitates
involved in the aging process, and the determina-
tica 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*

S. Jin

The martensitic and the reverse-martensitic
phase transformations occurring in alloy steels
often produce tangles of dxslgcatmns of very
high density (~ 1010 lines/em®), comparable to
those of cold worked metals and alloys. This
transformation-induced dislocation density nat
only increases the alloy strength significantly,
but alsc provides wniformly distributed hetero-
geneous nucleation sites for precipitation of
fine particles throughout the matrix. To maximize
these benefits it may be desirable to further
increase the dislocation density in the already
dislocated martensite, Without employing plastic
deformation, which is often undesirable in alloy
processing, one may achieve higher dislocation
density by use of second phase particles. As is
well known from the theory of dispersion hardening,
precipitate particles are very effective in
causing dislocation multiplication during plastic
flow. When the secondary shear in the martensitic
and the reverse-martensitic phase transformations

Transmission electron micrograph of the
maragf-d specimen (550°C/5 hr/Air Cool).
(XBB 753-2512)

Fig.
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Fig. 2. Transmission electron micrograph.

Maraged (550°C/5 hr/Air Cool), rapidly reverted to
austenite in a sglt bath (750°C/2.5 min.}, and
transformed to martensite by cooling to 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/S hr), Treatment II;
Maraged LSSO"C/S hr) + Rapidly austemzed +
Maraged (380°C/3 hr}. (XBL 751-5604)

is accomplished by 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



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

Figures 1 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 NigMo with some NizTi
intermetallic compounds. A significant increase
of dislocation density is clearly seen from the
micrographs. Due to the interference of thehigh
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, presumsbly representing the high
mobility of un-pinned dislocations. An additional
low temperature maraging 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 STELL

S. Jin and D, Huang

A microduplex structure in a steel is a fine-
scale two-phase mixture of austenite (y) and
martensite or ferrite (a). The microduplex
structure is intriguing from the perspective of
alloy design since it 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
blumt a propagating crack, hence providing a
higher resistence to fracture. Altemately,
the stability of the austenite may be adjusted
so that it transforms to martensite during
deformation, hence incorporating the TRIP
(Transformation Induced Plasticity) mechanism.

A simple two-step thermal processing techniyue
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 stability could
be controlled by varying the thermal processing
conditions. The microstructure and mechanical
properties of the microduplex structure were
compared to those of 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

Fig. 1. High resolution electr.n 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)
YIELD STRENGTN (MPa)
[ 00 1300 1400 1500
220} 3 T T sl
© MICROOUPLEX 240
T8 X RARTENS|TFC ~
— 200}~ J
: g
-
= =
= 130} 200 —
= "
-
w
& 1601 =
- <
= -
= e
= 140} 1160 -
L
-
w
-
- no}— fd
£ H
< W2 o M
& oo
i I 5 1 L 1 Iy
170 180 190 200 210 220

YIELD STRENGTN (isi)

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 in uniform
elongation was observed below the 'Yy 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



Table 1. Room temperature mechanical properties of treated maraging steel.
5 K (B K (0T
Specimen y.s.@ T.S. Elong. R.A.
Number (ksi)®  (ksi)® (%) (%) (ksi/im)®
Martensitic T5 Aged 430°C/1 hr./AC 183 194 15.1 64.6 164 165
N1 Aged 475°C/50 min./AC 202 220 13.4 61.2 129b
Microduplex N2 GR + Aged 475°C/3 hrs./AL 216 225 12.6 57.0 109b
N4 GR + Aged 550°C/Z hrs./AC 191 200 15.8 60.96 147 136
T8 GR + Aged 550°C/S hrs./AC 174 182 18.5 63.0 207 200
(structure {e) in Table II)
GR: Grain Refined, AC: Air Coolinp
39,24 offset vield strength.
‘alid plane-strain fracture toughness.
“Fracture toughness based on Equivalent Energy Method.
dFracturu tcughness based on J-Integral Method.
®To convert to SI units, 1 ksi = 6.8%9 MPa and 1 ksi/in = 1.09 MPa/m .
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Fig. 3. Fracture toughness vs. test temperature.
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and at -130°C). (XBL 7512-9258)

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

crosshead speed. (XBL 753-6008})

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 TRANSFORMATIUN AND STABILIZATION OF A
HIGH STRENGTH AUSTENITE*

S. Jin, 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 1). 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.

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

(XBB 759-6731)

Fig. 2, Transmission electron micrograph of the

The stability control in precipitation-hardened dislocated austenite shown in Fig. 28. (a) Low
high strength austenite becomes important especial magnification. Note the lath-like substructure
1y when the martensitic and the reverse martensitic and the high density of dislocations. (b) High
phase transformations are utilized to further magnification showing the y' precipitates.
strengthen the austenite. In such a case, the [(a) XBB 759-6631; (b} XBB 759-6630}

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.

Table 1. Hardness of the Fe-29Ni-4,3Ti austenite.

Annealed 100% y Re =~ 157 ®

= 41)

Ausaged 750°C/30 min 100% v RC = 35.3

Ausaged 750°C/30 min
+ Coaled tc -~196°C 70% o + 30% v Re = 49,2

Ausaged 750°C/30 min
+ Cooled to -196°C 100% v RC = 41.0

+ Reverted to austenite
(800°C/30 _sec)

a s
ZInvalid due to the extreme softpess of annealed gustenite.
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Fig. 3. Variation in Mg temperature of high

strength austenite upon isothermal holding at
500°C. (part of XBL 759-7253; Ton Fig. only)

The profound stabilization effect of fine coherent
precipitates in Fe-Ni-Ti and Fe-Ni-Al systems

is well known. The Ms temperature decreases
during the early stage of precipitation in these
alloys. But this effect is eliminated on further
aging. By the time the precipitates grow suffi-
ciently to provide a reasonabie age hardening,
the decrease of Mg that appeared at the early
stage of ausaging is mostly erased and the Mg
temperature continues to increase as the solute
atoms are depleted from the matrix.

The present investigation demonstrates that the
stability of ausaged ausienite as well as ausaged
and transformation-strengthened austenite was
improved significantly through an isothermal treat-
ment at 500°C, as shown in Fig. 3. The Mg
temperature of the strengthened austenite was
restored to nearly that of annealed austenite
despite the decrease in solute content due to
precipitation, The observed stabilization of
high strength austenite as well as that of
annealed austenite was attributed to the formation
of G.P. zones or short-range order of less than

~ 10 A in size based on the resistivity measurement.

_—
Research supported by the NASA lewis Research
Center wnder Contract No. NGR-05-003-526 and by

the Electric Power Research Institute.

17. DEVELOPMENT OF A HIGH STRENGTH STABLE
AUSTENITIC ALLOY*

S. Jin, D. Huang, G. Thomas and J. W. Morris, Jr.

The serious materials pioblems encountered in
retaining rings for large electrical generator
rotors have created a need for a high strength,
high toughness, nonmagnetic steel. A desirable
alloy would have a yield strength near 200 ksi
with a fracture toughness above 130 ksi ¢in, and
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would be resistant to hvdrogen embrittiement and
stress corrosion cracking in service environments.
Given that the best austenitic ailoys in current
use for retaining rings have yield strengths of
only ~ 170 ksi f{obtained by work hardening), the
achievement of the desired properties will require
a significant advance in the metallurgy of
austenitic steels.

While our main research aim is to obtain a high
strength austenite through thermal processing
alone, an alternate way of achieving it through
a simple mechanical deformation is also being
sought. The preliminary data obtained in the
present investigation demonstrates that a relative-
1y simple combinatinn of cold working and
precipitation hardening is sufficient to achieve
a 200 ksi vield strength in stable austenite. The
chemical conposition of the alloy studied is
shown in Table 1. The cold rolling process of
this alloy is fairly easy due to the extreme
softness of annealed austenite. The alloy is
further strengthened by the ausaging process.
(NizTi precipitation).

Tanle 1. Chemical composition.

Cr Ti Mo Al Vv B

27 6 0.3

w
—
(=]

0.2 0,01

Table 2. Tensile properties of high strength

austenite.

Y.S.
(ksi)

UTs
(ksi)

R.A.
(%

Processing Elong.

%)

QR+ AA 190 202 9.3 38

CR + AA + RAA 197 209 10.5 43

{R: Cold Rolling 45 pct at room temp.
AA:  Ausaging at 720°C for 4 hr.
RAA: Re-ausaging at 550°C for 12 hr.

The tensile properties of the processed high
strength austenite are given in Table 2. The
alloys in Table 2 are stable austenite znd do not
exhibit any deformar*on-induced phase t- wnsforma-
tion. The second ausaging treatment at Lower
temperature was introduced to maximize the use
of alluying element for precipitation hardening.
The solubility of nickel and titapium in this
2lloy system decreases as the temperature is
lowered. An interesting observation is that not
only the yield strength increases but the ductility
also shows improvement after the additional low
temperature precipitation. A further research is
in progress to find out the nature of reactians
and to improve the strength-toughness properties.



—
Research supported by the Electric Power Research
Institute.

18. RESEARCH PLANS FOR CALENDAR YEAR 1976

J. W. Morris, Jr.

During the coming year we plun to carry out the
following work:

(1) We plan to complete the identification and
geometric characterization of the microstructures
arising from isotropic nucleation and growth
transformations in simple solids. The research
will then be extended to consider more realistic
transformations, involving, for example,
anisotropic growth. In corrollary work we plan
research toward the optimal choice of parameters
representing the microstructure for use in
constitutive equations determining material proper-
ties.

(2) We plan to continue research toward a
theory of plastic deformation through thermally
activated dislocation glide. During the coming
vear this research will focus particularly on
glide through mixtures of microstructural barriers
and on the glide of interacting groups of
dislocations, exploiting the potential of our
rew computer simulation codes.

(3) We plan to continue research on the mechani-
cal equation of state of simple solids. During
the coming year we specifically plan to refine
and demonstrate the one-parameter equation of
state we have successfully used for alumimum in
uniaxial deformation, and hope to extend the
equation to dccount for cyclic deformation and
for static relaxation. The theoretical research
will be supplemented by an experimental program
to gather data needed to specify the empirical
equation of state and to test its validity under
new conditions.

(4) We plan to continue a cooperative search
with the Oak Ridge National Laboratory for
ordering reactions in Fe-Ni martensites. If the
initial Oak Ridge data proves accurate, we will
inaugurate lattice imaging studies to specify the
nature of the order. We also plan to investigate
alloys near Fe-30Ni, where an FesNi ordering has
been reported in austenite.

(5) We plan to continue research to specify the
effect of austenite on the toughness of high
strength martensitic steels, We particularly
plan to test the hypothesized connection between
austenite stability and toughness through research
on the strength-toughness properties of ferritic
alloys having austenite additions of controlled
stability.

(6) In alloy design research on Ni-alloy
cryogenic steel we plan to interact with potential
users of the alloys to explore specific applica-
tions ir advanced energy systems. Essential
corollary research may include processing studies
+o simplicy alloy processing to lower manufacturing
cI5ts.
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(7) We plan to continue the development of
nickel-free cryogenic steels. In research during
the coming ygar we specifically hope to eliminate
the cold-wira 5*op nw included in the pmcessmg
of Fe-12Mn cryogenic steer whiler *taining
properties competitive with Fe-9Ni steel at 77°K.
We also hope to design a successful high strength
austenitic Fe-Mn cryogenic steel.

(8) We plan to continue 1esearch on phase
transformation kinetics and microstructural control
in Fe-Mn alloys, During the coming ysar we hope
to establish experimental control over the
e-martensite phase and determine the consequences
of e-martensite on cryogenic mechanical properties.
We also hope to identify an efficient substitution-
al age-hardening system for austenitic Fe-Mn
steels.

(9) We plan to continue research on the austen-
ite reversion reaction as a means of achieving
very high dislocation densities in un-worked
materials. We hope to exploit this reaction in
the design of high strength-high toughness
austenitic steels.

(10) We plan to continue exploration of the
double-aging treatment developed during the past
year's research as a means for obtaining very high
toughness in high strength stable austenitic steels.
This research will begin with a determination of
the strength-toughness characteristics of the high
strength austenitic steels developed this fall.

19. 1975 PUBLICATIONS AND REPORTS

John W. Morris, Jr. and Associates

Journals and Books

1. D. H. Klaln and J. W. Morris, Jr., Characteris-
tics of Nislocation Glide through a Random Array of
Obstacles, in Rate Processes in Plasti. Deformation,
J. C. M. Li, ed., ASM (1975), pp.130-146 (LBL-1168).

2. F. A, Mohamed, K. L. Murty and J. W, Morris,
Jr., Harper-Domn Creep of Metals at High Tempera-
ture, in Rate Processes in Plastic Deformation,

J. C. M. L1, ed., ASM (1975), pp. 459-478,
(LBL-1158}.
3. 8. Jin, J. W. Morris, Jr. and V. F. Zackay,

Grain Refinement through Thermal Cycling in an
Fe-Ni-Ti Cryogenic Alloy, Met. Trans. 6A, 141
(1975) (LBL-2539).

4. K. Hanson and J. W. Morris, Jr., A Limiting
Configuration in Dislocation Glide through a
Random Array of Point Obstacles, Appl. Phys.
46, 983 {1975) (LBL-3160).

5. C. K. Sy, A, Ahmadieh and J. W. Morris, Jr.,
Elastic Solute-Dislocation Interaction in an
Anistropic HCP Crystal, Phil, Mag. 31, 883 (1975)
(LBL-3198}.

6. S. Jin, B. Whitaker, J. W. Morris, Jr., and
V. F. Zackay, Cryogenic Toughness through Micro-
structure Control in a Ferritic Fe-Ni-Ti Alloy,
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Joint Meeting, lovisiana and Texas Flectron
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Stress for Athermal Glide (Ph,
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Structure and Propertics of a Microduplex
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4. Bradley W. Whitaker, An Fe-12Ni-4Co-2Mo-0.05Ti
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b. Fundamaentals of Alloy Design

Zarl R. Pacler and Vietor F. Zaekay, Principal
Investigaives

Introduction. In the past year, the program
on alloy design has centered on five major aspects
of alloy design, viz: (1) an attemnt to derive by
fundarental quantum mechanical methods the
physical proparties 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, Thompscn, Clark), and quenched and
tempered steels {Kohn, Hom, Bhat, Wylie, and
Huang) as infiuenced by heat treatment, 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 intermmetallic 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
erbrittling grain boundary film in these alloys
may not be necessary in alloys containing W rather
than Mo. In the formez, the film is sufficiently
discontiauous upon cooling from the solutionizing
temperature to render the speroidizing heat
treatment step unnecessary. Those alloys
containing W) appears ¢o 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-Ma 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-tc-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 wnusually high resistance to tmering and have
excellent toughness (70-8C ksi-in-/¢) at high
tensile strengths (275-300 ksi).
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In the past year, :mch progress was made in the
construction of apparatus for the erosion and
corrosion project as well as for the fatigue crack
propagation prc 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 temms 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:

-1
S [H°+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 umrestricted summation

o @ n o,
G - G; . E [_ ; E (-G;t_ilm] Gy
m=1

n=1

The integrated density of states is given by the
polar decompesition of this propagator as

N(E) = 1 1r arg [-6%(®))
from which the energy can be found by
E°l = f pan

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
temms: those dependert 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



an examination of the parameter v of elasticity
theory: Poisson's ratio of lateral strair to
longitudinal strain in simple tenmsion or compres-
sion. The structure-dependent terms are effective
central force interactions yielding elastic
constants obeying the Cauchy relations which for
cubic crystals imply

Str Str - str _
C12 = C44 , giving v = 1/4
while the volume dependent terms contribute elastic
constants with no resistance to shears

ol _ ~vol vol _ iyt vel _
Cl] = C]z and Caa 0, giving v 1/2

‘The Poisson ratio of a metal should then be an
average of these two classes of contributions.
Indeed, the harmonic mean of vS'T = 1/4 and
wol =172 is v™tal < 1/3  in agreement with
experiment for most metals.

As a quantitative test, the author has ‘calen-
lated the elastic constants for the transition
metal Nb using this first principlis theory. The

results (in wmits of 103 dynes/cm?) were
Elastic Constant Theory Experiment
Cll 23,35 24.6
ClZ + 2C44 19.93 19.14

This initial success indicates that further proper-
ties of transition metals may be accurately cal-
culated by this first principles theory.

1. John E. Shively, Unrestricted Summations for
the Multiple Scattering Transition Operator and
Propagator, LBL-3744, Feb. 1975.

2. John E. Shively, A New Density of States
Formalation, LBL-3789, April 1975.

2. EFFECT OF THE ALLOYING ELBEMENTS IN STEELS ON
THE KINETICS OF THE AUSTENITE TC BAINITE
TRANSFORMATION

Anz Maria Llopis

The purpose of this study was to investigate the
effect of different alloying elements on the
kinetics of the bainite reaction. Dilatometric
studies on four Fe-C-X temary systems, in
particular, (X = Mo, Ni, Cr, Mn) were wade, '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-1ike curve for the reaction start curve
{see Fig, 1).

T T v
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Fig. 1. Ex-start of the austenite to bainite

transformation for Fe-C-Ni ternary system.
(ABL 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. Cowbined
additicns 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. Bhut

The effect of the lamellar and spheroidized
microstructures on i.e creep and stress rupture
behavior of Laves-phase strengthened
(Fe/1Ta/7Cr/1/2Mp) alloys was determined. The
alloy having the lamellar microstructure exhibited
slightly better creep properties for shorter



rupture times (< 400 hr) at 1200°F (649°C) than
the alloy heat treated to give a spheroidized
structure. However, for times greater than about
400 hr, the alloy with the spheroidized microstruc-
ture appeared to be better. This behavior is
shown in Fig. 1. long exposure at 650°C could
result in a breakdown of the lamellar structure
thereby explaining the observed results. Finally,
the creep properties, both in terms of creep rate
and rupture time, are compared (Tables 1 and 2)
to those of the commercially available ferritic
and austenitic alloys. The potential of the
Fe-Ta-Cr-Mp alloy is clearly evident from these
tables.

1. M. S. Bhat, Lawrence Berkeley Laboratory
Report, LBL-2277, 1974,

2. Inorganic Materials Research Division Annual
Report, LBL-3530, lawrence Berkeley Laboratory,
Berkeley, CA 94720, 1974, p. 147.

Table 1.
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Fig. 1. Plot of stress vs rupture time and

stress vs steady statz creep rate for the
spheroidized and lamellar structures.
(XBL 758-6997)

100Q-Hour rupture stress and stress for & creep rate of

10°* pct/hr for alloy Fe-Ta-Cr-Mo and some commercial
ferritic and austenitic steels at a test tcmperature of

1100°F(593°C).
1000 Hour Stress for a Creep
Alloy Rupture Stress Rate of 107% pct/hr
(psi] (psi]
Fe-Ta-Cr-Mo (Spheroidized) 29,000 25,000
0.3C-1Cr-1Mo- 0. 25V Steel 36,000 *
0.15C-9Cr-1Mo Steel 14,100 6,300
403,410 Stainless Steel 10,000 4,200
Greek Ascaloy 22,000 *
422 Stainless Steel 33,800 ]9,{100
304 Stainless Steel 22,600 11,500
304L Stainless Steel 23,000 9,700
309 Stainless Steel 28,000 11,600
310 Stainless Steel 25,000 13,000
316 Stainless Steel 33,000 18,200
316L Stainless Steel 26,900 14,100
321 Stainless Steel 29,500 17,000
347 Stainless Steel 34,000 23,000

*
No values quoted for 1100°F.

The data for the ferritic steels were obtained mostly from
reference 18, and those for the other steels from Enﬁineeﬁ
tature Materials, F. J. Clauss, ed.,

Guide to Hiﬁﬁ 'l'e_rip_g
Ison and Wesley . ., Inc., Reading Massachusetts, 1971),

Chapter 4, p. 86-128.
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Table 2. 1000 -Hour rupture stress and stress for a creep rate of
164 pet/hr for alloy Fe-Ta-Cr-Mo and some commercial
ferritic and austenitic steels at a test temperature of

1200°F (649°C) .
1000 Hour Stress for,a Creep
Alloy Rupture Stress Rate of 1074 pst/hr
(psi) (psi)
Fe-Ta-Cr-Mo (Spheroidized) 14,000 10,000
Fe-Ta-Cr-Mo (Lamellar) 13,000 9,000
0.3C-1Cr-1Mo-0.25V Steel * .
403,410 Stainless Steel 4,900 2,000
Greek Ascaloy 11,000 *
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
516 Stainless Steel 24,700 12,700
316L Stainless Steel 17,300 8,200
321 Stainless Steel 18,000 9,700
347 Stainless Steel 22,000 16,500

L4
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 Pub. Co., Imc.,
Reading, Massachusetts, 1971), Chapter 4, p. 86-128,

wade to these two binary alloys and the resultant

4. THE DESIGN OF A STRUCTURAL STEEL FOR USE IN 2 a
microstructure and mechanical properties were

COLD EAVIRONMENTS
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 20% manganese binary alloyvs were
selected for study because they exhibited the
desired TRIP phenemena in a tension test’ and
possessed reasonable mechanical properties.
Systematic additions of carhon and molybdenum were

determined. The tensile test data and the Charpy
V-notch data obtained are shown in Table 1.

In the 16% Mn alloys, the carbon additions
predictably raised the strength and the DBTT
(ductile to brittle transition temperature).
Molybdenum was add~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 DIBTT to pre-carbon levels. The yield
strength of the 16%4n-0.08%C-1.0Mo alloy was



Fig. 1.

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. (500x) (XBB 761-305)

{a) 16%h binaty iron alloy, showing
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Table 1. Mechanical Properties of Several Binary and Ternary Fe-Ma Allcys.
TENSILE TEST CHARPY V-NOTCH ENERGIES
Tensile Properties
Alloy Y.5., U.T.S., $E1 °X.A. Unper Lower DBRTT*
ksi ksi Shelf, Shelf, (°C)
ft-1b ft-1b
164Mn 30 101 30 71 130 27 -155
16%Mn - 0.05%C 50 122 38 73 125 42 -170
16tMn - 0.13%C 60 175 28 20 93 6 -77
168Mn - 0.08%C - 0.5%Mo 47 153 34 35 116 11 -155
16%Mn - 0.08%C -~ 1.0%Mo 46 150 46 51 120 11 ~140
205Mn 61 101 34 70 95 - <-196
20M - 0.15%C 68 150 44 41 62 8 -105
20%Mn - 0.08%C - 0.54Mo 71 140 43 37 93 15 -127
20tMn - 0.08%C - 1.0%Mo 59 126 38 44 106 20 -141
AFTER THERMAL CYCLING
16%Mn - 0.08% - 1.0%Mo 61 156 53 56

*DB‘IT is defined as the temperature at one-half of the upper

shelf energy value.

improved frea 46 kst tg ?,1 ksi through a thermal
cycling heat treatments> (see Fig. 1). The 20%Mn
alloys performed in a similar manner.

Control of the TRIP process by carbon and
molybdenum additions was show: to greatly improve
the strength, ductility and energy absorption
properties of the 16 and 20%M1 alloys (see
Table 1}.

1. M. J. Schanfein, The Cryogenic Properties of
Fe-Mn and Fe-Mn-Cr Alloys (M.S. Thesis), LBL-2749,
August 1974,

2. S. Jin, J. W, Morris, Jr., and V. F. Zackay,
Grain Refinement Through Thermal Cycling in an
Fe-Ni-Ti Cryogenic Alloy, Met. Trans., A 6A, 141
(1975).

3. Howard E. Adkins, Jr., Structure and Properties
of TRIP Steels Processed by Deformation and
Ttgn;ma] Cycling (M.S. Thesis), LBL-1491, April
1973,

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

Larry Thompson

An investigation of the mechanical and corrosion
behavior of Fe-Mn-Cr and Fe-Mn-Cr-X base alloys
was carried out to establish promising austenitic
alloy compositions that contained lower quantities
of the alloying element, chromium.

Manganese concentrations in the Fe-Mn-Cy alloys
investigated were varied between 14 and 20 w/o
with Cr concentrations between 13 and 15 w/o. In
the group of Fe-Mn-Cr alloys, a small addition of
Al and Ti was made to remove from solid solution
the interstitials (N and C). The best mechanical
properties were obtained with the Fe-18 Mn-13 Cr
alloys (see Table 1). In all cases, additions of



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

Tensile Properties

Test YS uTs Red.
Alloy Composition - § Heat Treatment Temperature  (ksi) (ksi) SEl. Area %
MoCrosi Mo N
16 13 .13¢ 900°C (2Hr) +Air Cool 23 46 121 69 77
» -196 ez 152 25 7
16 13 2 .204 900°C {2Hr) ~+Ice Brine Quench 23 58 124 77 79
" -196 117 168 17 15
16 18 2,180 900°C (2Hr) +Ice Brine Quencn 23 23 116 61 59
" -196 128 187 19 17
16 18 1.5 .227  900°C (2Hr} +Air Cool 23 63 125 78 78
" -196 143 183 17 7
20 13 1.5 .130  900°C (2Hr) +Air Cool 23 50 109 72 80
" -196 53 181 7 24
18 13 900°C (2Hr) ~Air Cool 23 44 92 53 82
" -196 53 161 60 71
AISI 304 SS 23 35 85 50 70
AISI 204L SS 23 28 75 50 -
AIST 316 SS 23 40 90 50 -
AISI 316L SS 23 32 75 50 -
AISI 347 sS 23 40 97 45

Cr greater than 13% were found to be detrimental
to the overall mechanical properties.

The Fe-Mn-Cr-X alloys contained either 16 or
20 Mn with 13 and 18 Cr. Again, the best mechani-
cal behavior was exhibited by the 13 Cr alloys in
combination with 16 Mn. The alloying additions
included a series with N, a series with Mo + N,
a series with Si + N, and a series with $i + C,
and a series with Mo. Nitrogen seemed to be the
best alloving addition for high strength; those
alloys that contained only a fourth alloying
element without N showed less desirable mechanical
properties,

Virtually all the alloys displayed a TRIP
phenomenon (i.e., transformation induced plasticity)
and phase transformations from the fcc (y) phase
to the hep (€) phase and to the bec (o) phase.
These transformations generally conferred uniform
elongation and generally acceptable strength levels
in the alloys studied. Enhancement of the
ductility was most pronounced in those alloys
containing N,

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

Robert Clark

The object of this research was to develop a
glass-in-metal composite material that would have
a reduced tendency to swell under irradiation in a
breeder type reactor environment. Since helium
has a high solubility in certain glasses, a
program was conducted to determine if a well
dispersed compatible glass phase in a 316L stain-
less steel would inhibit swelling by the glass
acting as a gettering agent for the He, thus
preventing void nuclei stabilization. The
mechanical properties and microstructures were
characterized with particular attention paid to
the effects of glass distribution. Transmission
electron metallography established glass-metal
interface characteristics.

_The composites were successfully fabricated
using powder metallurgy techniques. Figure 1
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rig. 1.

Distribution of glass particles in the as-

rolled and rolled and annealed condition of a

stainless steel glass composite.

shows the distribution of the glass particles in
the 316LS5 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 aver 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 nonreactive
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 tesis, and (3) swelling effects under
400 ke¥ He* bombardment.

(XBB 7510-7941)

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

N. Kar

The sual way to obtain high strength in high C
steels is by quenching to form martensite, followed
by teipering to eliminate brittleness, while still
maintaining high strength.

These high strength alloys, h-.wever, are
associat%d with low toughness. Research by Thomas
et al.ls¢ suggests that for steels with C content
»0.4% a lower bainitic microstructure could give
attractive properties. Honeycorrbe3 suggests that
secondary hardening may be pursued by an initial
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,



The steel being used is a commercial ''Vasco M\"
secondary hardening steel, which is well estab-
lished as a tool steel. By modifying conventional
heat treatment practicec, different microstructural
rorphologies are being obtained, and it is hoped
to obtain a correlation between microstructure
and mechanical properties, using trunsmission
electron microscopy.

The recormended austenitization treatment is
found to leave undissolved carbides in austenite,
a feature known to be associated with deleterious
fracture properties.® As a basis for comparison,
higher austenitizing temperature, with subsequent
grain refinement, is being carried out prior to
further transformations. The TIT diagram of the
steel has been determined using the lheta
dilatometer.

G, 'Ihbmas, Iron and Steel Intermn. 46, 451

1.

(1972).

2. S. K. Das and G. Thomas, Trans. ASM 6Z, 659
(1969) .

3. R. W, K, Honeycombe, J. J. I:ani, and

H. J. Harding, High-Strength Materials (John Wiley
§ Sons, NY, 1965).

4. B. V. Marasimha Rao, Investigation of Ultra-
High Strength Fe/4Cr/0.4C Martensitic Steels for
Improved Toughness (M.S. Thesis), LBL-3794,

June 1975.

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. :*enite (Ret. y) in a heat treatable
AIST 4330 steel. Previous work® 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 Hehemané and Babu
that 3i increases the amount of Ret. y in iso-
thermally transformed AISI 4300 type steels. It
has also been shown that Si-modified AISI 434G,
that is, 300 M, has improved toughness and better
mechanical properties than the unmodified steels.

3

Isothermal transformations were conducted both
above the M§ temperature (at 350°C) and below it
(250°C, 200°C). 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 isothermai treatment.

b. Increasing the ammumt 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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test had lower fracture toughness values. The
probable reason for this is that the retained
austenite is enriched in carbon and transforms
(under load) to brittle martensite.

2. For isothermal transformations below the Mg:

a. Increasing the amount of Si increases the
amount. of Ret. y, but the general level of Ret. y
is lower with the lower isothermal transformation
temperature than the amount that occurs in the
material transformed above the Mg temperature.

b. The strength level increases with the
decrcasing transformation temperature (compared
to the 350°C transformed material) probably due
to the presence of more martensitic phase in the
as-heated treated material.

c. The carbon level in the Ret. y is below
0.4 wt, pct. and, upon loading, it transforms to
martensite which is not brittle. This results in
increased fracture toughness over the material
transformed at 350°C,

Figure 1, which is a summary of the mechanical
properties vs the amount of Si for isothermal
transformations at 250° (below the Mg), is
representative of the data obtained in this
program. Additional work will compare the behavior
of the silicon medified steels to that of the
standard AISI 4330 composition.
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Fig. 1. AIST 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 Lffect of Austenitiz-
ing Temperature on the Jmount of Retained
Austenite in AISI Type 4340 Steel, LBL-2250,
October 1973,

2. R. F. Heh 1, Phase Transformation (American
Society for Metals, Chio, 19703, p.397.

3. B. P. Babu, An Investigation of Bainite
Transformation in Medium Carbon Low Alloy Steels
(0. Fng. Thesis), LBL-2772, August 1974.




9. NI FRACTURE PROPERTIES OF A CONTINUOUSLY
COOLED COMMIRCTAL 1AW ALLOY STEEL IN THICK SECTION

K. tlom

This investigation is aimed at establishing the
relationship betweer microstructural features and
fracture properties in a slow-cooled, commerciil,
silicon modified 4340 steel {300 M}, Earlier
work! showed that in this steel, slow cooling
rates from the austenitizing temperature led to
significant amcints of retained austenite as well
as .increased hardness over similarly heat treated
4340. This suggested possible application of
300 M as an air cooled, thick-section steel.

The investigation simulates thick-section,
air-cooled material to determine the mechanical
and fracture property dependence op microstructural
features. Emphasis will be placed on the role of
retained austenite in fracture and attempts will
be made to isolate the effect of the austenite by
using heat treatments subsequent to the slow
cooling process. Initial work has been directed in
four arcas: (1) characterization of the air
cooling process in steel; (Z) determination of
the response of the retained austenite to load
and thermal treatment after cooling; (3)
characterizatior of microstructures formed; and
(4) determination of mechanical and fracture
properties.

Numerical computing techniques were used to
characterize the air cooling process. Heat
transrer parameters werc established by matching
computer simulated Tates with laboratory measured
rates for two thickness. Figure 1 shows these
rates for one thickness as they intersect the
continugusly cooling transformation curve for the
steel of interest established in an earlier study.
The computer sinulation also established that the
edge-to-center temperature gradient in steel is
insignificant up to iarge thicknesses, leading to
a uniform microstructure throughout.

COOLING PROFILES FOR AIR COOLED 20 CM THICK 300M
NUMENCALLY AND L&SORATDRY DETERMINED

HEAT TRANSFER COEFF » 000083

EMISSIVITY « 09
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M

Loon- 1
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= —— COMPUTER DE TERMINED

l‘_‘ e A8 MEASURED RATE
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L
io [ ©F [
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Fig. 1. Comparison of laboratory-determined and
computer-simulated rates far air cooling 2.0-cm
thick slab. {XBL 763-6603)
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The respense of the slow-cooled microstructures
to uniaxial loading was determined. Magnetic
saturation techniques were used to monitor the
transformation of the retained austenite with
stress. Figure 2 shows the characteristic stress-
strain behavior as well as the behavior of the

L T i
STRESS-gTRAIN BEHAVIOR
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Fig, 2. Stress-strain behavior of slow-cooled

300M (austenite level shown as a function of
strainj, (XBL 763-6609)

retained austenite (cooled € 0.15°C/sec).
Significant transformation occurred in the uniform
€longation region. Response to themmal treatment
was different in that the austenite remained at
essentially unchanged levels after post cooling
thermal treatments up to 25°C. Microstructure
characterization revealed that the austenite
morphology was influenced by cooling rate.
However, significant amounts of interlath austenite
were usually found. This has been associated with
good fracture properties in high strength
materials.

Future work will be concentrated in the areas
of fracture property determination and micro-
structural characterization. Emphasis will be
placed in investigating air-cooled microstructures
found in slabs of specific thickness. Efforts will
be made to isolate the role played by retained
austenite in the mechanical properties of these
steels.

1. IMRD Annual Report, LBL-3530, p. 163-165,
April 1875,

2, G. Y. lai, W. E. Wood, R. A. Clark, V. F.
Zackay and E. R, Parker, Met. Tramns. 5, 1663
(1974) (LBL-2250).



10. THE INFLUENCE OF A1 AND Al-Si ADDITIONS ON
THE MECHANICAL PROPERTIES OF LOW ALLOY ULTRA HI®H
STRENGTH STEEL

M. S. Bhat

Low alloy heat treatable steels are used in
applications where high stresses are encountered
in service. The fracture toughness of these steels
is not as high as that of the mere expensive
maraging steels. This research on VAR AlSI 4340
low alloy steel has focused on improving its
fracture toughness at high strength levels.

The approach used has been to utilize the
effect of inexpensive zlloying additions such as
Al and Al+Si.

The Mg tenperatures were determined using a
dilatometer and ranged from 270° to 320°C. The
austenitization temperatures as determined by
dilatometry and optical metallography ranged from
900° to 1100°C. The tempering response of the
modified steels was determined as a function of
hardness and strength.

The variation in the yield and tensile strength
with tempering temperature for the Al modified
steels is shown in Fig. 1, and for the Al+Si
mwdified steels in Fig. 2. Increasing the amounts

3ap,

- 7" —T T
WTINATE _YIELD  AUSTENITIZNG
STAENGTH STAENGTH _ TEMP.X
3201 - o 00 430304 |
S a 90C 4340204
- o 200 4340+ 1 04}
300 v 4 e 4340 4
280}~ J

STRESS (K3
Y
g
T

240 4
2201 4
o \\ ]
1801 L )
W 200 300 400 s00
TEMPERING TEMPERATURE (Y}
Fig. 1. Variation in tensile properties (0.2%

offset yield and ultimate tensile strength) of
AIST 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 A1+Si. The yield strength
increases to a peak value on tempering and de-
creases with higher tespering temperatures.

_ Compact tensi  specimens were used to deter-
mine the resistance to crack initiation as a
measure of fracture toughmess. Figure 3 shows
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Fig. 3. Plot of plane strain fracturc toughness

Kre vs yield strength for some commercial high
strength steels and for the modified 4340 steels
used in this investigation. (XBL 761-6105)

the fracture toughness Kie as a function of yield
strength between 210 and S()O ksi for the various
modified steels. The variations of Kj. 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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Fig. 3. Plot of K. vs tensile strength for some

comrercial high strength steels and for the modi-
fied 4340 steecls. (XBL 761-6104)

band lies higher than that of the medified steels
based on vield strength. towever, based on
ultimate strength (Fig. 4), the modified steel
band 1s comparable to the 18 XiCoMo maraging steel
band, especially at higher ultimate strcugths.

& STRENGTH AND
C ALLOYS

11, THE EFFECT OF TEMPERING OX
TOUGITESS OF A SERIES OF Fe-Cr-f
Edward A, Wlie

The mechanical properties of a series of high-
strengtb Fe-Cr-C alloys with various silicon
additions were determined for the as-quenched and
the tenpered conditions. Althougb silicon additions
has bheen shown to improve the strength levels of
high-strength steels in the as-quenched condition,
its most important asset has been fuund to be its
abiiity to delny the precipitation of cementite
to higher temperatures during tempering. Silicon

3G 022‘ 0.25 T i '
r 022-0.25 C .
(€ oo} Austemiugton o ,c) (202450 (207 b5} )
> Ihe 950°C 2%s
< (200ksy) !
5 0 -
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Fig. 1. Tensile properties of Fe-Cr-Si-C alioys.

(XBL 764-2691)
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does this through its effect on carbon activity, i.e,
carbide precipitation kinetics, Thus, the €
carbide is stable to a higher tempering temperature.
The tempered martensite embrittlement range is
shifted to a higher temperature. This phenomencn
is shown in Fig. 1 where data on the 2% Si alloy
and the 1.5% Si alloys are presented. (The figures
in parentheses in Fig. 1 represent the approximate
yield strength of these 2lloys.

18 M (Co- Mo} MARAGING

FRACTURE TOU"“NESY {X3:

190 =0 220 230 240 250 280 270
YIELD STRENGTH (Ks
Fig. 2. Strength and toughness ¢ mparisons of ex-

perimental and commercial steels (Xin 761-6192)

The strength to toughness ratios (200 ksi yield
strength to 100 ksi/in fracture toughness) of these
alloys allows them to be class fied near the high
strength-high toughness band the 18Ni maraging
steels (alloy content approx utely 30%) even
though they are much leaner .loys (alloy content
approximately 8%), ({see Fig 2). An interesting
feature of these alloys is ‘hat they contain
neither nickel nor molybdenum, bhath of which are
expensive and are almost i.variably found in
ultra high strength steels.

12. EFFECTS OF SILIGC N STRUCTURES AND PROPERTIES
OF AISI 4320 LOW ALLY STEEL

Jai-Song Huang

The effects of 2° silicon addition on the
structures and prorerties of AIST 4320 steel were
studied t2 determi ¢ to what extent the strength
and toughness of  lower carbun, weldable, low
alloy steel coul. be increased. In quenched and
tempered martens.te, the silicon addition
increases the temperature range in which € carbide
exists, delays che cementite precipitation and
raises the retuined austenite drcompositicn to
higher temperature, The silicon addition
irncreases the yield and ultimate tensile strength,
but deterior:tes the Charpy impact toughness ecxcept
in the tempe ring range 200 ~ 300°C. This is mainly
due to the occurrence of more intemal twinning
structure and more coarse or continuous carbide
films precipitating along the martensite lath
boundaries. Tempered martensite embrittlement is
raised from about 206 ~ 300°C to about 350 ~ 500°C.
Different embrittlement mechanisms are proposed
for normal silicon and high silicon steels.



13. INVESTIGATION OF E521C0 STEEL FOR IMPRCVED

R. Kar

Comserclial grede ES2100 steel is a well kmown
alioy in the bali hearing industry. This high
carbon steel (1% C) is characterized by a high
hardness in the tempered martensitic condition,

An investigated was initiated to det~mmine
whether the tougin 'ss ¢f ES2100 could be iugroved
by use of techniques that hzd met with a reason-
able measure of success in steels of lower carbon
content, 1,2

Commercial usage of E52100 involves initial
austenitization at tesperatures about B70-900°C
resulting in incomplete dissolution of existing
carbides, It is well known that a mixed micro-
structure consisting ¢f undissolved carbides is
deleterious to toughness, particularly if the
carbide is present as a network at the original
austenite grain boundary. For improved fracture

" toughness, it is therefore, necessary that all
carbides go inte solution during austenitization.
Moreover, to decrease the tendency towards micro-
cracking, grain refinement t¢chniques are
necessary.

Silicon addition to steels such as 4340 has
shown increased resist. to softening during
tenpering of martensite,” and to extend the
temperature range in which e carbide precipitates.
It is also known to retard the 500°F embrittlement
of tempered martensite.

It was decided to use these techniques to
investigate whether their synergistic effect would
improve the toughness in low temperature tempered
martensite in E52100 ste2l. A study is also beung
made of the properties of lower bainitic structures
obtained by isothermal holding in the bainitic
tenperature ranges of E52100 and its silicon
variants; these properties of lower bainitic
structures can then be compared with those of
tempered martensite, since martensite in this
system is predominantly twinned. Relevant
sections of the T-T-T diagrams of ES2100 and its
silicon modifications, have been determined.

1. V. F. Zackay and E. R. Parker, LBL-2782,
L(awrence Berkeley Laboratory, Berkeley, California
1974).

2. B. V. Narasimha Rao, Investigation of Ultra-
High Strength Fe/4Cr/0.4C Martensitic Steels for
Improved Toughness (M.S. Thesis), LBL-3794,

June 1975.

3. C. J. Alstetter, M. Cohen and C. L. Averbach,
Trans. ASM 55, 287 (1962).

4. G. R. Speich, W. C. Leslie, Met. Trams. 3,
1043 (1972).
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14. THE INFLUENCE OF MICROSTRUCTURE, MEAN STRESS
AND ENVIRONMENT ON FATIGUE CRACK PROPAGATION AND
THRESHOLD BEHAVIOR IN HIGH STRENGTH STEELS

R. O. Ritchie

A program of research is being conducted to
examine the growth of fatigue cracks in AISI 4340
and commercial Si-modified 4340 {300-M) steels
in various environments; namely, laboratory air,
water, and vacuum. The project will concentrate
on fatigue crack propagation at very low stress
intensities near the threshold stress intensity
(below which cracks are not observed to propagate),
wi:bre the growth rates are of the order of
10°® wn/cycle and less. The rescarch will examine
how environment {principally the influcnce of water
vapor) influences very low growth rates and values
of the threshol! stress intensity. The tafluence
of material compo.ition and microstructure (e.g.,
the effect of retaineJ austenite in the as-quenched
and quenched and tempera! conditions} will also
be specifically examined. Since material in
service invariably contain rusidual stresses which
can superimpose a static mean <tress component
on the applied alternating stress, the effect of
mean stress (or maximum stress intensity Kpay) is
also being considered.

Tests are being conducted on fracturc toughness-
type TS specimens, treated under joad coitrol at
a frequency of 5-5u Hiz (sine wave) in an electro-
servo-hiydraulic MTS testing machine. Growth
rates are monitored using an electrical potential
system, - where the potential difference generated
across the test-piece notch face is monitored when
a stabilized dc current is passed through the
test-piece. Using this technique, changes in
crack length can be measured to within 0.01 mm.

To date, tests have been completed on three
microstructures, tested in laboratory air with
controlled humidity &t two mean stresscs, namely
stress ratios R = Kpiy, and Kpax = 0.45 ard 0.70.
The heat treatments used and the resu:ting
mechanical properties are shown in Table 1.

The values of the threshold stress intensities,
below which no crack propzpation is cbserved to
nccur, are shown in Table 2 for tests conducted
at S0 Hz in laboratory air at a temperature of
23°C and relative humidity of 45%. The crack
propagation data for these heat-treatments, in
terms of the crack growth increment per cycle
(da/dN) vs the altemating stress intensity (AK),
are shown in Fig. 1. It can be scen from these
data that, for the Lgl;emediate range of growth
rates (typically 1072-10"5 mm/cycle}, the crack
propagation rate is largely insensitive to
material, heat treatment and mean stress.
higher growth rates, approaching the stress
intensity at failure (Ki.), the growth rates are
markedly mean-stress sensitive and propagation
rates in 300-M exceed those in 4340. The latter
results are consistent with the author's previous
studies.

At
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Table 1. Mechanical properties of steels tested.
Material  Austenitizing Tewpering 0.2% Proof urs Reduction Elong. KI
Temp. (°C) Terp. Stress (MPz)  in Area ) (MPC )
0i1 Quenched °0) (MPa) (%) a
4340 870 300 1497.2 1754.5 54.3 13.2 02,7
300-M 87t 300 1737.2 20%6.2 48.4 11.9 65.1
300-M 870 470 14%6.6 168%.8 50.0 12.1 68.9
T —— g0~

FATIGUE CRACK PROPAGATION IN 4340 AND 200-M
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Fig. 1. \Variation of futigue crack growth rate (da/dN) with aiter-

nating stress intepsity {2K) for alloy steels 4340 and 300-M, tested

at stress

AU low growth Tates (s 10 mm/cycle), approach-
ing the threshoid stiess intensity, propagation
rates again become sensitive to materia(, heat-
treatment, and mean stress. For the 300°C tempered
condition, propagation rates are faster in 300-M
than in 4340, but when 300-M is tempered to higher
temperature (470°C), a marked reduction in growth
rate can be observed. In all cases, growtn at
these low stress intensities is markedly mcan-
stress sensitive. As the stress ratio is
increased from 0.05 to 0.70, increased propagation
rates are always observed.

ratios B=1,05 and 9.70.

(XBL 762-6388)

It is proposed to extend these studied to water
and vacwm environments to determine the relative
contributions to the growth rate from corrosion
and mechanical fatigue cracking, with the ultimate
aim of developing a model for the fatigue crack
propagation mechanisms at low stress intensities.

1. R. 0. Ritchie, et al., Int. J. Fracture
Mechanics 7, 462 (1971).
2. R. 0, Ritchie, J. F.
(1973).

Knott, Acta Met. 21, 639
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Table 2. Values of the maximum and altemating threshold stress intensi-
ties, Kmaxu and K,, at stress ratios of R = 0.05 and 0.70.

Material Austenitizing Tenpering Stress Ratio, R 8Ky Knax
_ Temp. Temp. Kyin/Knax) o
(0i1 (gtcx)znch) (°C} (MPadm)  (MPavim)
4340 870 300 0.5 3.8 4.0
0.70 2.4 8.2
300-M 870 300 92.95 3.8 3.2
0.70 2.3 7.7
300-M 870 470 0.05 5.1 5.4
.70 2.5 8.3
15. STRESS CORROGSION CRACKING BEHAVIOR OF HIGH T

STRENGTH STEELS IN A WATER ENVIRONMENT
Mario H. Castro-Cedeno and R. O. Ritchie

A major limitation of materials in current usage
is their mechamnical behavior in the presence of an
environment. Of particular importance is the
phenomenon of stress corrosion cracking caused by
the simultaneocus action of an apnlied stress and
an active environment. Comnercial high strength
steels, for example, can fail in water at stresses
1/3-1/4 of their failure stress in air. The pur-
pose of this project is to examine the stress
corrosion cracking behavior in distilled water of
434N alloy steel, and compare this behavior with
that of a commercial Si-modified 4340, 3J0-M.
Previous results! have suggested that the addition
of silicon to such high strength steels can
markedly improve the stress corrosion cracking
resistance by causing a reduction in stress
corrosion crack propagation rates. It is planned
to examine the influence of microstructure on the
static growth rates in water, and compare these
data with those obtained under cyclic conditions
(i.e., fatigue crack growth} for the samne
materials and heat-treatments. (See section on
Slow Fatigue Crack Growth by Ritchie in this
volume.)

Stress corrosion crack growth rates are deter-
mined using fatigue-precracked, C.T.S. test-pieces
stressed in distilled water under dead load con-
ditions on cantilever bend rigs; the times to
feilure for particular initial stress intensities
Kp; are measured. Monitoring of crack length to
determine propagation rates is achieved using
displacernt gages mounted on the notch face.

i date, two structures have been tested,
namely 200-M, (austenitized at 870°C, oil quenched)
tempered at 300°C and 470°C. Plots of initial
stress intensity, Kpj vs time to failure for both
quenched and tempereé corditions are shown in
Fig. 1. From these plots, the stress intensity
below which no stress corrosion cracking occurs,

3 Antenzed at 870, of queoched
g Temprees (1A ot 300'C ow ATDT Jo
= Te ud under gead 10d of 23°C H
£l N AshILed woter 5
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Fig. 1. Plots of time to failure versus initial
stress intensity (Ki) for the stress corrosion
cracking in water of 300-M steel, tempered at
300°C and 470°C. (XBL 762-6386)

Kigce, can be determined. It can be seen that
témpering at the higher temperature (470°C),
although improving the fatigue crack growth
resistance at low stress intensities in air (see
section by Ritchie in this volume)}, only marginally
improves the value of Kigcc-

Further testing will incorporate 4340 steel
and isothermally transformed 300-M examine the
influence of retained austenite on the growth of
3tress corrosion cracks. Further, testing with
applied anodic/cathodic polarization potentials
will be conducted together with extensive fracto-
graphic examination, with the sim or deducing a
model for stress corrciion cracking in these
materials.

1. C. S. Carter, Proc. ASM/WESTEC Conf., Los
Angeles, Calif., March 1969.



16. THE FRACTURE TOUGHNESS OF HIGH STRENGT
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
ewbrittling grain boundary 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-1Ti, 12Ni-2Ti, 16Ni-1Ti, 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 MPavim) could be
obtained if the age harndening temperature
(550-600°C} was higher than that nommally 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 precipit.ion
occurred and the alloys were brittle. fote
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 temperztures.
Re Ki. o
Alloy (wt %) Aging  Havdness (ksivin) (ft-1b)
Temp. {y 200 ksi) (23°C) (23°C)
Fe-16Ki-1.5Ti  600°C a3 ~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. O. Ritchie and B. Francis

Recent research! into the infiuence of
austenitizing treatment on the mechanical proper-
ties of as-quenched AISL 4340 steel has shown that,
compared to conventional austenitizing at 870°C,
increasing the austenitizing temperature to 1200°C
can raise the plane strain fracture toughness,
Kle, by a factor of 2 without reduction in )ield
stress. However, concurrent with this improvement
in K., there is an L_mexplai.ned and perplexing
reduc%ion in Charpy unpait energy. It was the
purpose of this research® to offer an explanation
of these contradictory toughness results reported
for 4340 and other alloys, in the light of the
basic differences between Kic and Charpy testing.

Uniaxial tensile, Charpy impact, fracture
toughness (Ki.) and dynamic fracture toughness
(X1g) tests were carried out on two heat-treated
structures of 4340. nanelv (1) austenitized at
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870°C and o0il quenched (hereafter reierred to as
the 870°C styucture) and (2) austenitized at
1200°C, held at 870°C and oil quenched (1200-
870°C structure}. The results obtained (Table 1)
indicated that (a) the yield stress was wnaffected
by austenitizing treatment, (b) the 1200°C
structure showed greater fracture toughness (Kj.)
and dynanic fracture toughness (Kiq); and (c) the
870°C s? mucture showed greuter Charpy impact
energy, ..ithough the difference was small.

In the light of these data, and by examination
of the fracture surfaces, it was concluded that
the contradictory toughness resulis were
independent of shear lip energy differences and
independent of the marked difference in strain
rate imposed by Ki. and Charpy impact tests. The
effect was attributed to the difference in notch
root radius (p) of the stress cnncentrator intro-
duced into the test-pieces: Charpy test-pieces
contain a V-notch (p = 0.25 mm) whereas Ky 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
specamens vere broken at room temperature in an
instrumenced Charpy machine, and the impact energy
and "apparent" fracture toughness, Ky, measured in
each case. In Fig. 1, the “apparent" fracture
toughness, Kj, is plotted against the square root
of the notch radius, p!/Z, for both microstructure.
It can be seen that for small root radii
(o < 0.05 mm) the toughness of the 1200-870°C
structuce 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 Kjc
value; but for Charpy tests, wheie p = 0.25 mm,
the 870°C structure will fail at the larger K
value, and thus shaw the larger impact energy.

An explanation for this behavior was deduced
from the theory, developed by Tetelman and co-
workers,”»? to account for the influence of notch
root radius on toughness. They preposed that,
for coustant stress controlled fracture, the
fracture toughness was given by

Kjelor Kp) = 2.9 o, [exp(og/ay - 1) /2 12

where oy is the yield stress, o the critical
fracture stress, and py 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
pg 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 cuperior toughness for
failure ahead of sharp cracks (i.e., in K. and
Kid) tests due to its larger effective root radius
for fracture. This was tentatively assaciated
with the larger prior austenite grain size. The
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Fig. 1. The relationship between tougnness,
measured by the apparent dynamic fracture tough-
ness (Kj) from instiumented (harpy tests, and
notch root radius (p) in oil quenched AIST 4340,
for the 1200-870°C and 870°C structures, p, is the
“limiting" root radius, Kiq the dynamic fracture
touphness. (XBL 758-6995)

st.ucture obtained after conventional austenitizing
at 870°C. however, would show superior toughness
for fracture ahead of rounded notches (i.e., in
Charpy impact tests) due to its larger critical
fracture stress for failurw:. This was associated
with impurity element segregatum to austenite
grain boundaries during the high austenitizing
treatment. A schematic represcentation of these
fracture events is shown in Fig. 2; a more com-
plete explapation 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 Kic or
Charpy impact energy values alone; an assessment
from both sharp crack fracture toughness and
romnded notch impact energy testing is required.

————
Abstracted from LRL-4125, September 1975

1. G. Y. lai et al., Met. Trans. 5, 1663 (1974).
2. R. 0. Ritchie et al., LBL-41257 (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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Table 1. Ambient temperature longitudial toughness properties for alluy
AIST 4340 in the oil quenched condition.
Charpy V-potch Plane Strain Fracture Dynamic Fracture
Austenitizing Impact Energy Toughness, KIc Toughness, KId
Temperature,
°C ft-1b J ksivin MPa/m  ksi/Ainm MPav/im
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
5.0 6.78 61.2 67.2
2.0 z.n
6.0 8.13
870 7.5 10.20 3i.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. HIQH TIMPERATURE ENOSION-CORROSTION PROCRAM

A. Levy, D. 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 coai 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 utilize low
amounts of critical, high cost alloying vlements
can best be wndertaken when the mechanisms of
degradation are well understood.

The separate deierminations of erosiorn behavior
and corrosion behavior of metals tested under
conditions that simulate the applicahle portions
of the total environment in a coal gasification
gasifier unit are now underway. 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 initial work on erosion has been done using
a room temperature limited blast tester. The
identification of multiple mechanisms of erosion
of comercially 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.

MICHANISMS OF EROSION

Fig. 1. Frosion craters. {XBB 761-582)

The conditions under which the impinging
particles strike the surface of the material have
a direct relationship t the amount of erosicn
that occurs. Figure 2 rhows 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 bezn developed that can
predict particle velociti's considering several
active variables. Figure 3 shows how the cal-
culated and experimental yarticle velocities vary
with AP across the nozzle.
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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 ¢ mpositions
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 1b/100 acf
can be maintained in certain combinations for time
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periods up to 10 hr duration between particle
hopper reloadings.

1. J. H. Neilsun and A, Gilchrist, Erosion by a
Stream of Solid Particles, Wear 11, 111 (1968).

2. 1. Finnie, Some Observarions 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).
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19. RESLARCH 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 temms of primary particles
and energies; (2) the “Inetic studies which are
aimed at the elucidatio. of the interactive roles
of alloying elements in . ‘e isothermal decomposi-

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

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, and microstructure on the behavior of ferrous
alloys.

The structure-property investigations of speci-
fic alloy systems will either be conclwled 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.



The ferritic alloys ({based on intemmetallic
compound dispersoids) have heen sugpested for
potential uses in: (1) cladding for breeder
reactor fuel rods, (2} turbine blades for the
temperature range of 550-650°C, (3) superheater
tvhes 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
p1operties 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
cquipment.

It is our hope that with the assistance of
ERDA staff and the active support of energy-related
industries that some of thesc alloys will
eventually assume a useful place in technology.
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Allays, (D. Fne. Thesis) LBL-3574, May 1975.

9. R. H. Lamoreau., Calculated Enthalpies of
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Transition, LBL-3711, i'ay 1975,



10. Benjamin Francis, The Fracturc Toughness of
High Strength Fe-Ni-Ti Alloys, (Ph.D. Thesis)
LBL-3124, May 1975.

11. R. 0. Ritchie, B. Francis, and W. L. Server,
Evaluation of Toughness in AISI 4340 Alloy Steel
Austenitized at Low and High Temperatures,
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Bainite Transformation, (M.S. Thesis) LBL-45S5,
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<. Relations Between Dislocations, Point
Delects, and Properties of Metals

Jack Washburn, Principal Investigator

1. PREFERENTIAL CAPTURE OF INTERSTITIAL ATGMS 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 450 kV electrun microscope,
has been studied in three Copper-Aluminum alloys
of different stacking fault cnergy. It was found
that dislocation segments remain on {111} planes
during climb. The climb rate is a function 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 LOW STACKING FAULT INERGY ALLOYS

Thomas Kosel

1he shapes of small a/2 (110} loops and their
orientation on the glide cyvclinder have been
calculated as a function of stress using a
computer program that takes into account all the
interaction energy terms for a2 finite nunber of
short straight dislocation segnents. The zero
stress equilibrium orientation of the loop was
found to be the purc 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 cdge
oricntation on either the major or the minor axis
only rises rapidly fo: angles greater than 20°.

3. THE MEQHANISM OF JOG NUCLEATION ON WIDELY
SPLIT DISLOCATIONS

Krishna Seshan and Thomas H. Kosel

Some preli.minai'y calculations have becn made
based on Grilhe's" model for climb of split
dislocations. Figure | shows three steps by which
it is assumed a double jog is nucleated: first
a cluster of interstitials forms in the region
af hydrostatic tension below one of the partials.
it is assumed to grow as a perfect 1/2 (110 loop
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Fig. 1.
extended dislocations.

Schematic model for jog nucleation on
(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 formed
by glide.

The cffect of stacking fault energy, shape of
the initial cluster, and of the angles between the
burgers vecters of the partial dislocations and
the directions of the lines is bheing studied using
the same computer program as in report 2 ahove.

4. ON THE DISSOCIATION OF INTERSTITIAL FRANK LOOPS
Krishra Seshun

5
Our investigation of ion-implan.ed siliconl"‘
showed that most of the defccts were hexagonal
interstitial Frank loops. Mo triangular or
tetrahedral defects were secn., Furthermore, in
extensive studies of radiation damage in metals,
interstitial tetrahedra have never heen rerorted.

This should be explainable on the hasis of the
dislocation dissociation processes and the self
energy of these defects (triangular and tetra-
hedral) relative to those that are observed.
Therefore a study of the dissocition and the
sell encrgy of these defects has been started.”
it bas been found that interstitial Frank loops
should dissociate to form obtuse angled, intrinsic
faults. It appears to be easicr to nucleate a
simple shear (intrinsic) fault than a double sheuar
extrinsic fault. Such an obtuse configuration
would inhibit the formation of extrinsic or
interstitial tetrahedra.

Calculations of the cnergy of thesc 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 vyext = Yint ¥ =
(stacking fault energy).

(b) The mode of splitting of the hexagonal
extrinsic Frank loop should depend on the ratio
Yext/Yint- FOT Yipt < 0.8 yext obtusc splitting
becomes ;‘avored.



It appears that 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 trumcated tetrahedron,
etc.

(We thank Drs. J. Grilhes and R. J. Giaboriaud for
use of their programme.)

1. K. Seshan and J. Washburn, Phys.
2, 345 (1574).

Z. K. Seshan and J. Washburn, Rad. Effects 26,
1-2, 31 (1975).

3. K. Seshan, J. Girilhe, and J. Washburn, Some
Considerations in the Splitting of Frank Loops,
Conf. on Fundamental Aspects of Radiation Damage,
Gatlinburg, Tenn., Occ. 1975,

Stat. Sol.

5. 10N IMPLANTATION DAMAGE IN SILICON
Krishna Seshan

The characterization of secondary damage
(damage left behind when the as-implanted damage
or "primary damage" anneals) has been extended to
doses above D, where a continuous amorphous layer
is formed. The defects observed at these doses
are not well characterized because they occur in
very high densities and have been variously
described as "microtwinned,” 'heavily faulted"
with "small crystallites," etc.

Electron micrographs in weak beam contrast have
shown that this seemingly complex microstructure
is simply one with a very high density of stacking
faults confined to a very narrow (3000 A) buried
region in the crystal. That this is so can be
corroborated by the electron diffraction pattems.

A characterization of these stacking faults is
being done from a simple model that assumes that
the crystal Tegrows from many slightly misaligned
remaining regions of good crystal. On the basis
of this model it is expected that extrinsic and
intrirsic stacking faults should both be present.

1. K. Seshan and .J. Washburn, Some New Results in
the Characterization of Defects in P* lmplanted
Silicon, Radiation Effects 26¢1-2), 31 (1975).

6. DEVELOPMMENT OF HETEROJUNCTION SOLAR CELLS
Terry Peterson and Barry Chin

A mixed crystal InyCd).,S-CuxS solar cell has
been shown to have important advantages compared
to the ordmary CdS-Cu,S heterojunction cell.

The following is a summary of the results obtained
so far.
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(1) Expected Characteristics of Mixed Crystal
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 lattice param-
eter matching should yield lower density of
mis-fit-accommodation dislocations, and hence,
fewer interfacial recombination sites,

C. Improved resistance to long-term degradation
arising from diffusion of copper into the
n-type layer because of the lower diffusivity
of copper in the mixed crystal compared to that
in CdS.

U. Improved short-wavelength response of 'back-
wall' cells because of larger band gan of the
mixed crystal compared to CdS.

12) Results to Date on Mixed Crystal Cells

Characteristics A and D above have been directly
verified in backwall cells made from a single
crystal of nominally 25% ZnS. These results are
reported in detail in LBL-3985. Characteristic C,
the improved stability, is indirectly evidenced
by the larger times requ1red to form an opaque
layer of Cu,S in the Cu*™* solution. The results of
short-circuit current measurements were inconclu-
sive with regard to the expected increase in
mixed crystal cells.

Another part of this worl has been the develop-
ment of techniques for co-evaporation of Cu and S
to form CupS films. It is expected that a modifica-~
tion of this equipment can be used to grow
epitaxial InyCd)-yS on a GaAs substrate.

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

Arvind Srivastava

Solution annealed type 316 stainless sieel was
irradiated by 140 keV protons at 625°C to study
its swelling behavior. The minimum and maximum
fluence of protons a{ whi sarrples w%e i{radiated
were about 2.25 x 1019/cm 2 x 10°Y/cemé,
respecuvely The average dose rate was
8 x 10! /(cm2 -sec). On the basis of theory the
rate of displacement of _atoms is expected to
increase from 0.4 _x 10°9/sec at the surface of the
sample to 2 x 10"3/sec at about 6500 A below the
surface. The rate then decreases rapidly to zero
at the end of proton range (~ 1 um). The inte-
grated swelling along the entire proton path
produces a step between the irradiated a'.d non-
irradiated surfaces. The height of the step, a
measure of the integrated swelling, was determined
by a surface profilometer, Using the step-height
data and the theoretical depth vs atom displace-
ments, a swelling 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 rising rate of swelling,
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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 0.75% per dpa. The rate of
swelling apparently remained at this highest
value during stage 11 (200 < dpa < 425). The
magnitudes of swelling for 200 dpa and 425 dpa
were about 50% 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 THE SHAPE MEMCRY PHENOMENON
EN NiITi®

Hani Moharmed

We have 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 ~ 55°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 leasi two
modes: (1) stress-induced twin boundary migration
within the martensite, and (ii) stress-induced

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 the observation that if
a specimen was bent at room temperature and then

Fig. 1. Stress induced twin boundary migration in
NiTi martensite a) before and b) after deformation.
{see text for explanation) (XBB 761-24R)
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Fig., 2. Schematic illustration of the cause of

spontaneous deformation of predeformed specimens
during thermal martensite growth (see text}).
(XBL 761-6208)



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 size 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 Tise

to the observed spontaneous strain., Since the
observed deformation modes are related to the
transformation, it would be cxpected that the
strain associated with these modes would be
complctely reversed when the martensite reverts
by a shear mechanism to the high temperature phase
during hesting.

L R
This work was partially supported by the National
Science Foundation.

9. ON THE IDENTIFICATION OF ASBESTOS PARTICLES
FROM AIR SAMPLES

Krishna Seshan

Asbestos is a well established carcinogen and
occurs as an air and water pollutant as isolated
fibers about I um long and some thousands of
angstroms in diameter.’ Although they are idcally
suited for morphological sEud)' iit the transmission
electron microscope (TEM),¢ there is much contro-
versy as to whether they may be identified by
electron_diffraction data, Specifically Ciarke
and Rudd” have starad that lattice parameter
measurements may be made using electron diffraction
patterns whereas Skikne et al.” have reported that
such diffraction data is unusable for simple
fibres as their diffraction patterns are insensi-
Tive to tilts.

We have confirmed the observation of Skikne
et al. and proposed a model to explain their
results.> Firther 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 passibly polytypism. The latter two phenomena
have been observed abundantly jn other chain
silicates such as wallastonite® and enstatite.

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

2. K. Seshan, Morpholegical Identification of
Chrysotile Asbestos Fibres, AIHL Rpt. 179 Calif.
State Dept. of Health.

3. R, L. Clarke and C. O. Rudd, Micron 5, 83
(1974),

4, M., I. Skikne, J. H. Talbot, R. E. G. Rendall,
Env. Research 4, 141 (1971).

5. K. Seshan, On the lnsensitivity to Fills of
Amphibole Asbestos Fibres, LBL-Rept., (To be
submitted to Micron).

6. H. R. Wenk, W. F. Miller, N. A, Liddell,

P, P. Phakey, Polytypism in Wallastonite, in
Electron Microscopy in Mineralogy, p. 324-31,
Springer 1976.

S. Jijima, P. R. Buseck, High Reduction
Electron Microscopy of Enstatite: Twinning,
Psymorphism and Polytypism, Amcr. Mineralyst
80, 758-70 (1975).

10, RESEARCH PLANS FOR CALENDAR YEAR 1976

Jack Washburn
Experimental and Theoretical Research on the Climb

of Dislocations during Preferential Capture of
Interstitial Atoms

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 Lhe microscope.

2} Temperature: The experiments are performed on
a specia: callibrated hot stage. 3) Orientation
and length of the climbing segment: Climb of
dislocation segments near screw orientation are
being compared with those near edge otientation.
4} Stacking fault epergy: 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 techpique
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 thet make possible



computation of interaction energies for many
close hy segments of dislocatiors having any
orientation and length.

High Fluence Radiation Induced Swelling Measure-
ments

The swelling produced in stainless steels and
special “lew swelling” alloys is heing 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 microscepy.
Measuremesnts 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.

lon Implantation Damage in Silicon

Previous work on characterization of rod and
loop defects that form during 700°C to 800°C
postimplantation Ennealing following low dose
{2 x 3014 ions/cm®) 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
campuz 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 ZnyCd;_,S-Cu,S hetero-
junctions it is planned to produce’ thin mixed
crystal layers of nyCdj.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 heterojunction
and to make an estimate of obtainable efficiences
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.

11, 1975 PUBLICATIONS AND REPORTS

Jack Washburn and Associates
Journals

1. K. Seshan and J. Washburn, 3ome New Results in
the Characterization of Defects in Phosphorous
Ton-Implanted Silicen, Radiation Effects 26, 31
{1975) (LBL-2776). =

2. K. W. Yeh, R, 5. Maller, W.-K. Wu, and

J. Washburn, Characterization of RF Spurtered 7n(
Piezoelectric Films Usiag Transmssion Electron
Microscope, 33rd Ann. Proc. Electron Microscopy
Soc. Amer., Las Vegas, Nevada, 1975, G. W. Bailey
(ed.) (LBL-3775).

3. W.-K. Wu and J. Washburn, Boron Precipitates
in Ion Implanted Silicon. "'33rd Ann. Proc.
Electron Microscopy Soc. Amer.™ las Vegas,
Nevada, 1975, G. W. Bailey (ed.) (LBL-3774),

4. W.-K. Wu and J. Washburn, Direct Observation
of Radiation Induced Precipitation in High Voltage
Electron Micrescope, "33rd Ann. Proc. Llectron
microscopy Soc. Amer,' Las Vegas, Nevada, 1975,

G. W. Bailey (ed.) (LBL-3782).

5. H. A, Mohamed and J. Washburn, Mechanism of
Solid State Pressure Welding, Welding Journal
54, 302s (1975) (LBl-3511).
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1. E. Seshan, J. Grilhe and .). sashbumn, Some
Considerations in the Splitting of Inters*itial
Frank Loops Formed by Irradiation, Intern. Conf.
on Fundamental Aspects of Radiation Damage in
Metals, Gatlinburg, TN, OCt. 197S.

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. Washburrn, Climb of Prismatic
Loops in Cu-Al Alloys During lIrradiaticn in the
HVEM, Intern. Conf. on Fundamental Aspects of
Ra.siation Damage in Metal Gatlinburg, TN, Oct.
1875,

LBL Reports

1, Thomas Herbert Kosel, Irradiation Induced
Dislocation Climb in Cu-Al Alloys of Different
Stacking Fauit £nergies, (Ph.D. Thesis) LBL-3590,
June 1975.

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



3. Wei-Kuo Wu, Defects in Boron Ion I[mplanted
Silicon, (Ph.D. Thesis), LBL-3758, May 1975.

4, Terry Michael Peterson, An Investigation of
the "ug5/Cdy-y2n,S Heteroiunction: A Potentially
Low-Cost, H)g{; _i‘flclcm Photoveltaic Energy
Converter, (Ph.D. Thesis), LBL-3985, Aug. 1975.

5. J. Grilhé, K. Seshan and J. Washburn, On the
Possibility of Mucleating Loops with Burgers
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Rad. Lffects, LBL-3757, May 1975

6. Krishna Seshan, Electron Microscopy Studies of
lon Implanted Silicer:, 7+ D. Thesis), LBL-2728,
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7. Barry lee Chin, An Investigation of the Cu,S/Si
Photovoltaic Cell, (M.S. Thesis), LBL-4553,
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3. PHYSICAL PROPERTIES

a. High Field Supsrccnductivity

Milton R. Pickus, Prinecipal Investigaior

1. SUPERCONDUCTIVE WIRES MADE BY THE INFILTRATION
PROCESS -

Kanithi Hemachalam and Milton R. Pickus

The infiltration process originally developed
for producing a superconducting tape has been
successfully adapted for the fabrication of
multifilamentary wire. The wire process, which
begins with isostatically compacting niobium
powder, is shown schematically in Fig. 1. A
comparison of the overall critical current density
as a function of transverse magnetic field between
this new wire (called MMRD wire for convenient
reference) and commercial bronze-process wire is
shown in Fig. 2. Both wires were tested under
identical pulsed pulsed fieid conditions.

The MMRD wire with its monel cladding hess a
diameter of 0.013 in. It is a single core wire
with a core diameter of 0.00% in. The size of
the Mo3Sn filaments varies from 1 to 2 um. The
wire, which has a critical temperature of 18.1°K,
was reacted for 1 minute at 930°C.

The commercial bronze-process wire, which has
a diameter of 0.012 in and contains more than
1000 cores, was made by repetitive wire bundling
and mechanical deformation. It required a
reaction time of 70 hours at 700°C. The NbiSn
layer thickness is 2 um.

Bending tests performed on both wires indicate
that MMRD wire suffers less degradation of
current-carrying capacity for a givan diameter
bend. The bronze-process wire showed a 20%
degradation after a 2.5 cm diameter bepd. To
produce the same degradation, MMRD wire had to be
bent to a diameter of 1.5 cm.
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Fig. 1. Infiltration process for the fabrication
of multifilamentary superconducting wire.
(XBL 7510-7537)

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

density on the magnetic field. {XBL 7511-9428)

and optimized by many research groups, both in the
United States and abroad. The new wire, on the
other hand, which was produced by a comparatively
simple and time-saving procedure, has not yet been
fully optimized. By doping with zirconium and
optimizing the cladding to core ratio, further
improvements in curreni-carrying ¢ sacity are
expected.

2. PRELIMINARY STUDIES OF A NEW APPROACH TO HIGh
FIELD SUPERCONDUCTORS BASED ON Nb3zAl
Robert Ciardella and Milton R. Pickus

There is at present no technologically satis-
factory method for producing a superconduct ing
wire or tape based on the A-I5 compound, NbsAl.
After an intensive study of the niocbium-aluminum
binary system, it was decided to investigate an
approach based on the high temperature solid
solubility of aluminum in nisbium. According to
the phase diagram shown in F g. 1, this solubility
increases with temperature to t maximm of about
23 at% at a temperature of app: dximately 1550°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 1ts yield-
ing an A-15 phase produced at temperatures less
than 1000°C. This feature is of c¢irdinal
importance for current-carrying canacity. The
A-15 phase has been characterized by x-ray
diffraction, electron beam microprobe, metallog-
raphy and critical temperature meas.rements. The
Tc onset is 17.6°K. The current-carrving 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 presznt stage of
developmant, using high pressure helium as the
quenching medium, the composition of the metastable



solid solutien is limited to about 24 at? aluminum.
‘This accounts for the T¢ value being zbout 1°K
tower than that of bulk samples. @ven so, the
value of Tg obtained is approximately 2°K higher
thar has thus far been reported for MbzAl made by
other low temperiture procedures.

THE A-15 STRUCTURE
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3. DENSIFICATION STUDY OF A-15 COMPOUND POWDER
Dilip P. Modi and Milton R. Pickus

The objective of this investigation is to
generate basic information on the response to
heat and pressure of compacts made from A-15
compound powder, so that an assessment can be made
of the feasibility of using such powders in the
fabrication of practical supeiconductors. The
compound Nbz({Alp, 75Gep, 25) was selected to
initiate this study for two reasons: (1) it has
better superconducting properties than any known
A-15, with the exception of the metastable
compound, NbzGe; and (2) no technologically
satisfactory method has yet been developed to
produce superconducting tape or wire based on
this compound.

The first part of the study involved the appli-
cation of pressure and heat sequentially. The
powder was prepared by pulverizing arc melted
buttons. Small cylinders were isostatically
compacted at a pressure of 60,030 psi and then
sintered for one hovr in a helium atmosphere at
temperatures of 950°, 1150°, 1350°, and 1550°C.
No densification occurred over the temperature
range covered.

An attempt was then made to activate the
densification process by the introduction of
additives. Of those tried, copper was by far
the most effective. Even with copper, however,
it was not possible to achieve densities greater
than 80% of theoretical.

Work is now in progress on applying heat and
pressure simultaneously rather than sequentially.
Densities of 95% of theoretical have already been
achieved, without the use of additives. A
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Photomicrographs of densified compacts of
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comparison between the relative densities achieved
by hot pressing and by cold pressing and sintering
is shown in Fig. 1. Photomicrographs of samples
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cold pressed and sintered at 1550°C and hot pressed
at 1450°C are shown in Fig. 2.

4. FORMATION OF THE Ab-Al-Ge A-15 COMPOUND BY
REACTING THE ELEMENTAL OOMPONENTS IN A SPECIAL
CONFIGURAT iON

José J. Granda and Miltcn R, Pickus

This work involves /nother approach to generate
data on the nicbium-aluminum-germanium system that
could be used to design a process for fabricating
a superconducting wire. Niobium tubes wrru - *lled
with a mixture of aluminum and geTmaniur r-wJders
blended in a provort:on corresponding to
Mg 750ep, 25. For molling was emplayed to
consolidate the powder core. The composites were
then reacted for variocus times cver a range of
temperatures to determine whether and in what
manner the A-15 phase would fom. In these
preliminary studies, phase identification was
based on the characteristic colors imparted by
anodizing. It was found that both the morphotogy
and the velume fraction of the phases formed
varied markedly in the temperature range 1600°-

50 u,

Section through sample reacted for

4 minutes at 1800°C. Part of the niobium tube
may be seen at the left. The A-15 phase occurs
at the interface and as islands within the core.
(BB 7512-9145)

Fig. 1.



1800°C. The maximum amount of \-15 piase observed
thus far was in a sample tnat was reacted for

four minutes at 1800°C and thern genched. The
microstructure is shown in T . A critical
temperature of 18°K was observed for this sample
by inductive measurements. Optimization of thermal
treatments is expected to raise this wvoiue
substantially.

5. RESEARCH PLANS FOR CALENDAR YEAR 1976
Milton R. Pickus

Present results obtained with single core,
multifilamentary wire produced by the infiltration
process are very encouraging., We plan first to
fully optimize the procedure, and then to
characterize the wire as completely as possible
s0 that a realistic assessment can be made of its
potential value as a practical supercenductor.

The program will include doping with zirconiw.
This is expected to increase the current-carrying
capacity of the wire substantialiy. Also planned
is an extensive investigation of its mechanical
behavior. Additionally, the ac losses characteris-
tic of this type of wire will be determined by
magnetization tests.

In regard to the new procedure we have developed
for forming the A-15 phase of the niobium-aluminum
system at temperatures below 1000°C, the first
priority will be critical current density
measurements. The data will he used to determine
the optimm aging temperature. Preliminary
experiments have shown that extensive twinning
occurs in the mechaiically deformed metastable
solid solution, and that the twins are very
effective nucleation sites for tho formation
of the A-15 phase, It is planned to determine
whether these effects could be used to obtair a
filamentary morphology without having to resort
to the bundling of single core wires. We intend,
also, to explore the possibility of using a more
effective quench to increase the amount of
aluminum retained in the metastable solid solution.

In the niocbium-aluminum-germanium system, we
believe that we have succeeded in synthesizing

the A-15 compound by a diffusion reaction beztween

a niobium sheath and an aluminum-germanium core.

We plan to study the kinetics of formation of the
various diffusion layers so that the growth rate of
the A-15 phase can be optimized. The resulte cf
these studies will be used in designing a process
for producing a multifilamentary Nbz(Al,Ge)} super-
conductor.

In an zlternative approach using precorpounded
NbzfAl,Ge) powder, we have estrablished that cold
pressing followed by sintering is ineffective for
achieving significant densification. Preliminary
cxperiments with hot pressing on the other hand
have resulted in densities approximately 95% of
theoretical., Since we are interested in achieving
maximm densities at the lowest possible tempera-
ture, we plan to continue these studies using hot
isostatic compaction. With this procedure we
should be able to use pressures at least an order
of magnitude greater than is possible with hot
pressing.

6. 1975 PUBLICATIONS AND REPORTS
Milton R. Pickus and Associates
Joumal

1. K. Hemachalam and M. B. Pickus, Powder
Approach for pultifilamentary Niobium-Tin
Superconducting Wire, Appl. Phys. Lett. 27, 570
(1975).

LBL Reports

1. K. Hemachalam and M. R. Pickus, Niobium-Tin
Superconducting Wire by the Infiltration Process,
{submitted to J. Less Common Metals) LBL-4532,
1975.

2. Robert L. Ciardella, Design Parameters for
Processing Flexible Nb3Al High Field Super
conducting Wires and Tape (M.S. Thesis) LBL-4174,
1975.

3. K. Hemachalam, Filamentarv Nicbium-Tin
Superconductors Fabricated by Powder Metallurgy
Approach, (D. Eng. Thesis) LBL-4181, 1975.
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b. Microstructure and Mechanicai Behavior of Ceramic Materials: Glass- and Ceramic-Metal Systems

Joseph A. Fask, Principal Inmvestigator

A major objective of the research program deals
with correlations of character (with emphasis on
microstructures and nature of grain boundaries)
wich mechanical behavior and corrosion resistance
at high temperatures, and with determining the
factors that piay a role in obtaining a ceramic
material with a designed character. It involves
stulies on the mechanisms responsible for the
meclanical behavior of single crystals, and on the
application of such knowledge to the understanding
of the behavior of polycrystalline ceramic
materials. It also invoives studies on the
kinetics and mechanisms of solid state reactions,
sintering, and distribution of phases in a
multiphase system.

The compositions under study--nullite, alumina,
forsterite, spinel, magnesia--are basic materials
of industrial ceramics and refractories, and

sinterira is the basic method for their manufacture.

The fundamental approack in these studies in

terms of physical chemistry, solid state chemistry,
and dislocation theory also makes the work
relevant in that the determined principales should
be applicable to other polycrystalline metal and
ceramic materials, and composites.

A second objective of this program is concerned
with structural, thermodynamic, and electrochemical
studies of glass-metal and ceramic-metal systems.
It involves studies related to wetting, bonding,
and the nature of the interfaces between dis-
similar phases; to the thermodynamics and
kinetics of chemical reactions at such interfaces;
and to the kinetics and mechanisms of dissoluticn
and diffusion in glasses. A basic understanding
of the nature of interfaccs and the mechanisms of
reactions at interfaces is critical in all
materials.

1. STABLE AND METASTABLE EQUILIBRIA IN THE SYSTEM
§107-A1,05*

f1han A. Aksay;r and Joseph A. Pask

Concentration profiles of Al;05 in diffusion
couples made from sapphire and fused silica were
used to detzrminc the stable cquilibrium phase
diagram of the system SiDz-:1;03 (Fig. lJ. The
intermediate compound mullite, 3\1703 25102, melts
incongruently at 1828°+ 10°C; its stable solid-
solution region ranges from 70.5 to 74.0 wt$ Alp03
below 1753°C and from 71.6 to 74.0 wt} at 1813°C.
‘The microstructures of diffusion zones and heat-
treated specimens also indicate the incongruency
of mullite. Additional information is given for
3 metastable systems: S5i03-A1203 in the absence
of mullite, Si0;—'"ordered"-nullite in the absence
of alumina, and $i0;—''disordered"-mullite in the
absence of alumina. Under metastable conditions,
ordered mullite melts congruently at ~ 1880°C
and its solid-solution range extends up to
~ 77 wt% Al203. The solid-solution range of
disordered mu'lite extends to ~ 83 wt% A1303
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Fig. 1. Stable 5i0,-Al>0z equilibrium phase
diagram is shown by solid lines at top. Super- .

imposed on stable equxllbrmm diagram are possihle
metastable phase diagrams for SiO;-"ordered™'-
mullite and $i0;-"disordered" -mliite Systems.
Inmiscibility reglon is Crom Ref. 2 of Item 3.
This featurc is discussed in Item 3. Relation
between concentration profile of a semi-infinite
fused silica-Al»0z diffusion couple and stable
phase equilibrium diagram is drawn for 1753°C at
bottom; €y ~orresponds to 100% Al;0s.

(\(Bl 7410-7523)

with an estimated congruent melting temperaturc
of ~ 1900°C. The existence of metastable systems
is associated with superheating of mullite above
the incongruent imelting temperature and with
nucieation of alumina and mullite in supercooled
alumimm-silicate liquids.

The $i07-A1303 binary system is of prime
imortaace in ceramic technology becausc of the
widespread use of these components in ceramic
porcelains and insulators, refractories, and glass-
ceramics.

*
Abstract from .J.
507-512 (1975).

"Present address: Department of Metallurgical
Ingineering, Middle Fast Technical University,
Ankara, Turkey.

Am, Ceram. Soc. 58 [11-117,



2. EFFECTS OF CaO AUDITIONS ON MULLITE PHASE
EQUILIBRIA, SOLID SOLUTION AND GROWTH RATES

Victor F. Drapev and Joseph A. Vask

In view of the recent revision of the Al1203-5i0p
stable phuse diagram! (also, sce Item 1), the
question arises as to the true location of the
mllite-corundum (3A1203-25i02-A1203) phase
boundary in the Al;05-Ca0-5i0; ternary system.

The currently accepted boundary- was based_on an
earlier revision of the Al303-Si02 systcm.3

Aksay and rask! have predicted a nuiber of
metastable phase diagrams within the Aiz03-5i0;
system, Failure to take this metastability into
account has led to misinterpretaticns of the
Jocation of the mullite-conmdun bowndary. Thex
also sliowed that the stablc mullite solid solution
range covld only be realized when mullite was
grovm by solid state veaction in the presence of
alumina. This was accomplished using a diffusion
couple technique between end components of fused
silica and single crystal sapphire.

This diffusion couple technique is being util-
ized to yield information on the position of the
mullite-corundum stable phase boundary in the
Al203-Ca0-5i0; ternary system. A number of
compositions in the ternary system have been
prepared for reaction with singie crystal sapphire.
Analyses of the experiments shouid vield the
following information:

1)

2)
3

position of mullite-corundam stable phase
boundary

temperature slope of the boundary

solid solution range of mullite in the
presence of Ca0

Additional experiments are Deing conducted to
determine the extent of the metastable mullite
(nominally 2A1203+5i07) solid solution range in
the binary Al203-5i0p system and in the temary
A1703-Ca0-5i0y system and to determine the effect
of Ca0 on the diffusional grawth of mullite.

1. 9. A, Aksay and J. A. Push, J. Am. Cer. Soc.
58, {11-12) 507-512 {1975},

Z. 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
§10,-A1,0; SYSTEM

Subhash H. Risbud and Joseph A. Pask

The crystallization behavior and microstructure
of glass-ceramic compositions can be significantly
affected by prior liquid phase separation
occurring either during cooling of the melt or
reheating of the glass. Awareness of regions on
the phase diagram that exhibit stable or metastable
(subliquidus) immiscibility and their relation to
the microstructure of crystallized melts and

glasses is thus of value. The existence of 1
immiscibility ir the Si03-Al303 binary system
therefore of grea® interest.

is

Experimental data presented by MacDowell and
Beall“ suggests the existence of phase scparated
structures in conj.ositions between 7 and 55 mole
alumina at a temperature of 1100°C with a consolute
temperature of 1650°C. The metastable miscibil-
ity gap proposed '3y these authors has been ques-
tioned in phase ¢quilibria studies by Aksay and
Pask® and by Gbﬁen‘agirms on rapidly cooied glasses
by Takamori and R Experimental difficulties
in delineating imm.scibility regions in the
$i02-A1503 syste: include problems associated with
quenching fro: 1 temperatures (about 2000°C)
and the tendenc -f compositions greater than
about 30 mole% yjumina to crystallize readily.

In view of these difficulties, a model based on
regular soluticn thermodynamics has peen used in
this work along with the phase diagram data to
estimate liquid-liquid immiscibility. The
relationship of the calculated miscibility gaps
to the microstructure of crystallized meits and
glasses is then examined by <xperimental studies.

Thermodynamic data on activities, activity
coefficients, and free energies of mixing were
obtained for stable and metastable binary phase
diagrams betweer, silica, alutina, and mullite.l
The procedures used required a knowledge of the
heat of fusion and the position of the liquidus
curve of the component under consideration, Such
data for silica and alumina have been reported but
the heat of fusion of mullite was nct available.
An estimate of the heat of fusion of mullite was
made based on the principle that at a fixed
composition the activity values of silica calcu-
lated from the silica and mullite liquidi should
be the same. A heat of fusion of ~ 27,000 cals/mole
for nullite was obtained by this estimation and
used for the calculation of the thermodynamic data.
The regions of immiscibility and spinodal curves
resulting from the computations are shown in
Fig. 1.

The calculated miscibility gap under the mullite
liquidus extends from ~ 10 mole% to ~ 52 mole$
alunina at a temperature of 1100°C. These limits
closely match the compositions observed to be
phase separated by MacDowell and Beall.® A
representative composition within the immiscibility
gap (~ 15 mole% Al503) was observed in the present
study by direct transmission electron microscopy
after quenching from above the liquidus. The
resulting microstructure shows glass-in-glass
phase separation (Fig. 2). The temperature of
the consolute point calculated by the present
approach, however, is ~ 1540°C. One of the
limitations of the model used in this s is
that a narrower gap is predicted than is experi-
mentally observed. The consolute temperature is,
however, fairly accurately predicted. The
calculations thus agree with the_compositions
suggested by MacDowell and Beall? but suggest that
the consolute temperature should be ~ 1540°C.

A miscibility gap was calculated to be present
under the alumina liquidus, but it is very diffi-
cult to verify experimentally. Its existence is,
however, suggested by the considerable super-
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imposed on the phase diagram of the Si0p-Al 203
system (Ref. 1). This replaces the miscibility
gap proposed by Ref. 2 and shown in Fig. 1 of
Item 1. (XBL 766-7008)

rFig. 2.
of phase separation in an as-quenched 15 mole$

Direct transmission electron micrograph

alumina-85 mole% silica glass. Scale of phase
separated glassy droplets (white) is ~ 350 A.
Diffraction pattern from the droplets shows
diffuse halo characteristic of amorphous materials,
(XBB 7510-7485)
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cooling observed® in alumina-rich compositions
prepared by laser spin melting. For example, a
73 wt$ alumina composition was observed to
undercoal to a temperature of ~ 800°C hefore
crystallization. This temperature is very close
to the boundary of the miscibility gap calculated
in the present work. Experimental evidence for
immiscibility in alumina-rich compositions should
be sought in rapidly cooled gilasses between ~ 55
and 80 mole? alumina, after annealing for long
times in the temperature range 600-830°C. In view
of the problems in obtaining direct experimentai
data for locating imriscibility the present
estimates may serve as at least a useful first
approximation for workers studying phase separated
structures and for those testing wunusual glass-
forming compositions by exotic quenching techni-
ques.

In an attempt to experimentally correlate the
calculated immiscibility with microstructural
ahservations, melts of a mumber of compositions
in the silica-alumina system were crystallized
wunder controlled conditions in sealed molybdenmum
crucibles. The microstructurce was affected by the
heat treatment given the melt after it was
homogenized at 2100°C for 30 to 40 minutes. As
illustrated in Fig. 3, holding at temperatures of
1200°C and 1860°C does not cause significant

MELT
60wt® Alumina- Silica Comp

o o -7
1860’ 1200° Noc
Fig. 3. Nomarski interference contrast micrographs

illustrating the effect of a nucleation step on
the micrestructure of a 60 wt% alumina melt
homogenized at 2100°C. The 1860 and 1200 micro-
structures are coarse while the 200 microstructure
is fine. The latter received an anncaling step
within the miscibility gap (Fig. 1) prior to
holding at 1750°C. (QBB 7510-7487)

variation in the microstructure. A prior nuclea-
tion step at 900°C foilowed by holding at 1750°C
results in a finer microstructure. This suggests
that a phase separation step which promotes
nucleation is effective in developing a fine
microstructure. Further work on crystallization
behavior in melts and metastaple reactions in
powdered mixtures of silica and alumina is continu-
ing.

1. I. A. Aksay and J. A, Pask,
54, [11 12], 507-512 (1975).
7. J. F. MacDowell and G. H. 3eall, ibid, 52 [1],
17-25 (1969).

3. T. Takamori and R. Roy, ibid,
(1973} .

4. R, H. Doremus, Glass Science, pp.57, John
Wiley and Sons, New Yor N

S, R.A, Happe Private Corrrnumcntlon

J. Amer. Cer. Soc.

36 [12], 639-644
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1, STUDES OX CRYSTALLIZATION OF MULLITLE*

Carolyn M. Krumcr+ and Joseph A, Pask

Aluminosilicate alkoxy powders were found to
be intimate miztures with some internal structure
that form mullite at temperatures greater than
1200°C. Hot pressing techniques produced dense
translucent mullite {rom amorphous alkoxy mullite
powder. A tegperature cycle of 15()O°L, 72-hr
at 2930 k;,/cm- developed 9.1 to 0.2 um equiaxed
mllite grains. Sintering at I700°L/30-hr
increased the grair size by an order of magnitude.
The 8¢ powder that was hot pressed and anncaled and
the sintered 71.8% Al>05 powder developed acicular
grains that were attributed to the presence of a
{ree siliceous phase. Course alkoxy powder granules
are precursors to inhomogeneity and pores in the
compucts.

The stable and metastable solid solutions of
millite were distinguished by plotting the
lattice parameter a® vs wt® alumina, The
pretreatments of the alkoxy powders when hot
pressed and amnealed changed the lattice parameters
littic compared to the scatter observed for arc
fusion sarples. Bath the metastable and
millite had lattice parameters that ingrc-.ls
alumina content. Alsc V¢ vs c®ora
indicated a general increase or positive slope.
Additional studies are necessary to pinpoint the
functional relations of x-ray parameters a® and ¢°
with respect to V. Further work on the
persisten~e of metastability in silicate systems
and the sensitivity of mullite to heat treatments
which change the crystallization of mullite is
neecded.

[P
bstracted from LBL-3908

B
Present address: Sandia Corp., Livermore,

California

5. DETERMINATION OF PHASE DTAGRAMS USING
DIFFUSTON TECIINIQUES*

Joscph A. Pask and flhan A, Aksay

Semi-infinite diffusion couple arrangements
between two condensed phases can bhe readily
analyzed with the use of the electron beam micro-
probe analyzer to determine the composition
profiles in the two end phases of the couple
arrangement ard in any intermediate phases that
may grow between the end phases. When the
reactions at the interfaces are diffusion
controlled, chemical equilibrium exists at each
interface and cach interfacial composition then
corresponds to either a liquidus or a solidus
composition. These interfacial compositions,
with the aid of microstructural observations, can
be used in the construction of the stahle and/or
metastable equilibrium phase diagrams involving
th~ end phascs of the diffusion couple. This
technique wus applied to the study of phase
equilibria jn the Si0z-Alzu3 system.

—
Abstract from Mass Transport Phenomena in
Ceramics, Materials Science Research, Vol. 9,

edited by A. R. Cooper and A. H. Heuer, Plenum

Publishing Corp., N.Y., 433-444 (1975).
“Present address: see ITtem 1.

6, THERMODYNAMICS AND KINETICS OF SINTERING*

Carl Hogc-" and .Joseph A. Pask

Tnermodynamic approaches to sintering have re-
ceived iittle theoretical or experimental
investigation although a thorough understanding of
thermc dymamic factors is required to accurately
understand and predict sintering phenomena. Since
the basic driving force for sintering is the
reduction in the total interfacial energy
associated with changes in the surface and grain
boundary areas of powder compacts, the differential
of the free cnergy, &G, must remain negative for
sintering to proceed. If &G becomes equal to zere,
sintering ceases and possible endpoint densities
less than theoretical will result.

A thermodynamic analysis of solid phase sin-
tering for several geometric assemblages has been
periormed. In this analysis, the solid-veror
dihedral angle is related to critical ratios of
ves/¥sr (i.e., grain boundary energy/surface
cnergy) that determine endpoint densities for
cach packing array. The experimental dihedral
angle in a sintering compact is also shown to
influence the vacancy concentrations near internal
and external interfaces, and to determine the
thermodynamic driving force for densification.

Thermodynamic analyses of grain boundary motion
indicate that pores pin planar grain boundaries
and that a critical grain houndary curvature is
necessary {or grain bowndaries to sweep past pores
leaving them isc’s- ~ and that this curvature
is relatively ini.’ .+ of the dihedral angle
for most solid pii ering systems.

In order to compare theory with experiment, the
sintering of MpC compacts was investigated.
Results indicate that sintering rates are
dependent upon the thermodynamic driving force for
densification and that possible endpoint densities
less than theoretical may be an inhereat character-
istic of MgO for certain packing arrays.

A thermodynamic analvsis was also performed for
liquid phasc sintering systems forming zero and
nonzero solid-liquid dihedral angles. Results
indicate that critical ratios of yggp/vgy exist
which are dependent on the magnitude of the
dihedral angle for the svstem and on the volume
fraction of liquid phase.

Additionally, kinetic analyses are performed
using monerical integration techniques which enable
a more accurate description of liquid phase
sintering rates than have previouslv been discussed.
These models are described in terms of particle
size differences, in terms of magnitudes of di-
hedral angles, and in temms of volume of liquid
phase in sintering compacts. Froin these analyses,
densification parameters are related to time and
to the initial particle sizes. The models are



then discussed in terms of existing experimental
data.

—
Abstracted from LBL-3116, LBL-3546, and LBI-3563.

“Present address: Bendix Research Labs., Bendix
Center, Southfield, Michigan.

7. KINETICS AND MECHANISMS OF SINGLE PHASE SOLID
STATE SINTERING*

Boon Wong' and Joseph A. Pask

Sintering kinetic models based on rate control-
ling mass transport mechanisms, unified macroscopic
viscous flow, and microscopic vacancy diffusion
concepts were used to develop equations for hoth
the intermediate and final stages of sintering.
Experimental sintering studies on both indoped
and Ca0O doped MgO powder compacts in static air
and flowing water vapor atmospheres were performed
in the temperature range between 1280°C and 1600°C.
Corresponding microstructural changes of sintered
specimens during sintering were examined with a
scamning eiectron microscope.

Sintering kinetic data obtained were subsequent-
ly analyzed in terms of the apprapriate proposed
models. The rate controlling step for sintering
in air was bulk diffusion due to the driving force
to eliminate the surface reverse curvature result-
ing from neck formation. The rate controlling step
for sintering in flowing water vapor was grain
boundary diffusion due to the maintenance of a
small noneguilibrium dihedral angle because of
rapid surface diffusion.

—_—
Abstracted from LBL-3957

*Present address: Department of Materials Science
and Engineering, Virginia Polytechnic Institute &
State University, Blacksburg, Virginia.

8. HIGH TEMPERATURE DEFORMATION QF SINGLE CRYSTAL
AND POLYCRYSTALLINE MgO*

Philip C. Dokko and Joseph A. Pask

This investigation was directed toward under-
standing of the roles of plastic anisotropy, grain
boundary and diffusional processes in deformation
nf MgO at elevated temperatures. Both single
crystals (undoped crystals in ¢100), ¢110), and
(111} orientations and Ni-doped crystals in ¢ 100}
orientation) and fully dense polycrystals (with
grain sizes ranging from 4 to 160 um) were deformed
in compression under stress-strain and creep
testing conditions (thus covering strain rates
differing by 4 orders of magnitudes) at 1200°C
(0.48 Ty) and 1400°C (0.55 Tp). In genmeral, no
polycrystals were harder than a (111) crystal,
nor scfter than a (100> crystal, which represented
dislocation glide on the more difficult and the
less difficult slip planes, respectively.
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Grain size dependence of yield stresses (Fig. 1}
indicated that yieldiag of medium-grained or
ccurse-grained specimens involved stress
concentrations due to pileup of dislocations at
grain boundaries. There was, however, evidence
of intergranular separation at the yielding stages.
The effect of grain boundary nature, per se, was
also indicated by the variabilityv of the yield
stress for the same grain size as a function of
prior heat treatment. On the other hand, yielding
of fine-grained specimens (< 15 um) involved
accomodation by dislocation clird.
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As shown in Fig. 2, fine-grained specimens werc
more ductile than medium-grained specimens, all
of which yielded at the same stress as an ¢(111)
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single crystal. since all five slip systems would
have heen activated, the failure to realize
large ductility in the latter specinens was
attribvied primmily to plastic anisotropy. In
view of the ability to deform after the loss of
transparency, intergranular separation wis
considered as a mode of accommodation, although
it was accempanied by weakening effects.

Steady flow stresses or steady creep rates were
ssentially independent of grain size as long as
4 dislocation mechanism was operative, I'oly-
crystals tended to behave like a (1110 crystal

as temperature vas increased and strain rate was
decreased.  Fine-grained specimens exhibited a
strain rate sensitivity and were deformed by the
Coble type of diffusional mechanism when crept
under low stresses at 1300°C.

®
Abstracted from LBL-3979,

Q. LFFECT OF PROCESSING ON MICROSTRUCTHRE AND
MLCHANTCAL BEHAVIOR OF Mao*

Truert B. Sh‘c-cting— and Joseph A. Pask

Specimens of polye alline MpO were fabricated
from two powders by hot pressing in graphite or
slumina dies, followed by amnealing in
vacuum, or within the graphite die in v,
Character parameters affected were density, grain
size, and visual appearance which was considered
to be dependent on grain boundarny: strnucture.
Correlations of the character or microstructure
of the specimens were made with their mechanicel
behavior in compression at a constant strain rate
at 1200°C.  Specimens made from the purer powder
showed higher ductility when annealed in air. The
formation of a boundary ligquid phase with the
other type of powder tended to eliminate the
cffect of the processing variables. All of these
specimens had a lower yield stress and less ductil-
ity.

—
Abstracted from LBL-3700
“Present address: New York State Cotlege of

Ceramics, Alfred,

10. t T OF Cry05 ON SINTERING AND MECHANICAL
BHI/\\ IOR OF MgO = ?

Nicholas Cassens, Jr. and .Joseph A, Pask

With Lr'rreaamg demands for higher temperature
refractories to improve efficiencies in modern
steelmaking, it becomes very important to under-
stand the effects of additives on the character
of refractories and their mechanical behavior.
Additions of Cry03 are used in MgO refractories

to improve strength and slag corrosion resistance.
However, results are sometimes erratic and
improvements dre marginal.

Studies have been started to determine the
effect of Cr:(5 additions on MgN. Two commercially
available calcined MgG powders of 99+% and 95%
purity will be used. In the fabrication of
specimens factors being explored are agglomeration,
mixing, pressing, and sintering wider reducing
and oxidizing atmospheres, Questions of particular
concern with respect to the us. of Crz0z are its
vaporization during sintering, spinel formation,
and sclid solution.

- STRAIN
1 MgO-Cadly S0, *

11. \l](l\(\H]kUUUl\lA
BEFAVTOR OF A MOIDEL
Willimn L. Snowden and Joseph A. Pask

A model system was doveloped *o study the
effect of the presence of a boundary phase on the
high temperature mechanical behavior of Mgl
materials.  Specimens of polyerystalline Mg con-
taining up to 15% of a silicate phase equivalent
310y were fabricated by hot pressing or by
ssing and annealing tct.hn]que Phase
diagram analysis and x-vay diffraction indicated
the presence of OMS and sugpgested in addition the
presence of an amorphous phase in the boundarv
material.

The high temperature stress-strain behavior of
these specimens was studied in compression over the
temperature range 1200-1400°C.  Behavior was
found to be strongly uependent on the degree of
continuity of the boundary phase. At 1200°C the
stress-strain behavior was concluded to be
controlled by the relatively rigid boundarv phase,
while at 1400°C deformation was controlled by the
boundary phase only when the MgO grain-grain
contact area was low.

g
Ahsiracted from J. Am. Ceram. Soc. 58 311-314
(1975), and LBL-3507 Rev. (Partially supported by
a Grant-in-Aid from the Refractories DNivision,
Kaiser Aluminum § Chemical Corp., Pleasanton, C\.

Corning Glass Works, Comning,

+Prcsent address:
K.Y,

12, CREEP BEMAVIOR OF A MODEL REFRACTORY SYSTEM
MrO-CaMgSiOg*

William E. Snowden’ and Joseph A. rask

The high temperature creep behavior of Mg
containing ~ 5% CMS and a glassy phase distributed
along MgO grain boundaries was studied in the
range 1200-1450°C. Although uncertainty in the
shear modulus of this composite system precluded
comparison of observed strain rates with pre-



dictions of various models as is customary ir
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 microstnxture observations of deformed
specimens.

At 1200°C deformation was concluded to be
controlled by a dislocation mechanism in the Mg0
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 twc or more mechanisms were contri-
buting to creep simultanecusly.

—_—
Atstract from LBL-4122.

+Pmsent address: Corning Glass Works, Corning,
N.Y.

13, REACTIONS AND WETTING BFHAVIOR 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 renge 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 emergy of the reaction

A1-Si0,, 000T 1HR
/-Al drop with Si precipiates

L
T Loy

Fig. 1.
section of sessile drop of aluminum on fused silica
after heating at 1000°C for 1 hour in vacuum.

(XBB 759-6822)

Appearance at room temperature of cross-

(-)4g to the solid-liquid interfacial tension Ysg
and due to the change of the surface tension vy,
of molten aluminum which dissolves silicon as a
result of the reaction. Below 90° the periphery
of the drop was in contact with the intermediate
reaction layer.
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Three reaction layers, | (adjoining the drop),
11, 111 (adjoining Si0;) were formed. 7The main
reaction layer l-b at 800°C is identical to layer
I-a at 900°C; and the thin layer at 800°C is
identical to layers Il-a and II1-a at 900°C. Using
ap Al drop saturated with Si at 800°C, two reaction
layers 1l-c and Ifl-c were formed; a layer
equivalent to I-a and I-b was not present. A
cross-section of a specimen heati:d at 1000°C for
1 hour is shown in Fig. 1.

At the test temperarure layer [ is assumed to be
Al10 which is stabilized by forming a solid solution
with $i0 and Al70, and layer 111 is assumed to
form a spinel type structure (xA10(1-x)5i0)A1203
which is also stabilized by solid solution.
Reactions then proceed by counterdiffusion of
Al ions and Si ions through the reaction layers.

On cooling to room temperature the reaction
products dissociate to form crystalline Al03,
Al and Si.

Abstracted from LBL-4123, Partially supported by
a Grant-in-Aid from Kanebo, Ltd., Osaka, Japan.

+I’resent address: Kanebo Research Center, Kanebo,
Ltd., Osaka, Japan.

14, SODIUM EORATE GLASSES AND PLATINIM OR GOLD
WETTING AND REACTICNS*

Glenn A, Holmquist and Joseph A. Pask

Sessile drop experiments were concucted to
analyze the wetting characteristics of molten B;03
and sodium borate glass on platinum and gold.
For both platirum and gold in the absence of
carbonaceous gases, the contact angle was small
(6 + 3°) and invarient over the ambient pressure
range of 104 torr to one atmosphere (dry air)
at temperatures of 700 to 1000°C. Adsorption of
catbon at the metal surface decreased the solid-
vapor surface energy and increased the contact
angle on platinum to 68 * 2°, as shown in Fig. 1,
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and on gold to 48 t 2°, The carbon was removed

by oxidation. On increasing the ambient pressure
the angie dropped at a sharply defined critical
pressure. On decreasing the pressure, a hysteresis
effect was noted. The hysteresis is believed to
be due to the slow kinetics of carbon ads.ristion.
‘lhe temperature dependence of the critical

pressure for oxidation of the adsorbed carbon on
platinum with increasing pressure is shown in

Fig. 2. For gold this data could not be accurately
measured.

Contrvlled atmosphere experiments were conducted
in a fused silica tube furnace. Fer experiments
designcd for carbon contamination of the platinum
clcaned surfaces, the cold traps were not acti-
vated, allowing the organic vapor evelved from
the vacuum hose coupled with some backstreaming
{rom the diffusion pump to enter the c.amber.

When sodium borate glass was equilibrated with
oist ambient air and remelted it spread on either
substrate. Also, anhydrcus molten glass absorbed
water and spread on platinum when it was exposed
to moist air. Such spreading is the result of the
reduction of the interfacial energy due to an
interfacial reaction.! Development of adherence
was associated with spreading. The bonding between
the glass and the substrate indicates the develop-
ment of equilibrium compositions at tue interface
due tn the .ticerracial reactions.* The reaction
products are the oxides o1 hydroxides of the
substrate metals formed by reactions with the
hydroxyl anions in the glass.

Thermodynamic data for the platimum anu gold
compounds are not available. Further experimentzl
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work is necessary to ascertain which reaction
products occur. Whichever the reaction product,
the formation cf and saturation of the interface
with a ccmpound of the substrate is consistent
with the theory that the interface has to be
saturated with a compound that is mutually soluble
in both the metal and the glass.® It is postulated
that this requirement for equilibriwr ccupositions
at the interface has been realized becauss of the
low solubilities of platinum and gold .ompounds

in the glasses.

———————
Abstracted from LBL-3905 and LEL-3967. Partially
supported by a2 Grant-in-Aid from Corning Glass Ca.,
Corning, N.Y.
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15. RESEARCH PLANS FOR CALENDAR YEAR 1976
Joseph A. Pask

(a)

Microst ructure Development

‘The need of low cost refractories for furnaces
used in coal sasification and other high tenmpera-
ture processes has regenerated interest in
materials containing rmllite, nominally with a
composition of 3A1203+2Si02. Despite the fact
that 5i072 and Al30; are the most abundant oxides
in the carth's crust, detiiled knowledge of the
5i0,-A1505 system and its compounds is lacking.
Desiyn and realization of microstructures
requires understanding of nucleation and growth
phenomena of mullite and alumina in aluminum
silicate melts, and information on solid solution
ranges of metastable mullite and on the effect of
additions of otuer cxides on solid solutiun ranges
and growth rates of mullite. Such studies have
been undertaken. Developed principles should
also be applicable to other systems.

(M} Mechanical Jehavior

A class of refractories that are used extensive-
ly in high temperature fumaces hiaving basic
corrosive conditions are based on magnesia. MgO
materials also ha--- other potential industrial
applications. Crzt3 additions have been used
extensively to improve their properties, but their
basic functional behavior is not known. Studies
are being umdertaken to determine the role :hat
Crp03 additions to MgO play both in modifying grain
boundaries and in affecting mechanical behavier at
elevated temperatures.

{c) Refractories fur Coal Gasification Processes

This group has received support from the
National Science Foundatirn for a preject entitled
"Structure, Strength and Corrosive Resistance of
Alumimum Silicate Materials'. Actual activity
was started during the last quarter of 1974. A
preiect objective is to evaluate the capability of
mullite and mullite-containing compositions teo



potentially resist corvosion and erosion environ-
mental conditions encountered in coal gasification
processes. The specific research program is
divided into two parts: high tempcrature mechani-
cal behavior, and corrosion resistance to H2-
containing atmospheres. Single crystal information
will be utilized to evaluate behavior of poly-
crystalline millite, and mullite compositions or
"hodies" containing a second phase consisting of
glass or predominately glass. This information
will be used to design microstructures with
improved properties.

(d) Nature of Interfaces

Interfaces between ceramics (glass or crystal-
line) and metals are critical in determining the
behavior of composites, protective coatings, thin
and thick films in electronic devices, and
electrical lead-throughs. Studies are being
undertaken to aid in the wnderstanding of amorphous
semiconductor device behavior. Metal ion
diffusion (A1%" and Au*) in the chalcogenide glass
series AsS3, As;Ses, AspSepTe and As;SeTe;, and
the effect ¢ the variation of the charge of the
diffusing ion will be investigated. A factor
that will be considered is the interfacial
introduction of the diffusing ion into the
diffusion media.
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Joseph A. Pask and Associates
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¢. High Temperoture Reactions
Alan W. Searcy, Prineipal Investigator

Introduction. Research hy this group is now
centered in twa related, but independentiy
important, areas of research:

1. The kinetics md thermodynamics of endo-
thermic decomposition rvactions, 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 praducte.

Z. The chemistry of gas and vapor transport
through pornus 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 preferentiul surface
diffusion through porous sclids may prove a
valuable new means for comrercial separation
of gases and vapors.

To further these studies, two of our existing
pieces of apparatvs were modified during 1975 to
serve new functions, and a new apparatus was
constructed for measurement of stati: carbon
dioxide or sulfur trioxide.

1. THE KINETICS OF VAPORIZATION OF I1-VT
SRMICOMDUCTORS

Alan W, Searcy and David J. Mesciii

The 1I-VI semiconductors are of major interest
to the electronic industry and their vaporization
kinetics has heen the suhbject cf considerable
recent study. These solids characteristically
vaporize by reactions of the form

MY (s} + M (g) +1/2 Yy (g) (e}

where M is zinc or cadmium and Y is oxygen, suifur,
selenium, or telurium. Theoretical analyses of
reaction (1) have been made oy 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 rwodel that appears
to do so.

The critical feature of the new model is the
evaluation of the two chemical compc -ents of the
reaction in the self-adsorption layer in terms of
their activities in the surface. Tt is shown that
for one component the activities in these two
regions will be essentially the same during steady
state vaporization, while for the other component
.3e activity in the self-adsorption layer will be

reduced {rum 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. EQUILTBRATED FLOW OF SODIUM CHLORIDE VAPOR AND
OF LITHIUM FLUORIDE VAPOR TrROUGH NICKEL POWDER
BEDS

Pirooz Mohazzabi and Alan 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 composi.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
50p and the porosity was of the order of 50%.

The beds reduced the total mass fluxes of both
vapors by a factor of 2 x 107%, with an uncertainty
factor of about 3. These mass flux reductions are
of the order predicted from the porgsity on the
assumption of Knudson flow, 3 » 1074, also with

an uncertainty of a factor of 2 or 3.

Mass spectremeter peaks which arise from vapor
dimer molecules wewe 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 fluxes_measured
through the berriers, values of (Pyonoger)“/ (Pdimer)
were calculated for the sxit vapors. ?'01‘ sodium
chloride vapor 2.7 x 107" was calculated compared
to the accepted equilibrium value 3.9 x 10-%, and
for lithium fluoride 3.4 x 107° was calcylated
compared to the accepted value 2.7 x 107>,
Bquilibrated Knudsen flow, therefore, characterizes
both of these halide vapors through the nickel
powder beds.

3. SOME EFFECTS OF MULTIPLE BARRIERS ON THE F1i
OF VAPORS

David J. Meschi, Tushar K. Basu and Afan W. Searcy

In investigations of the flow of gases and
vapors through porous media it is important to
establish whether an orifice in a 1lid placed in
contact with a porous disc satisfactorily defines
the arca of the disc which is effective in trans-
mitting gases. Results obcained for the effect of
alumina barriers on the decomposition of calcite
seemed to indicate that an area of the barrier
lavger than the area of the orifice was trans-
witting significant fluxes of carbon dioxide.



To study this effect we undertook a series of
experiments using sodium chloride, which is known
to be an equilibrium source of vapor. Calcium
carbonate is not an equilibrium source of carbon
dioxide. Previous experiments have shown that
NaCl vapors pfss through porous alumina by
Knudsen flow.

The NaCl was placed in a Knudsen cell that had
2 0.2 mm chick porous disc placed immediately
below the 1id. The disc, of 44% perosity, was
similar to those described previously.l Runs were
made at 1137°K using orifices with diameters of
.4, 0.6, 1, 3, 4.7, and 10 rm. The quantities
vaporized were measured by means of weight loss.
Figure 1 shows the flux densities plotted against
orifice diameters as open circles. Theve 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
iargest.

10 T ] i r 3

- -

- Je=3.09x10™* 7

\ -

— 10" —\\ —]
F 3

4

)

Flux density (moles cm?2 sec!

)

107 | ] | i
o} 0.2 04 06 0.8 1.0
Orifice diameter (cm)
XBL 764.2684
Fi . 1. NaCl flux demsity as a function of

orifice diameter. (XBL 764-2684)

98

An attempt was madi to explain tl is behavior on
the busis of a simple model in whisi. it was assuned
that the porous disc divides the cell into two
chambers: a lower one consisting -% the cell
space containing the sample, and 2 upper chamher
formed by the narraw gap between tre 1id and porous
disc. The flux density of the -at¢rial escaping
from the cell would then be given by the following
relation:

f

d
J = o i
Td+;0 l-fd a

Here J is the escaping flux demsity, J, is the
equilibrium flux density in the lower chamber,
fq is the transmission coefficient of tae disc,
and f5 is the transmission coetficient of the
orifice, defined as the ratio of the orifice area
to the cross-sectional area of the cell.

The dashed line in Fig. 1 shows the model to be
qualitatively correct.

A more realistic model assumes that a pressure
gradient exists along the radial direction in the
narrow gap betwcen the 1id and porous disc. Vapor
roleules which pass through the portion of the
disc under the lid must diffuse via the gas phase
to the orifice in order to =scape. Solution of
the equation for a gap of 20y hetween the 1id
and disc gives the snlid line of Fig. 1. The good
agreement with the experimental points sunports
the thesis that the transrort process invaives
the passage of vapor throngh the whole of the
povous disc; as a consequencv, the vapor that
escapes directly through the orifice is augmented
by vapor that Jiffrses to the orifice from the
region between the 1id and the disc.

1. P. Mohazzabi and A. W.
61, 4358 (1974).

Searcy, J. Chem. Phys,

4. THE EFFECT OF POROUS BARRIERS ON VAPOR
TRANSPORT

Chiniiong Chen and Alan W. Searcy

Mohazzabi and Seau'cy1 found that the ratio of
monomer to dimer molecules in Natl and LiF vapors
can be markedly increased bv effusion through
porous barriers. The effect of porous barriers
is here applied to study the vaporization of
cuprous iodide and silver chloride. Cuprous
iodide is of intersst because appearance potential
data“ suggested the possibility that an unusual
molecule, Cupls, might be a neutral species in the
vapor. Silver chloride is of interest because
existing datas indicated that AgiCly differs from
any other known inorganic vapor molecules in having
a temperature-dependent mass spectrometer frag-
mentation pattern.

Cne Knudsen effusion run and three independent
Al 03 porous-barrier runs were made at about 720°C,
The first barrier mun, showed much higher total
fluxes than those found with sodium chloride in
similar borriers and showed non-equilibrium among
different vapor species. In this rumn, silver



chloride vapor species did not equilibrate in the
alumiman oxide surfaces of the porous soiid and
the polymers passed through the barrier by surface
diffusion more rcadily than did the monomer, The
fact that the ion intensity ritio of A;,;L]f to
Ag3Clz® was independent of the change in the ion
intensity rativ of the monomer to the trimer
indicates that ApzClz is a fragment ion ef AgsCls;
therefore, AgzCl; must have 2 temperature
dependent mass 5pcctxomc§er fragnentation pattern,
as was reported earlier.

The secend and third barrier runs gave very
different results. Although the ion intensities
of the moncmers are comparable to those found in
the first barrier rus, none of the polymers was
present at dete.iable levels and mass fluxes were
reduced to about :/40th that in the first run.

These latter results are of a .ind emeft
from previous studies with sodium chloride! and
lithium fl'ioride. The extent of surface diffusion
must be strongly influenced by changes in surface
impurities or by other as yet unidentified system
variables. Lfforts are beiny made to reproduce
the first run because selective surface diffusion
is of considvruble theoretical and possibly practi-
cal interest.

Effusions of Cul at temperatures of about 450°C
from a Knudsen orifice, through a Cu-powder layer,
and through an Al05 porous layer have been succes-
sively stucied, The ifon intensity ratios of
monomet to dimer or trimer species are the same
for bots the Lu powder and the Al;0z even though
the total f!axes are reduced by a factor of 200
by the barricrs, This result is consistent with
the observation” that fmg,ment.xtwn of the trimer
is the principal source of Cuzl>* und Cul* ions.

1. P. Mohazzabi and A. W. Searcy, .J, Chem.

Phys. 61, 4358 (1979).

2. T.E. Jovce and E. 1. Rolinski, .1, Thys. Chem.
70, 2310 (19721,

3. L. C. Wagner and R. T, Grimley, J, Phys. Chem.
76, 2819 (1972},

5, THE EFFICT OF PRODUCT GAS PRESSURE ON THE RATE

OF DECCMPOSTTION REACTIONS
Taghi Darroudi and Alan W, Searcy

It has always been supposed that the net rate
of decomposition reactions would decrease linearly
with the product gas pressure as the gis pressure
increases from zero tc the u‘ﬂuilibrium dissociation
pressure. Scarcy and Beruto! have shown, however,
that the rute limiting step of the decomposition
reaction may be onc involving the solid reaction
product. If such ts the case, the net flux may
decrease much mure rapidly with product gas
pressures at low pressures than would be expected
from the linear prediction, and be relatively
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insensitive to product gas pressures near the
equilibrium value.

We bigan in the summer of 1975 to modify and
test an apparatus for measurement of decomposition
rates under controlled pressure of the product gas.
The studies are being conductec in a new system
in which weight changes of single crystals or
powders can be foilowed continuously in either
a static atmosphere or in an atmosphere maintained
at a steady value by a balanrce of leak and pumping.

At the end of the year the apparatus had been
calibrated and tested by obtaining vacuum measure-
ments of decomposition rates for calcite (CaCO3)
and barium carbonate; the rates are in good agree-
ment with those obtained previouslv with other
apvaratuses. Measurements of barium carbonate
decompositirn rates in the presence of background
€0z were found to e obscured by a reaction
of carbon dioxide with tantalum in the system.

The tantalum is being replaced by tungsten for
future studies.

1. A, W. Searcy

425 {1976).

and D, Beruto, J. Phys. Chem. 80,

6. THE SOLUT}Ow CHEMISTRY OF SOLID TNORGANIC

COMPOUNDS
Rama Shukla and Alan W, Searcy

It is known that partial molal thenmodynamic
properties and transport properties in any binary
phase rust be functions of compositior, but few
experimental studies of the fupctional relations
have hewn reported for solid phases of narrow
composition limits. As a result, solid phases with
composition rang~s that are too narrow Lo measure
by ordinary analytical techniques are usually
treated as having chemical properties that are
independent of composition. A recent study in
our laboratoryl of gallium sesquisulfide demon-
strates that the composition dependence for
partial molal properties in phases of narrow com-
position ranges car differ in unexpected manners
from those of familiar solutions.

Puring 1675 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 narrow com-
position ranges. The kinetic measurements will
be directed toward determining if the relatively
high rates of decomposition which have been
reported for 2arly 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 degussing,
as has been supposed. At the end of the year we
succeeded in measuring the release and rcabsorptlon
of carbon dioxide by calcite.

1. James A. Roberts, Jr. (Fh.D. Thesis) LBL-2507,
Feb.,1974.
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7. RESEARCH PLANS 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 carbomates or to one of the
sulfates for which we have already measured
decomposition rates i1 vacuum. Similar measure-
mants 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
data 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
aluminim sulfate that has negligible porosity; it
will be prepared from its hydrate. We will
investigaie with the mass spectrometer the fluxes
of S03 and S0 produced by decomposing the
anhydrous sulfate in vactum. The decomposition
ef aluminum sulfate is theoretically interesting
because, under equilibrium conditions S0z #nd SOz
fluxes shkould be nearly equal, but work in this
laboratory on barium and strontium sulfate
decomposition kinetics and especially unpublished
studies by Hilderbrand and Cubicciotti at Stanford
Research Institute on magnesium sulfate and calcium
sulfate imply that 50; vaporization from high
density pellets of alumimm sulfate may be almost
totally surpressed in vacuum. Particular attention
will be given to characterizing the alumimm oxide
product. Because the decomposition of aluminum
sulfate occurs in two steps, both of which occur
at relatively low temperatures, the alumimm oxide
produced probably is of exceptionally small
particle size. It is formed in a metestable, 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
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of the effect of porous barriers on gases and on
gas mixtures of known compnsitions 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 rorous 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
wunpaired electrons will be modified, if fiumds 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 can be shown
on theoretical grounds to be the probable carrier
of selenium impurities from many metal sulfides
when they are devomposed in vacuum.

8. 1975 PUBLICATIONS AND REPORTS

Alan W. Searcy and Associates
Journals
1.

Magnetic Moment of Sez,
(1975) (LBL-3761).

LBL Reports

1. Pivooz Mchazzabi and A. W. Searcy, The
Kinetics and Thermodynamics of Decomposition to
Barium Sulfate, LBL-3773, April 1975.

Alfred Buchler and David J. Meschi, The
J. Chem., Phys. 63, 3586

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 Microstructure 1o Properties
in Ceramics

kichard ¥. Fulrath, Principal investigator

Introduction. The physical, chemical, and
mechanical properties of ceramic materials are
determined by the composition and processing of the
material. Unlike many metals which can be treated
thermally, mechanically or by combinations of both
to significantly change their properties, the prop-
erties of processed ceramic materials are essential-
ly unchanged by these processes. ‘Thercfure, to
optimize the properties of existing ceramics and
develop new materials for technological systems
generated by raw material and energy shortages
research related to processing and the relation
of processing to properties is essential to the
progress of ceramic science.

This research effort is divided into three
areas; first, studies of densification ol powder
compacts (sintering) with and without the presence
of a liquid phase using the MMRD-developed capabil-
ities in hot stage scanning electron microscopy.
Second, processing studies of important piezoclec-
tric ceramic materials which find many applications
in electronic devices, and thirdly, research in the
microstructure developed in processing of thick
films used for conductors and resistors in elec-
tronic circuits., Thick films are a significant
user of precious metals.

1. SOLID STATE SINTERING STUDIES

David N. K. Wang and Richard M. Tulrath

Solid state sintering of powder compacts is an
important processing step in the production of
refractory ceramic materials. Linde-A alumina
doped with a snall amount of magnesium oxide
(0.1 - 0.75% vt} has been onc of the most nidel,
used materials in studying golid state sinterirg
kinetics. Coble! and Bruch? studied MgO doped
Aly03 for the later stages of the sintering pro-
cess. Jorgensen- also studied the effect of Mg
dopant on the sintering kinetics of A1303. These
previous studies have concentrated on the use of
isothermal techniques. A complete analysis of
sintering kinetics is umattainable due to uncertain-
ties in the change of density of the compact with
temperature and time in the initial heating period.
The present work uses a constant heating rate
technique to monitor the complete densification
kinetics including the change of density and
densification rate with temperature and time from
the start to the completion of the sintering
process.

Powder compacts made by cold pressing submicron
Linde-A Al;03 undoped and doped with 0.1 wt$ of Mg0
were used. The compacts having an initial density
of 0% of the theoretical density were heated in
the hot stage of 1 scanning electron microscope at
various heating rutes. The scanning electron
fractograph of the green compact taken at different
magnifications are shown in Fig. 1. Agglomerates
of about 20 um in diameter resulting from the
standard powder processing and forming techniques

Fig. 1. Scanning electron fractographs of the pre-
fired alumina powder compact with an initial
density of 40% of the theoretical density at
various magnifications. {XBB 7510-7852)

are shown in Fig. 1a. Higher magnifications are
shgwn in Figs. 1b and lc. Figure lc shows that in
spite of the presence of those large agglomerates
in the powder compact there are numerous small
clusters formed by several individual particles.
These variations in the initial particle packing
and the associated complexities commonly present

in the powder compact make an oversimplified theory
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inapplicable to describe the sintering behavioa‘.
Experimental results obtained during last year
have shown that the densification ratc 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 fumction of density or heating rate but a
function of temperature only. In the second part,
i.e., from 73% density to nearly theoreticai
density, the densification rate is not only a
function of temperature but also a function of
density, Tt was found that the sintering rate
followed an exponential change of temperature with
an effective activation energy of 57“E§a1/m1e.
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:

£ = - ) okT

where dp/dt and p are the densification rai: and
density at any temperature respectively, Q is the
effective activation energy for the sintering
process, m is a constant, R is the gas constant,
and T is the sintering temperature (°K) at which
dp/dt and p are determined. With the effective
activation energy being determined, which is 57
kcal/mole, one is able to obtain the time dependence
of the process. This has been done in Fig. 2 by
plotting 1n dp/dt/exp(-Q/RT) versus p for the
results obtained during last year. The curve in
this figure is composed of all data points calcu-
lated either from the constant rate of heating
region or from the following isothermal sintering.
Figure 3 shows, in accordance with the change of
the porosity of the compact, the sintering process
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of both MgO doped and undoped Al303 can be divided
into three stages after an initial change of
density from 40% to 50% of the theoretical
density, Analysis of the data has shown the
following empirical equation to be applicable:

1
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Go o KewC gty
1

o,

where p is the fractional rorosity after sintering,
t is the sintering time, pj and tj are the
porosity and time at the begiming of each of the
stages, T is the isothermal sintering temperature,
n and K are constants changing with the change of



stage, and O is the effective activation energy
for the process. This equation has been tested by
using Coble,l Jorgensen3 and Bruchs'Z data. A
logarithmic plot of those data according to the
equation has been made and are shown in Fips. 4-7.
Lines with slopes equil to one have been drawn for
cach set of data. T'i3 indicates the time
dependence of the sintering process deduced frowm
a nonisothermal study in the present werk car
precisely describe the behavior of the process at
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Fig. 4. Densification data by previous investiga-

tors for Linde-A alumina with MgO dopant (Refs. 1,

an isothermal sintering temperature.

1. R. L. Coble, J. Appl. Phys. 32(5), 793-99
(1961) .

2. C. A, Bruth, Bull. 4m. Ceram. Soc. 41(12),
799-806 (1962). -

3. P. J. Jorgensen, J. Amer. Ceram. Soc. 48(4)
207-210 {1965). -

4, D. N. Wang ang R. M. Fulrath, LBL-3530, 203-205
(1974).
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2. SINTERING OF URANIUM DIOXIDE BY HOT STAGE
SCANNING ELECTRON MICROSCOPY

Daniel J. Miller and Richard M. Fulrath

Uranium dioxide is fuel material in the majority
of nuclear power reactors in operation today. U0
is incorporated into the reactor in the form of
pellets, produced by the densification of powder
compacts. The efficiency and stability of these
W0, 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 alumina.' 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
initial compact density to nearly theoretical
density.

Specimens were supplied by the General Electric
Company, Vallecitos, California. A submicron
uranjum dioxide powder, O/U ratio 2.15-2.20, was
uniaxially pressed to 50% Td (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 treatwents. Linear
shrinkage was measured from the changes in separa-
tion distance of Al,0z 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 temperature. When densifica-
tion rate is determined from the data of Fig. 1
and plotted as a finction of density, an interesting
observation can be made as seen in Fig, 2. The
densification rates goes through a maximum at
approximately the same density of 66% TD independent
of heating rate. This observation of a density
critical to sintering kinetics has_also been
observed for Al;03 powder compacts® and is further
evidence of the necessity of considering micro-
structure development in the densification process.
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Fig. 1. The relative density changes of U0; powder
compacts as a function of heating rate and tempera-
ture. (XBL 759-737%)
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heating rate and relative density for U0y powder
compacts. (XBL 759-7380)

A problem encountered in obtaining data to
nearly theorctical density under constant heating
rate conditions was the evolution of a gaseous
uraniun bearing species at temperatures above
1300°C, The cvolution of this gas, previously
reported for non-stgichiometric 2 in a similar
vacuum environment,¢ resulted in the movement of
the alumina microspheres on the surface of the
compact. Shrinkage measurements at these higher
temperatures, were therefore, not possible. Recent
cxperiments using constant heating rates to 1000°C
accompanicd by isothermal temperature holds
indicates densities near thcoretical can be
obtained. The effects of deviation from stoichiom-
etry on sintering and densification profiles to
nearly theorctical densities will be the next focus
of anmalysis. This data will assist in developing
a better theory of sintering of uranium dioxide.

1. D. N. K. Wang and R. M. Fulrath, LBL-3530,
p. 203-205 (May 1975).
2. A. T. Chapman and R. E. Meadows, J. Am. Ceram.

Soc. 47(12), 614-621 (1964).

3, MICROSTRUCTURE DEVELOPMENT IN CONDUCTING THICK
FIIMS

V. K. Nagesh and Richard M. Fulrath

Conducting or resistive thick films are conven-
tionally a mixture of a metal or oxide powder com-~
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bined with powdered glass which when suspended in by using a chemical pretreatment for the glass

an organic vehicle can be printed (painting or phase, Figure 2 shows the same system under identi-
screen printed) onto a2 ceramic substrate and sub- cal proccssing conditions but without chemically
sequently fired to bond the film to the substrate activating the glass phase. This method of produc-

and develop the reguired electrical properties.
Because the {iring is usually in an oxidizing
atmosphere the conducting films use a precious
metal {Ag, Au, Pt, or corbinations of these metals
with Pd). The {ilm thickness is usually on the
order of a few mils' which distinguish them from
thin films (<1 um).

Thick film circuits are widely used in hybrid
integrated circuits, TV components, computer compo-
nents, etc., and are a significant user of precious
metals because present commercial thick film
conductor compositions use about 70 wt% metal in
the solids composition. This rescaich 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 still
maintaining suitable electrical conduction.

Because the glass component of the conductor
system performs two functions in a thick film
conductor system, 1) bonding the film to the
ceramic substrate, and 2) holding the metallic
particles together in the film, it was obvious
that the microstructure of the metal-glass system
is important in developing a good conductor. The
chvious strcture for minimm metal content while
still retaining electrical conductivity is ane in

which the metal forms a continuous film around Fig. 1. Micrustructure of a thick film conductor
each glass particle. containing 25 wt% Ag fired at 600 C for B minutes
using an activated glass. (XBB 7510-7537)

In view of the above, research was directed to
attaining the optimm microstructure by concentrat-
ing on the glass phase of a thick i:lm <onductor
system. A simple glass compocition consisting of
0, By03, and 5:01 which matched the thermal
expansion of the Al;03 substrate material was used
as the base glass. ’Iﬁe glass composition was
melted then crushed to a particle size fraction
Letween 20 and 44 um. 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 it was found that the
reaction:

P**(solid soln. in glass) + 21 (acid) +
2H+(501id soln. in glass) + Pb”(in acid soln.)

took place. Subsequent reaction with the silver
resinate caused the reaction:

H+(solid soln. in glass} + An;+(in resinatel -

Ag‘(solid soln. in glass) + H+(in resinate).

Therefore, this chemical pretreatment placed silver
metal ions on the activated plass surface, which on
firing should form a continuous interconnected
silver metal film around each glass particle and
lead to maximm conduction with minimm silver Fig. 2. Microstructure of a thick film conductor
content. Figure 1 shows the microstructure of a identical to Fig. 1 except that a nonactivated
thick film with 25 wt% silver - 75 wt% glass formed glass was used. (XBB 7510-7536)



Table 1. Sheet resistivities of conducting thick
films.
Silver .
metal Surfae  ——LiHiRE Sheet
content treatmen: Temp. Time resistivity
wt%) (45 sec) ec) (min} (ma/0y
40 0.25 N HC1 550 8 44
0.25 NHC1 575 14 32
0.01 N HC1 500 20 80
0.01 N HC1 500 30 120
30 0.01 NHC1 600 8 85
0.01 NHC1 640 8 0
£.01 NHC1 700 8 80
0.01 NHC1 500 8 160
25 0.01 NHC1 600 8 165
0.01 NHC1 700 8 160
20 0.61 N HC1 509 30 230

ing optimum microstiuctures was largely developed
through previous research in §lass to metal bonding
conducted in this laboratory.

Typical sheet resistivities developed with this
process are given in Table 1. In all systems using
the same glass and identical processing techniques
except for the surface activation there was no
measurable conduction.

1. T. M. Place, Proceedings of the First Thick
Film Symposium, ISHM, p.12-19 (1967).
2. J. A, Pask and R, M, Fulrath, J. Am, Ceram.

Soc. 45(12}, 592 (1962).

4. ELECTRICAL CONDUCTIVITY IN LEAD ZIRCONATE-
TITANATE CERAMICS

Jiunn-Jye Dih and Richard M. Fulrath

Lead zirconate-titanate (PZT) is an important
ceramic material widely used for piezoelectric
devices. Electrical conductivity is an important
physical property in piezoelectric applications.
Compositions that are too conductive are difficult
to pole, tend to overheat in high power applications
and have undesirably high dielectric loss. The
mechanism of electrical conductivity in PZT has not
been clearly defined. The energy band structure
of PZT has not been described. The major problem
in defining the electrical properties of PZT is the
difficulty in controlling the sample composition
during sintering. It is well known that PZT losss
PbO at high temperature. In this laboratory, a
packing powder technique has been developed to
control the material loss during firing. The pur-
pose of this study was to determine the actual
mechanism of electrical conduction in polycrystal-
line PIT with better defined composition. The
effects of dopents and temperature on electrical
conduction behavior have been determined.
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In this research, a PZT composition of
Pb(Zrg,5Tip,5)03 was prepared {rom chemical com-
pounds. The raw materials used for the principle
constituents were lead oxide powder, zirconium
tetra-butoxide liquid and titanium tetra-butoxide
liquid. Scandium oxide and niobium oxide powders
were used as dopent materials. It has been estab-
lished that Nb*> and Sc*3 substitute for (Ti,Zr)*?
and create lead vacancies and oxygen vacancies
respectively. A flow chart outlining the procedure
of powder preparation is shown in Fig., 1. After
cold pressing, the pellets were sintered at 1200°C
for 16 hours. All the pellets were buried deep in
a packing powder that would provide a known PbO
vapor pressure to control material loss from the
sample during sintering. Density of the undoped
and niobium doped samples were above 98% theoreti-
cal density after firing and that o1 scandium doped
samples achieved 95%. X-ray diffractinon of each
sample showed typical PIT patterns,

IC bulk resistivity was mcasured by using a
guard ring methoa, Sputtered gold electrodes were
used to ensure intimate contact. The contact
resistance was found to be negligible. Most of the
measurements were conducted in the temperature
range 150-500°C. Thermoelectric power measurements
were also performed to determine the type of charge
carrier contributing to the conduction process.

The influence of dopents and temperature on the
resistivity of PZT is shown in Fig, 2. The resis-
tivity always decreases with increasing temperature
and follows the simple theoretical expression for
semiconductor behavior; o = pyexp(E/RT), where p is
the resistivity, pg is a constant, E is the acti-
vation energy, k is the Boltzmann constant, and T
is the absolute temperature. It has been reported
that the electrical conduction in PZy gTy g is
almost entirely electronic. Measurements of the
thermoelectric voltage showed that hole conduction
(p-type semiconductor) dominated in all the
samples, It suggests that electrical conduction
in PZT is due to lead vacancies.

The effect of the intrinsic nonstoichiometric
on electric conductivity is shown in Fig. 3. Two
samples were sintered in 1 atm oxygen with different
packing powders, i.e., P2 + Z and PZT + Z + T. The
PbO activity of PZ +Z is higher than that of
PZT + Z + T. Therefore, lowering the lead oxide
activity, at a fixed oxygen pressure, will increase
the lead vacancy concentration. It was found that
the resistivity decreased with an increased lead
vacancy concentration formed by using a low activity
packing powder. Consequently, the electrical
conductivity of undoped PZT is due to lead
vacancies.

The lead vacancy concentration increases with
increasing Nbp0s content in the system. However,
the experimental results showed that the conductiv-
ity drops while more and more Nby0; was added.
This is explained as a compensation effect. Ab*>
ions in the matrix can serve as donors of electrons
which can decrease the hole concentration due to
the law of mass action. For scandium doped samples,
the resistivity drops wigh increasing amounts of
scandium because the Sc*3 can act as an electron
acceptor and increcase the hole concentiation. The
activation energy which can be correlated with the
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ionization energy was plotted against the amount
of dopents as shown in Fig. 4. Nb doped and undoped
PCT has the same activation energy of 1.41 eV,
This indicates that their conduction mechanism is
the same; hale migration associated with lead
vacancies. The activation energy for the scandium
doped samples is only 1.1 eV, Therefore, electri-
cal conduction in Sc doped samples cannot be dve
to lead vacancies, 1t is probably due to Sc*3 ions
severing as acceptors and increwsing the charge
carrier concentration.

The effects of ball milling impurities on the
electrical conductivity of PIT 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 balls).
The activation energy is 1.05 eV for the sample
using alumina balls as the grinding medium and
1.41 eV for the snmplg using zirconia balls,
suggested that an Al*> 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.

It is

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 3.6 eV. It
is suggested that at temperatures higher than 650°C,
intrinsic conduction prevails in PZT.
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5. KINETICS OF PERG:SKITE COMPOUND FORMATION IN
THE FbO-TiOZ-ZrOZ SYSTEM

Sudhir S. Chandratreya and Richard M. Fulrath

The literature on PZT ceramics is replete with
reports relating the electrical properties of the
ceramic to its composition. It is now widely
accepted that the processing of the ceramics deter-
mines to a significant extent its electrical proper-
ties like dielectric constant, dielectric energy
loss and the coupling coefficient. Thus the quest
for an ideal high permitivity ceramic like PZT
reduces tc the search of a proper process for
manufacture.

One of the first steps involved in the process-
ing of PIT is the synthesis of the compound itself.
This is done by heating the reactant oxide powders
of Pe0, Zr0;, and TiOz to a temperature high enough
to yield the perovskite compound. This process is
called calcination. Product powder is then ground,
compacted, and sintered to obtain a dense ceramic
body. Unfortunetely, most of the work reported on
the properties of PZT has been conducted with little
understanding of the calcination process. It has
been assumed that calcining temperatures anywhere
between 800°C to 1000°C and calcining times from a
few minutes to several hours is enough to give
wuniform fully reac}ed powder ready for sintering.
Robinson and Joycel were the first to report that
even at very high temperatures, as much as 3 mole ¢
of the participating oxides may remain umreacted.
Robinson and Luff? simultancously reported that



any wnreacted PbO and, in particular, Ir0; can
severely deteriorate the dielectric constant, the
coupling coefficicni and consequently the energy
efficiency of the ceramics. It has been reported
thet in sintering of PIT, the final density is
largely determined b§ Ihe temperature of the
calcination process.

MNoting that from the point of vicv of sinter-
ability as well as elecirical properties, calcina-
tion is an important process step in which the
present study was wndertaken to characterize the
process. fFor this one must investigate the reac-

tions taking place between varions corponent ~vigus

and devise simple metl. us of wonitoring 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 “ac pseudo-
binary phase diagram of PbTiOz-PoZrOg system.
They are as follows:

Mole Mole Mple
Composition $ PO 9 TiO2 9 ZrO2
1 50 17,5 32.5
H 50 25,0 25.0
3 50 32.5 17.5
4 50 50.0 --
5 50 -- 50.0

Raw materials used were ull of high purity and
known crvstalline 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 Oz as the
standard. RLsults are shown in Fig, 1 fi é‘r the
compositions 2, 4 and 5. [t was observed that the
wixture of PbO and Ti0; reacts at 450°C exothermic-
ally while the mixture of PbO and ZrO reacts at a
much higher temperature of 700°C endothermically.
The reaction products on x-ray analysis proved to
be Ti03 (PT) and PbZrO3 (PZ) respectively. The
misture of PbO, TiO and ZrOz shows two peaks simi-
lar to those above at the same tempetratures. The
product was again a mixture of PZ and PZ without
any trace of FIT., The same results were obtai.ed
for rutile (TiOp) as for anatase (T107) .

For dilatometry, isostatical.y pressed samples
in the shape of cylindrical slugs 1 in. long and
1/4 in, diameter were used. The temperature was
raiscd at various ratres (196°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 thes mixture of
PO + Ti0 starts reacting at 450°C as indicated
by the sharp expansion peak. Similarly a mixture
of PO and Zr0; has an expansion peak starting at
710°C. ‘Te mixture of PhO, TiOz and ZrO; behaves
like two separate mixtures of PbO + TiO; and
PbO + Zr0; were reacting independent of each other,
resulting in two peaks. The begiming of both the
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peaks is at the same tenperatures as seen in UTA
experiments. Results were invariant with change
in heating rate or Ir02:TiO2 ratio in the mixtures.

To identify the various phases formed during
the course of reaction, samples were taken to
various temperatures abowve reaction-starting-
temperature and suddenly quenched. Resulting
sample was subjected tc x-vay analysis. In the
case of the b0 + T102 mixture, only PT was
observed above 600°C even at tast heatmg rate.
On the other hand, reaction between PhO and ZrG;
giving PZ was seen to be incomplete even at
temperatures as high as 1900°C with the slcwest
heating rate. The ternary mixtures show both PT
and PZ aleng with unreacted oxides but no trace of
PZT. This finding though directiy c¢ontradictory
to the one repurted by Maisuo and Sasaki’ earlier,
is in agreemeng with the work of Chno, Takahasi
and Tsubouchi.

On the basis of the abov: experiments it is
clear that even at higher tomperatures perovskite
PZT solid solution may not rorm, PZ and PI' form
independently of each other and in totally diifevenc
temperature ranges. Such partially reacted powder
containing PZ and PT but no P2T when used fer sint-
ering will give a ceramic bocdy with two phases
instead of one, This is because _counter-di ffusion
of Zr*4 and Ti* to give PIT.
expected to be very slow and ¢
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phase system will result in poor sinterability and
electrical properties. Endothermic formation of
PZ in contrast to exothermic formation of PT,
though chemical properties of Zr0; and TiO; are
similar, is of interest. This could lead to

difference in the rate controlling mechanisms
operative in Pz and PT formation.
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6. FRACTURE STRENGMH OF POROUS FOLYCRYSTALLINE
CERMAICS

Dipak R. Biswas and Richard M, Fulrath

Most ceramic materials even after firing are
left with some amount of porosity. This porosity
reduces the mechanical strength considerably and is
extremely important in the use of ceramics as
structural materials. How?ver, over the past few
years, a inber of studies' have been perforned
relating the fracture strength with porosity and
general relationships are beginning to emerge.

In the previous work the effect of size and shape
of pores on the fracture strength was not con-
sidered. Therefore, an attempt has been made to
perform a systematic study of fracture strength of
a highly dense, well-characterized polycrystalline
ceramic containing controlled amounts of pores of
different sizes and shapes,

The material used in this study was lead
zirconate-titanate (PZT) ceramic. The samples were
fine-grained (2-5u) polycrystalline ceramics in
which the grain size is controlled by doping with
one mole percent Nbp05. The advantage of using
this material is that specimens are easy to fabri-
cate with good renroducibility and control of
grain size from bu.tch to batch. It was found that
the addition of 5.5 wt$ excess PbO enhances the
ease of fabricating this material by sintering, and
densities over 99% of the theoretical value can be
obtained without difficulty. Spherical and acicular
pores were introduced into the specimen using
organic materials mixed with the PZT powder prior
to sintering.

The composition of the PZT-Nb do'p\»;d ceramic
(PNZT) was P, (Zr, Ti, )03,
where O is thg qu\)lao:lm 0-54 eorger pgwgfzzrssof PO,
Zr0, TiO and Nb O were mlled in a vibratory energy
mill for 4 hours using isopropyl alcohol as a
liquid medium, then dried and calcined a% 850°C
for 4 hours. The calcined powders were then mixed
with 5.5 wt$ excess PbO and milled again for 4
hours using isopropyl alcohol and polyvinyl alcchol
(as a binder) in water and then air dried. The
controlled amount of porosity was introduced by
doping with organic powders of controlled size and
shape. ‘The proper amount of PNIT-organic powders
were cold pressed to 1.5 in. diameter and 0.2 in.
thick pellets. They were dried at 250°C for 12



hours to decompose the organic material and finally
sintered at 1200°C for 3 hours in a PbZr0z + Zr0z
packing powder and at 1 atm. pressure of oxygen in
order to prevent Pb0 loss from the specimen. The
distribucion of pores and grain sizes is shown in
Fig. 1 and Fig. 2. Specimens were cut from the
sintered discs using a diamond saw. The nominal
dimensions were 0.05 in. thick and 6.2 in. wide.
The specimens were tested in a four-point bending

tachine with a distance between supports of 0.75 in.

and a distancz between the center loading points
of 0.25 in, Actual dimensions varied slightly;
exact values were used in calculating the fracture
strength,

The effect of spherical and acicular porosity
on the fracture strength is shown in Fig. 3. The
strength decreases cortinuously with increase in
porosity and then levels off. The grain size was
very small compared to the pore size. The strength
in the acicular pores, however, does show a rapid
decease with low porosity. This is probably due
to the hlgher stress concentrations for acicular

Fig. 1. Micrograph of controlled porosity in a
PNZT metrix, a) 4.65 v/o spherical pores, 60-75u
and, b) 4.65 v/o acicular pores, 110-1504.

(XBL 7512-9061)

-JA/

Fig. 2. Micrographs of a typical microstructure
showing the distribution of grains.
{(XREL 7510-7489)

pores because the aspect ratio gives the pore an
effective size larger than that ol an evuivalent
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 expiained 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 uniaxial bend strength against

volume fraction of porosity (spherical and acicular
pores) when the pore sizes are much larger than the
grain size in a polycrystalline matrix.

(XBL 7512-10,007)



ceramics cannot be predicted by dividing the
strength of zero porosity material by the effective
stress concentration factor. For this rcason, we
turn to the Weibull probabilitic approaci: to
brittle strength which allows us to comsider the
effect of the stressed volume, as well as the
stress Jevel, on the probability of failure. The
Weibull~ analysis is based an the assumption that
a large number of inherent flaws exist throughout
the stresscd volume, The present investigating
material, with its very fine grain size relative
to the pore size, is probably very close to this
ideal,

Varder and Finnie” applied Weibull's probabil-
istic approac  to predict the streneth of brittle
solids and chowed that reasonable prediction can be
made for medium strength of a ceramic containing
porosity up to about 10%. The analvtical solutior
for the medium strength against percent porosity is
shown in Fig. 4. To minimize computation, the
median strength is used in bending tests rather
than the mean. Since the specimen, having the same
volume and value of Q {defined in Fig. ) is
unchanged, the crdinate in Fig. 4 may be used
directly to estimate the effect of porosity on the
median strength. Figure 5 shows thc experimental
results from Fig. 3 and the prediction based on the
Weibull approach. Also shown in Fig. 5 is the
prediction for relative strength obtained by con-
sidering only the decrease in cross-sectional area
and that obtained by combining the stress concen-
tration factor with the decresse in cross-sectional
ares due to pores.

Smed/cs V/™.q
-
1Y
t
-
By
!
1
Tw
o0
[NR

Q1 SIMPLE TEMSION
=‘112 (meD)-£7 m ]Vm

02k 3 3 or ¢ POINT
(mH} BENDING
o | i 1 i
v 2 4 6 8 10
% POROSITY
Fig. 4. Predicted variation of median strength as

a function of porosity for values of the Weibull
parameter m shown on curves., V is the total
volume of material containing pores loaded by a
nominal stress S. (XBL 7512-9462)

)

[e] e T T T
S ”" —_— AREA CHANGE
£ (i-g)
H 4
? osl a b
& \D_OLV\Q\ °
z - WEIBULL - FIG.
a T ey
2 - - * —
w 06 »
£ . .
I p—— —~STRESS CONCENTRATION ond AREA CHANGE
2 o4t -0 0as p
«
[
a
z Sphesical Acicolar
a Potas. Pores
5 oz - —_
g ® 25-40x T 45-60p
A 6078 "
& 110-150n 0 110-130a
n i I 1 L. 1 1
2] 2 4 6 8 10 2 L]
VOLUME FRACTION OF PORCSITY, p
Fig. 5. Predicted and observed ratio of median

strength with porosity to median stremgth with
zero porosity. The prediction of Fig. 4 is
extrapolated for values over 10% porosity.

(XBL 7512-9463)

These results show that the effect of porosity
on bending strength is predicted quitc well by the
Weibull approach, Other approaches which might bte
consideved based on stress concentration factors
or effective cross-sectional area are completely
inadequate when the pore size is nmuch larger than
the grain size of a polycrystalline ceramic.
Weibull's analysis predicts that only the total
porosity and not the pore diameter will control
the strength.

1. J. E. Baily and N. A. Hill, Proc, srit. Ceram.
Soc. 15, 15-35 {1970},

2, W. VWeibull, Invetenskakad. ilanal, 151,
Stockholm (1939).

3. O. Vardar and T. Finnie, Dept. of Mechanical
Engineering, U, C. Rerkeley, private commmication.

7. VARIATIONS IN THE FERRAELECTRIC AND PIEZO-
ELECTRIC PROPERTIES OF LEAD ZIRCONATE TITANATE
CERAMICS WITH C1'203 ADDTTIONS

John F. Dullea, Jr. and Richard M. Fuirath

Pieczselectricity is the reversible conversion
of electrical to mechanical energy by straining the
lattice of a polarized crystal. Polycrystalline
ferroelectric lead zirconate titanate (PZT) can be
made piezoelectric by creating a preferred orienta-
tion of the spontaneously polarized domains within
each grain. The efficiency in energy conversion,
as measured by the planar coupling coefficient, kp,
will be determined by the effectiveness of this
poling, Domain realignment will be influenced
greatly by defect structure which can be extrins-
ically altered by the addition of doping oxides.
Several such oxides have been studied, Takarashil

* studied the effects of Crz03 on the electrical

Jroperties of Pb(Zr g +Ti 4g)03 and found a strong
cependence of kp on T.ﬁe poling temperature and the
amount of Crp03 added as shown in Fig. 1. The lack
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of material characterization suggested a rore com-
prchensive study was needed to define the effects
ef Crz03 on the electrical properties of PZT
because of the influence such factors grain
size, density, and crystal structure have on the
electrical properties.

Single phase Pb(Ir 55,11, 45)05 was prefared
from high purity (= 9979%) reagent grade powders.
Cr-03 was added in two concentrations; 0.05 wt$,
and 0.20 wi%. he valence of Cr in Cry03 is +3
and its ionic radius is 0.68 &, indicating its
solution on B sites in the PZT perovskite structure
and generating oxygen vacancies. 7The stoichiometric
modifications would be;

+ 0.05 wtd Cr203

Q

+

Th(Zr gp0Ti 4g)05

Pb[(Zr

52T 48) 0978 0022 C2.9989" 0011

and

-

Pb(Zr‘_r.z,Ti.‘m)OS + 0,20 wt} CrZO

3
POHIT 55T 4a) 99126 0088)  ©2.99567. 0024

where O denotes vacancies. lhe appropriate weights
of powders were mixed with distilled water for 24
hours in a rubber lined ball mill using Teflon
balls, dried thoroughly, and calcined at 850°C for
4 hours. The calcined powder was milled with
distilled water for 4 hours in a polyurethane lined
vibratory mill using high density Zr0; balls.
Before miiling, 1 wt5 excess PbO was added to
enhance sintering, and 0,5 wti polyvinyl alcohol
was added as a pressing aid, After drying, the

powder was sized (-20) mesh) and pressed at 10,000
psi into S5 gram 1-in. diameter discs that were
sintered in a lead zirconate +1 wt} excess zirconia
packing powder for 1b hours at 1200°C. This
packing powder was chosen because previous studies
in this laboratory indicated it would give a single
phase matcrial of controlled stoichiometry.

The 0.05 wt Crz03 modified PZT showed the
highest density (99.9%) and finest grain size
(6.2 um). The 0.20 wt$ Cr203 wedified PZT showed
the lowest density and an intermediate yrain size.
Grain growth was most extensive in the unmodified
PZT. T.ds would suggest a solute segration to
the grain boundarics causiug a reduced grain
boundary mobility.2 The grain growth inhibition
exhibited by the 0.05 wt% Cr;03 modified PZT,
relative to the 0.05 wt$ Cry0s3 modified PZT is
similar to that reported by Atkin3 and Fulrath
doping wita Nb*5, a lead vacancy generator,
relative to Al*3, an oxygen vacancy gemerator, and
suggests the solution of Cr as Cr*Y in the lower
dopant level. Ferroelectric behavicr of the 0.03
wth Crp03 modified PIT also indicated this
probability.

‘The domain structure within the grains is shown
in Fig. 2. As Cr0z is added the domain structure
changes from one of entirely :30° domeins in the
unmodified matevial (Fig. 2a) to one of primarily

Fig. 2.

Microstructure. of unpoled PZT ceramics;
a) umodified, L) unmodified sintered by an alter-
nate procedure, c) 0.05 wt$ Crz0z modified PZT,

d) 0.20 wt} Cry0z modified PZT. (XBB 7512-9041}
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90° domains in the 0.2 wt$ modified PZT, similar to
doping with A1*3.3 This indicates the influence of
oxvgen vacancics on the formation of domains on
spontaneous polurization. The ferroelectric prop-
ertics of the materials indicated a domain wall
pinning by the oxvgen vacancies was operative.

Samples were electroded with a 1000 A thick
gold sputtered on the surface, and poled in a high
dielectric silicone 2il at 3 kV/mm for 15 and 45
ninutes at 100°C. Values of kp were determined by
the resonance method 24 hours after poling in
accordance with I.R.E. Standards.* The variation
in kp with the amount ¢f Cry05 added and the poling
time and temperature as determined in this study
are alsc shown in Fig. 1 (dashed lines). The
di fference in the dependence of kp and the amount
of Cry03 in the earlier study was {ound to be a
result of poor stoichiometry control during sinter-
ing. The effect was confirmed by sinterim, undoped
samples by the method used by Takahashi.* The
average grain size was increased and the number of
90° domains increased greatly as observed by com-
paring Fig. Zb to 2a, The decrease %n kp in a PO
deficient composition is significant® as in the
samples sintered by the procedure used in the
earlier study.

The poling time and temperature dependence of
kp results from the pinning of domain walls by
oxgyen vacancies and the low vacancy diffusion
which is increased by poling at 100°C. Poling and
switching characteristics also exemplified these
effects.

In summary, the dependence of kp on the amount
of Crz03 added to an unmodified PZT composition
results from the bivalent solution of chromium,
and the poling time and temperature dependence is
dve to a vacancy pinmning of domain walls.

1. Marao Takahashi, Jap. J. Appl. Phys. 31(1),
182 (1970).

2. P, J. Jorgensen, J. Am, Ceram. Soc. 48(4), 207
(1965)

3. R. B. Atkin and R. M. Fulrath, ibid 54(5}, 265
(1971).

4. Proc L.R.E. 43(7), 1161 (1961).

5. A, H. Webster, T. B, Weston and N.R.H. Bright,
J. Am Ceram. Soc. 50(9), 490 (1967).

8. RESEARCH PLANS FOR CALENDAR YEAR 1976

Richard M. Fulrath

The study of densification of powder compacts
using the MRD-developed hot stage scanning electron
microscopy facility has been one of the most suc-
cessful techniques for sintering studies. This
vwork will be expanded into other systems of techno-
logical importance while continuing the work
already started on Al1303, UO2, and TiC-Ni.
on microstructure development in thick film
conducting systems with the aim of reducing pre-
cious metal content and development of systems
that do not use precious metals will be pursued,

Studies

Research on the kinetics of perovskite compound
formation with the aim of producing better piezo-

electric ceramics will be vontinmed along with
studies to determine the equilibrium Phiy vapor
pressure in the Pho-A1:03 \')‘StL‘LI This latter
effort is important bedw Alalg refractories are
extensively used in ])IOLL‘\NUIL “fead titinate zirco-
nate ceramivs,

It is anticipated that during 1970 the present
programs on the effect of pore size and shape on
the strength of polverystalline ceramivs and elec-
trical vonductivity in lithium ferrite and lead
zirconate titinate will be completed.

9. 1975 PUBLICATIONS AlLD REPORTS
Richard M. Fulrath and Associates
Journals

1. b, R, Biswas and R, M. Fulrath, Strength and

Fracture in Glass Matrix Composites, .J. Am. Cerar.
Soc, 58, 520 (1975) (LBL-3913).
2. . Bandyopadhvay and R. M, Fulrath, Effect of

Ni0 and NiFe(y Dopants on the Processing and Prop-
erties of Lithium Ferrite Spinmel, Bull. Am. Ceram.
Soc. 54, 506 (1975)(LBL-2255).

3. L. Froschauer and R. M. Fulrath, Direct Cbser-
vation of Liquid Phase Sintering in the System
{ron-Copper, J. Material Sci. 10, 2136 (1975)
(LBL-2270). -

Papers Presented

Fulrath, Sintering Ceramics, Lawrence
April 1, 1975.

1. R. M.
Livermore Laboratory,

2. R. M, Fulrath,
Lead Iirconate Titinate System, U.5.

Processing of Ceramics in the
Japan Semina»

on Basic Science of Ceramics, Hakone, .Japan,
June 23-27, 1975,
3. R, M., Fulrath, Recent Developments in Sintering

Reactive and Non-reactive Aluminum Oxide, Basic
Science Division Meeting, Japun Ceramic Society,
Tokyo, Jure 28, 1975.

4. R. M. Fulrath, Sintering, Northern California
Section American Ceramic Society Lducation Seminar,
Berkeley, September 10, 1975.

5. R. M, Pulrath, Sintering, University at Notre
Dame, September 30, 1975,

6. D. R. Biswas, Thermal Energy Storage Using
Sodium Sulfate Decahydrate and Water, 1975 Inter-
national Solar Energy Congress, los Angeles,
July 28-August 1, [975.

7. Papers presented at the 28th Pacific Coast
Regional Meeting of the Am. Ceram. Soc., Seattle,
October 29-31, 197§,

7a. D, R, Biswas and R. M. Fulrath, Fracture
Strength of Porous PZT Polycrystalline Ceramics.
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7h. S. 5. Chandratreya and R. M. Fulrath, Reaction
Kinetics in the Formation of Compounds in the
b0-Zr-Ti0y System.

Z. J. J. Vin and R. M. Fulrath, Electrical

Conductivity in lead Zircopate Titanate Ceramics.

7d. D, J. Miller and R. M. Fulrath, Sintering of
Uranium Dioxide by Hot Stage Scanniug Electron
Microscopy.

Te. V. K. Nagesh and R. M. Fulrath, Microstructure
and klectrical Properties of Glass-Metal Composites.

Tf. N. K. Wang and R. M.
sSintering.

Fulrath, SEM Hot Stage

§., R, M, ulrath, Hot Stage Scanning Electron
Microscopy, lawrence Livermore Laboratary,
lecember 8, 1975,

LBL Reports

1, D. R. Biswas and R, M. Fulrath, Strength and
Fracture in Glass Matrix Composites, LBL-391S,
May 1975.

2, D, R, Biswas, Thermal Energy Storage Using
Sodium Sul fate Decahydrate and Water, LBL-3998,
July 1975.

3. J. J. Dih and R. M. Fulrath, Electrical Conduc-

tivity in LiFeSOs, LBL-4151, Septemher 1975.
4. L. Froschauer and R. M. Fulrath, Direct Obser-

vation of Liquid Phase Sintering in the System
Tungsten Carbide-Cobalt, J. Material Sci.
(LBL-3189}
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e. Structure and Properties of Carbon Materials and Composite Materials

Robert H. Bragg, Primcipal Investigator
1. ELECTRICAL PROPERTIES OF GLASSY CARBON
Ram Saxena and Robert H. Bragg

Studies have been made of a series of glassy
carbon (GC) samples heat treated at various temper-
atures above 1000°C in increments of 100°C for two
hours at each temperature. For all isochronals
Inc is linear versus 1/T in the high temperature
range, 200 - 300°K, with an activation energy of
about 2-4 MeV. thhe lowest temperatures Ino is
linear veIsus 1/T*/7, in agreement with Mott's
theories.! The slope and intercept of the linear
region of the lno versus 1/T plots show little
change with heat treatment_temperature (HTT),
although our x-ray studies® show that the structure
does change to a ?easurable extent, in agreement
with a recent ESR> study in which localized and
conduction electrons of comparable densities were
observed at all HIT's studied. The microstructural
basis of the localized states is difficult to ascer-
tain for lower HIT material because of the extreme
disorder present in the material. At higher HIT
the two likely candidates are voids and crystallite
boundaries where we believe that the carbon atoms
are tctrahedrally bonded.? As yet no attempt has
been made to introduce void characteristics into
our model.

The magnetoresistance Ap/p increases with
magnetic field at a given temperature, increases
as the measurement temperature T is lowered (Fig.
1), and follows a power law Ap/p«if". Some trends
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Fig. 1. Magnetoresistance of glassy carbons heat

treated two hours. Magnetic field is 50 KG.

(XBL 761-6277)

in the HIT—T dependence of the exponent n are
as follows:
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Fig. 2. Magnetoresistance cf ( plotted according

to Delhaes, X adjustable. (XBL T61-6278)

1} At a given HIT, n is close to | at the
lowest temperature and increases toward 2 as the
temperature is raised to room temperature.

2) At a given T in the 2000 - 2800°C HIT range,
n decreases with increasing HTT. In the HTT range
1000 - 2000°C, not cnough samples have been studied
to ascertain the trends in n.

The complete interpretation of negative magneto-
resistance awaits theoretical understanding of the
proposed mechanisms;>s% more than one are likely to
be operative in GC. Some important considerations
are:

1) With the small crystallite size (~ 100 &) in
GC the mean free path of conduction electrons is
most likely limited by houndary scattering. in a
simplified calculation this mechanism has been
show 7 to give nepative magnetoresistance with
bofp = W2,

: 2)I :Qnowiup Delhaes et u?(’ we have plotted
{ap/i:| < versus In AR/T (A-adjustable parameter)



and the result is shown in hL. 2. ‘This could be
made to agree with Toyozawa's model of negative
magnetoresistance, where free carriers are scattered
by localized states,

5) Mott® has suggested that a localized state
would tend to order the surroumding spins, thus
increasing the hopping activation energy. A
magnetic field would tend to destrov this order
giving rise to negative Lo/p. ‘'Details of this
mechanism have not been worked out, but we believe
it may be most important in low-temperarare conduc-
tion in amorphous materials' (Mott p. I82). We are
currently investigating the temper:ture ranges of
applicability of these mechanisms to GC.

Reliable Hall effect measurements could not be
made for all sampies because of the extyemely smatl
signals imc .ud Where possible they showed satu-
ration with magnetic field and little temperature
dependence.  The values obtained for the muber of
carriers from the sinple expression R = }/ne were
of the same order of magnitude as reported in the
ESR? work on GC.

1. N. F. Mott, Electronic Processes in Non-
Crystalline Materials, Oxford Press (1871,

. Saxena an H. Bracp, IMRD Annual Report
for 1974 (LBL- ‘55»0/, p.178.
S. Orzeszko and XK. T. Yang, Carbon 12, 453
(1974}.
4. R. Saxena and K.
2, 210 (1974).
5. 5. K. Das, Metallurgical Ingincering,
Thesis, University of Michigan (1974),
6. For a list, sce Delhaes et al, Phil,
130 (1974).
S. Tugita, Carbon 6,
Same as Ref. 1,

#. Brapg, K-BEmission, Carbon

Ph.D,

D

Mag. 29,

746 (1968).
p. 182,

-
7.

8.

2. X-RAY STUDIES AND KINETICS OF ORDERING GLASSY
CARBON

Sudhangshu Bose, Ram Saxeny and Robert H. Bragg

Mr. Bose has joined the group and is {ollowing
up on the work on x-ray characterization begun by
R. Saxena and R. H. Bragg. This work involves the
determination of the kinetics of ordering in glassy
carbon (GC) by accurate measurement of the tempera-
ture dependence of the kinetics of the interlayver
spacing, dyg,. khile the experimental data are
relatively edsy to obhtain and can be interpreted
without ambiguity in the case of grap‘nn ing
carbons such as pyrolytic graphite (P(}, the situ-
ation is very different for glassy carbon. is
problem is well illustrated by the data in Fig. 1,
which compares the diffraction patterns of artifi-
cial graphite, a highly oriented PG, and GC which
has been heat treated to 100°C. Clearly in GC the
accurate location of the 002 maximum is difficult,
and the 004 maximum is so weak as to be observable
only with very tedious measurements.

Strong intensity below the 002 waximm has heen
ascribed by many workers to "uorganized carbon”,
but as yet it has not been satisfactorily cxp].uned.

Corg REDILTION

26 DIGREES

Fig. 1. Diffraction pat:ems of graphite, pyvrelitic
graphite (PG, and glassv carbon (6C). (Cuke radija-
tion). {ARL "61-6279)

This intensity Jdecreuses with increasing heat treat-
ment temperature, as shown in Fie. 2, but the excess
intensity Jdoes not justify an csplanation in terms
of independent scattering by N carbon atoms. It
was felf by our group that the excess intensity was
due to double Rrapge diffraction, and preliminarnv
experiments appeared to support this explanation.

T

5
76. DEGREES

3

Fip. 2. Diffraction pattems oi GC heated ore hour
at various temperatures {CuKa radiation).

(XBL 761-6280)

However, morc cxtensive experiments and some order-
of-magnitude calculations have eliminated this
possibility. By reducing the thickness of the
specimen in an x-ray measurement, the relative
magnitude of the component of doubly diffracted
radiation should be reduced, but, as shown in

Fig. 3, no such reduction is found.

1t is now clear that the excess intensity is
due to the small angle scattering from the voids in
GC. Analysis of the experiments in reflection and
transmission show that in reflection, the effective
irradiated volume varies as 1/sin@, and this would
accentuate the apparent small angle scattering,
whereas in transmission the irradiated volume varies
as 1/cos8, which diminishes the importance of the
small angle camponent.
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Fig. 3. Diffraction pattems of GC from specimens
of different thickensses (CuKa radiation)
(X3l 761-£281)
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Fig. 4. Typical small angle scattering data
obtained Bonse-Hart small angle scattering apparatus
(Cuko, radiation). XL 761-6282)

It is known that the general features of accu-
rate small angle x-ray scattering data are as shown
in Fig. 4, and data obtained in transmission with a
conventional diffractometer should be similar at
small angles. Data obtained in reflection and
transmission using a GE XRD-3 diffractometer are
shown in Fig, 5. [Ideally they would superimpose
when corrected by factors of sing and cosé for
reflection and tyansmission respectively. This
discrepancy has finally been traced to the diver-
gence of the incident beam, and when this is suit-
ably reduced, data such as in Fig. 6 are obtained.

i BEAM SLIT
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Cukg, 45AV. 4Dma
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Fig. 5. Diffraction data for glassy carbon taken
in reflection and transmission (Cuka vadiation).
(XBL. 761-0283)
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Fig. 6. Diffraction data obtaine”” in transmission

using fine collimation ahead of detector {Cuka
radiation). (\BI 761-6284)

An irpotrtant finding is that in the reflection
data the intensity maximm iy displaced to smaller
26, which leads to an overestimate of dpgy, but data
taken in transmission are relatively wnaffTected.

A detailed quantitative demonstration of this
explanation has been started, and its implications
are alrcady being used.
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3. SMALL ANGLE SCATTERING BY GLASSY CARBON AND

PYROLYTIC .RAPHITE
Sudhangshu Bose =nd Robert H. Bragg

A calculation to predict the small angle scat-
tering from a dilute dispersion of non-randomly
oriented ellipsoids of revolution” was made to
facilitate the analysis of the pore structure of
carbon materials. Pyrolytic graphite (PG) provides
a nearly ideal experimental vehicle to test the
validity of the cslculation. The calculation
predicts that for cllipsoids of axes 2a, 2a and 2b
having a fixed common orientation y betweern the
axis of symmetry and the normal to the direct beam
and the plane of observation, the scattering is
equivalent to that of a "Guinier W ere'’ whose
radius is H = (a®sin’y + b2cos?y) H is deter-
mined from the slope of Guinier plots of 1n scatter-
ed intensity versus h¥(h = 4Am/) sing).

Measurements were made on specimens cut as
shown in Fig. 1 from a specially prepared block of
pyrolytic graphite, about 2.5 cm thick, supplied

,T_ ; [TY
25¢em I g
1 ©
DEFOSITION
SURFACE
(o)
X-RAY BEAM
D e
Fig. 1. a) Block of pyrolytic graphite, b) Voids

praject as circles, ¢) Voids project as ellipses,
d) Geometry of voids in scattering measurements.
(XBL 761-6285)

by Pfizer, Inc. The mode of preparation suggests
that the common z..is of rotation b will be normal
to the deposition surface, and hence the scattering
from a specimen cut parallel to it should be inde-
pendent of the angle of rotation. This is confirmed
by the data of Fig. 2

Typical data obtained for the Guinier region are
shown in Fig. 3 which show that the scattering is
anisotropic, i.e., a function of y. The observed
vy depenience of H is shown in Fig. 4 along with the
catculated least square best fit curve for 2a= 2285,
and 2b=152A. The agreement between theory and
expeTiment is considered satisfactcry.
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Fig. 2. Isotropic scattering from specimen cut
parallel to the dependence surface; h=constant.
(XBL 761-6286)
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Fig. 3. Typical Guinier plots for oriented pyro-

1ytic graphite. (XBL 761-6287)

The erperinental data in Fig. 4 are based upon
"edge-on' views of the ellipses, but a direct
measurement of 2a has also made from the specimen
used to obtain FIg. 2. Results obtained for this
orientation in which the ellipses are projected as
circles of radius a gave a value 2a=214A, in good
agreement with the result obtained for y=90° in
Fig. 4

The foregoing affords strong confimmation of
the model and the calculation. A second major
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Fig. 4. Dependence of “'Guinier Sphere” radius on
orientation. (XBL T61-6288)

prediction is that in the Porod region curves of In
intensity versus In h should be linear and have
ordinates proportional to H™*. Figure S shows
typical data, which are in qualitative agrecment,
but the precision of the present data is inadequate
for a quantitative comparison of H " versus y.
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Fig. 5. Typical Porod plots for oriented pyrolytic
graphite. (XBL 761-6289)

These results make available a much improved
theory for interpreting the scattering from oriented
non-spherical "particles™ in solids, In our work
the "particles"” are the voids in carbons and graph-
ites such as those in fibers, pyrolytic graphite,
and plastically deformed glassy carbon. !lowever,
the present results do not prove that the veids in

120

PG are ellipsoidal; in fact the microstructural
cvidence suggests that they are probably better
approximated bv half eilipsoids of dimensions la,

2a and b, and it is possible that the scattering
Trom circular discs of radius a, 2a and thickiess

2b would also fit the predicted dépendence of 1 on
Y reasonably well. This can be expected intuitively
since any reasonable volime of revolution can be
approximated by an ellipsoidal of revolution.

There is an additional intermal check possible
for consistency bevond that afforded by verification
of the expected N dependence of the intensity upon
y in the Porod region. The theory for a monodis-
perse system predicts an ordinate on the intensity
axis at h=0 which can be used to calculate the
total volume of voids. On the other hand, the void
volume can be determined experimentally from density
measurements. Thus to complete the characterization
it is also necessary to use the scattering data to
predict the observed void volume to ensure intemal
and external consistency of the data.

1. F. M, Hamzeh and R. H. Rragg, .J. Appl. Phys.
45, 3189 {1974); LBL-1874 (August 1973).

4. ELECTRICAL RESISTIVITY OF Al-CuAl, BEUTECTIC
Kwaku Danso and Robert H. Bragg.

Tn a previous report] studies were reported on
the electrical resistivity versus time of direc-
tionally solidified A1-5." Cu(a) and A1-CuAl, (8)
alloys, which had been solution heat treated and
aged at 25°C, 150°C, and 315°C. In all cases the
resistivity versus time curves of cach showed a
maximum indicating that the Al-5.7 Cu alloy phase
in the lamellar cutectic microstructures ages
independently of the adjoining € phase. However,
the overaged a alloys showed the expected € precip-
itates on {100} Al:planes at optical magnifications
whereas there was no clear indication of oriented
precipitates in the a-phase of the eutectic. Tnitial
attempts at electron microscopic observation of
oriented precipitates in the cutectic alloy at any
stage of the precipitation were unsuccessful. Thus
therc is a question whether or not the microstruc-
tures of the Al-5.7 Cu alloy are identical whether
grown and aged separately or between lamellae of 8
in the eutectic alloy. A second difficulty with
interpreting the resistivity data in terms of any
theory of composite matevials is the absence of any
information on the resistivity of CuAl,(8). Since
this material has a tetragonal unit ccil, it is
necessary to know the resistivity in the a and ¢
directions to permit any comparison with @ theory
of the properties of composite materials.

Because the resistivity of the aligned eutectic
depends upon both the microstructure of the lamellae
and the crystallographic orientations within phases,
it is necessary to determine both, Unfortunately,
it appears to he necessary to do this for each
specimen measured. There is considerable confusion
in the literature concerning the crystallographic
relationships that occur in growth of the cutectic.



The most reliable seqms to be that reported by

Cantor and (hadwick,- which are as shown in the 1. Kwaku A. Danso, Flectrical Resistivity Studics

tahle below. of Unidirectionally Solidified Al-CuAl, Eutectic
Alloy, LBL-3547 (M.S. Thesis, 1974).

Interphase 2, B. Cantor and G. A. Chadwick, J. Crys. Growth
orientation Growth Interface 23, 12 (1974).
relationship direction facets
Hia varies within 8% from 5 UNIDIRECTIONAL SOLIDIFICATION OF Al-Si EUTECTIC®
{211} QuAl,
. s Justi” .
A0 AL/ {1117 AL, tefan Justi'® and Robert H. Bragg
<210> Cudl, ) qal, Al-Si a;jloys were unidivectionally frozen at

rate R between 0.1 and 47 cm/hr in a horizontal
resistance heated fumace where the temperature

The growth direction was reported as variable, gradient G, ahead of the liquid solid interface
but was usually between <321» Al, <211> Al, and vas kept fairly copstant at about 78°C/cm. Tvpical
<310> Al. This variability does not appear to have optical micrographs such as shown in Fig.1 indicute
been the subject of a systematic investigation but
seems likely to be associated with kinetic factors longt1udinel tranyverae

of the growth process and anisotropy in the inter-
facial energies. However, the one approximate
determination made in this work indicating <.00>
is almost certainly in error.

s
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With the sclidiTication apparatus used in the
initial phases of this work it was not possible to
obtain temperature gradients, G, at the solid-liquid
interface greater than about 30°C/cm. However, when
the work on the A}-Si euzectic was begun, a special
chiller (Fig. 1) was designed by Dr. Stefan Justi
with which gradients to 80°C/cm are obtainable.
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Fig. 1. Solidification apparatus (detail of the Ge75"Cecm  R-10cmbr
cooling end). {XBL T512-9251) ‘o

A set of ingots consisting of two A1-5.7 wt% Cu
alloys, three A1-33.i5 wti Cu alloys, and two
Al-33.30 wt$ Cu alloys have been directiomally
frozen at 4.7 cm/br using the revised apparatus.
A1l of the latter five ingots appear to have well
aligned eutectic microstructures although they
differ slightly in chemical composition. Auxiliary
experiments with nelted buttons showed that the
eutectic composition is closer to Al-33.30 wt Cu
than to Al-33.15 wt% Cu, but possibly during the
normal one-pass freezing the composition changes
so that most of the frozen ingot has the eutectic
composition in either case. A single crystal of
CuAl, has been obtained from Professor A, S. Yue,
UCLA, for resistivity measurements. This crystal
will provide resistivity data for CuAl, from which, Fig. 1. Optical micrographs of unidirectionally
with the existing data for the o and 0 alloys, a solidified A1-Si eutectic grown ut different
comparison of theory with experiment can be made. growth rates. (XBB 761-16}




a definite alignment of the fibrous Si phase at
lower growth rates. At growth rates greater than
about 5.0 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 still be observed.

Figure 2 shows a diagram of the solidification
experiments in which the lines are drawn according
Lo the classification of Day and Hellawell.
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 cw/hr.
1000,
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Fig. 2. Diagram of Al-5i umidirectional solidifi-

cation experiments. (XBL 7512-9498)

Previous workers have shown that for this system
an interdendritic spacing, A, of the Si fibers
follows a law closely approximated by A’R = constant,
at least for growth rates above about the 1.0 cm/br.
If ) plays the role of grain size in this system,
and Ehe yield strength or ])ardness is plotted versus
1172 or altematively RY/?, then a straight line
should be obtaircd. Vickers hardness tests (HVI)
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 ncan of 18 measurcments.
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 1o indication of an
orientation dependence.

The point for R=0.25 o /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 it is unrepresentative,
The slightly higher hardnes: is explained as dve to
an cxcess of 5i in these bar.ls.

[
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Fig. 3. Orientation directions for hardness

measurements. (XBL 7512-925%})
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Fig. 4. Yicker's hardness HVl vs growth rate, Rl 4.

(XBL 7512-9483)

The solid bar at R=0 indicates the range of
hardness of the 1100 Al alloy whouse 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 autectic will be essentially
that of the matrix phase lone. There is no indi-
cation of fiher composite strengthening.

The dashed lines in Fig. 4 indicate the range
of hardness values ohtained from chill cast eutectic
alloys. It uppears that a higher hardness is
obtained by directional solidification. Examination
of the microstructures of the chill cast alloy
showed regions of Al dendrites whicl, was not char-
acteristic of the directionally (rozen alloys.

These dendrite should 1impart 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 hy
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;.
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6. VIELD STRENGD OF DIRECTIONALLY SOLIDIFIED

Al-Si BTECTIC
Danny G. Morrow and Robert t!, Bragg

‘The effect of directional solidification on the
yvield strength and microstructure of the Al-Si
eutectec has been investigated. FEutectic alloys
(Al-12.7 wt% Si) were directionally frozen through
a temperature gradient of about 80°C/cm at rates,
R, hetween €.097 and 47 cm/hr, The microstructures
and crystallographic relationships were character-
ized usjng optical microscopy and transmission L:uc-
X-Tay phntcgraph\' As found by Day and Hellawell,
for freez ing rates lower than approximately 1.0
cm/hr, the Si crystals exhibited a <100 {ihre
texture within a matrix of polycryrtalline Al (sce

Growth Direction

(b) R = 0.97 em/hr

Fig. 1.

title 5 above ané Fig. 1). At higher growth rates
irreguiar microstyuctures similar to those of the
as-cast alloy wet~ found. Transmi:sicn Laue photo
graphs show concensric Debye rings {Fig. 2) due to
the fine dispersion of miltiple twirned {1i1) si
crystals in a matrix of polycrystalline Al.

Linear transverse measurements of *he Upt"ca]
micrographs showed that the "mtexdsmh itic™ spacing
) between Si fibres obeyed a A’R = tors”ant cepen-
dence for R greater than 1,0 aw/hr (Fig. 3; but at
slower growth rates this dependence is net found.

Tn the lower growth rate region transverse bands
rich in Si_are observed, as reported by Da’ and
Hellawell.® But as yet no correlation betwzen band
spacing and growth rate has been made.

{a) R = 0.25 cm/hr
Arcs result from <100>
fiber taxture of {111}
crystals.

Transmission Lauc photographs for low growth rates (Ni filtered CuXe radiation}. XBB 7512-9073
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(6) R = 2,4 em/hr

Fig. 2.
(Ni filtered Cuka radiation.
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Fig. 3. “Interdendritic” spacing from linear

traverse measurements. (XBL 761-6290)

Tensile tests were made using specimens fabri-
cated parallel to the growth direction according to
A‘TM-EB-69. Data oi the 0.2% offset yield strength

Growth Direction

(a) R = 23.0 en/hr

Transmission Laue photographs for R greater than 1,0 cm/ar

(XBB 7512-9074)

wﬁ Acbtained from these tests and plotted versus
R

(Fig. 4). For R greater than about 1.0 cm/hr,
Fig. 4 shows that the vield strength is proportional
to R Using the above relationship between R

and X, it follows that
A'UZ

«
%.s.

So, for the higher growth rates a Hall-Petch type
relationship exists between the yield strength and
the distancc between the brittle Si crystals. How-
ever, contrary to the results implied by the hard-
ness data obtained by Justi and Bragg (see 5 above)
the maximm 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 oblained, the yield strength
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Fig. 4. Dependence of yield strength on growth rate.
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is relatively insensitive to growth rates and is
only slightly higher than that of the Al matrix
alone. Examination of the fracture surfaces in
this region shows flat transverse fractures at the
interfaces of the Si-rich instability bands.

For microstructures aligned in a regular manner,
a yield strepgth independent of growth rate would
be expected.” Also, since Si has a much higher
modulus of elasticity than Al, a yield strength
higher than that of the matrix, essentially 1100 Al,
would be expected. Present results indicate thst

aligned fiber composite strengthening is not obtain-

ed due to the presence of the orittle Si bands lying
normal to the growth direction.

1. M. G. Day and A. H. Hellawell, Proc. Roy. Soc.
A. 305, 473 {1968},

2. "H. Bibring, Proc. of Conference on Tn-Situ
Composites 3, 12-15 (1975).

7. RESEARCH PLANS FOR CALENDAR YEAR 1976
Robert H. Bragg

The work on the kinetics of changes in electri-
cal properties of heat treated glassy carbon (GC)
will be completed by mid-1976, by Ram Saxena, and
will be extended by Showchia Ho to the effect of
neutyon irradiation on GC in order to clarify the
mechanisms responsible for negative magnetoresis-
tance. Auxiliary measurements on oriented pyrolytic
graphite (PG) irradiated under similar conditions
will be made.

The x-ray sti.lies of the kinetics of ordering
using dOOZ will also be completed by mid-1976. The
explanation of non-crganized carbon is being treated
as a separate project, hy S. Bose, but enough is
known so that the dgps kinetic data can be analyzed
quantitatively. Smaﬁ angle scattering will be
ohtained by S. Bose from the entire series of

specinens used in the studies c¢f electrical proper-
ties and will be used in the first systematic study
of the kinetics of void growth in GC. A small
furnace will be designed and built for short time
heat treatments at high temperatures (> 100C°C).
The experimental test of the eguations derived to
characterize the orientation dependence of scatter-
ing by anisotropic voids in materials will be
completed.

The wotk on the electrical properties of direc-
tionally solidified Al-CuAl, eutectic, begun by K.
Danso (LBL-3547). will be continued by D. Baker who
will investigate the directional dependence of the
thermal expansion of the a and 6 phases, and the
eutectic. A series of alloys will be grown at
different rates to determine if the interlamellar
spacing, A, plays a role in the electrical and
thermal properties. The dialatometric investiga-
tion is the major new thrust in our research
program for 1976.

The work on the microstructure of directionally
solidified Al-Si eutectic will be completed by Dr.
Stefan Justi (Max Kade Postdoctoral Fellow), but
work on tensile properties will be continued by D.
Morrow, to detemmine if the oriented microstructures
obtained at low growth rates have the expected high
elastic modulus. He will also begin tensile proper-
ty measurements on the directionally solidified
A1-CuAl, eutectic. IProfessor R, H. Bragg will be
on sabbatical (in residence} during the period
April - June 1976.

8. 1975 PUBLICATIONS AND REPORTS

R. H. Bragg and Associates

LBL Reports

1. Kwaku A. Danso, Electrical Resistivity of Uni-
directionally Solidified Al-Cud, Eutectic Alloy,
M.S. Thesis. LBL-3547.

2. Stefan Justi and Robert H. Bragg, Microstructure
and Hardness of Directionally Solidified Al1-Si
Eutectic, (submitted for publication in Trans. AIME).
LBL-4560.

Papers Presented

1. S, Justi and R. H, Bragg, Unidirectional Solidi-
fication of Al-Si Eutectic, Third American Conf. on
Crystal Growth, Stanford University, July 1975.

2. R, H. Bragg and R. Saxena, Electrical Properties
of Glassy Carbon, 12th Biennial Conf. on Carbon,
Pittsburgh, August 1975.

Z. M, M, Biswal, S. Bose and R, H. Bragg, Void
Growth in Glassy Carbon, 12th Bienmial Conf. on
Carbon, Pittsburgh, August 1975.

4. S. Bose, R. H. Bragg and R. Saxena, Explanation
of "Disordered” Carbon in Glassy Carban, American
Ceramic Society 28th Pacific Regional and Nuclear
Division Meeting, Seattle, October 15975.



8. SOLID STATE PHYSICS

1. EXPERIMENTAL RESEARCH

a. Far Infrared Spectroscopy
Paul L. Richards, Principal Investigator

1. FAR INFRARED SPECTRA OF L1QUID ELFCTRON-HOLE
DROPS IN GERMANLUM

Richard L. Aurbach. Lawrence Eaves, Carsen D.
Jeffreys, Robert S. Markiewicz, and Paul L.
fichards.

Droplets of electron-hole liquid are known to
condense in He-temperature Ge that is optically
pumped with band gap radiation. This new form of
matter is being actively studied ir many labo—1-
tories. In unstressed samples, a cloud of small
(a) droplets is formed having a radiative decay
lifetime of ~40 us. In nonuniformly stressed Ge
a potential well can be created in which a single
large (y) drop is formed. These y-drops can have
radii as large as 400 um and radiative lifetimes
as long as 400 ps.

The far infrared attepuation in both @ and y
drops over the frequency range from 25 to 200 cm”
with a variety of stress orientations is shown
in Fig. 1. Because of the remarkable similarity

1

of all of these curves, it was necessary to verify

that y-drops had been formed. This was done in
three different ways. The y-drops were photo-
graphed before and after the far infrared spectra
were measured using an infrared vidicon which was
sensitive to the recombination radiation. The

(4] 100 200 cm”

Fig., 1. The ratio of the transmitted intensity
with (11} and without (Ip) optical pumping plotted
as a function of frequency. The open symbols are
for y-drops formed in Ge stressed with 7 II (110).
The closed symbols are for Tl (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)

reconbination lifetimes were measured and micro-
wave Alfven-wave resonances were observed in the
same stress conditions used for the far infrared
experiments.

Calculations based an Mie scattering theory in
the small drop limit show that the peak of the
far infrared spectrum for a-drops is at w,/v3,
where is the plasma frequency. A sim??ar
calculggion carried out in the large drcp limit
of the Mie theory shows that the peak is close
to for y-drops. The spectra in Fig. 1 are
therefore in agreement with a result deduced {rom
other experiments, that the plasma density in the
y-drops is a factor ~ 4 smaller than in the
a-drops. The calculations show good agreement
with the measured spectra of the y-drops.

2. A MEASURBMENT OF THE SPECTRUM 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 ~ 3 cm™* support
the idea that tke CBR is isotropic and has a
characteristic temperature of ~ 3K. The peak in
a 3K blackbody curve occurs at ~ 6 anl, 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™.

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
atnosphere 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 spectnum (residual of (a) - (b))} at three
different resolutions. (XBL 759-7305)

by the line emission from H;0, 0z, and O3 mole-
cules. We developed 2 model for the atmosphere
that had only two free parameters for the con-
centrations of Hy0 and O3. The concentration of
0, 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 resclutions, is the CBR.

Our flight data also allowed us to determine
the continuum radiation contributed by earthshine
diffracted into our antenna and emitted by the
instrument itself. This required a model for the
antenna pattern valid for large off-axis angles.
We calculated a theoretical antenna pattern, using
a technique based on geometrical optics, which
also includes diffraction effects. The cal-
culated antenna pattern shown in Fig. 2 is in
excellent agreement with *he experimental data
over the angular range from 0 to 1 radian. This
is the first time a broadband submillimeter
antenna has been successfully measured and
analyzed at large off-axis angies.

The (4R 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
spectrum in the frequency range from 4 to 17 em'l
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and clearly shows that it follows the Planck curve of semiconducting bolometers,

for a ~ 3K blackbody at frequencies beyond the 3 )

peak. Our results v1e]d a temperaturc for the _In spite of the detrimental ql'fccts al’ excess

blackbody of 2.99 -?4 . noise and low absorptivity, semiconducting
bolometers are popular for several rcasons.

Several changes to the apparatus have been Primary among these are 1) the required electronics
made to improve the measurements. A composite consist of a low noise preamplifier and a bias
bolometer has been {abricated which will increasc battery that are straight(orward to construct and
our sensitivity by nearly an order of magnitude. operate, 2) the dynamic range is large, often
This will allow us to obtain higher resolution being in excess of 107, and 3-)_lt is unconditional-
spectra and thus improve our modeling of the ly thermally stable, that its thermal feedback
atmospheric emission. The system has also been is such that thermal runaway is impossible.
improved by the use of Winston light cones to
define the geometrical optics beam and the addition Conventicnal semiconducting bolometers require
of a flared horn tc further decrease the dif- the semiconductor to act as both the infrared
fraction sidelobes. These improvements will absorber and the temperature sensing clement.
allow us to greatly reduce the error limits in OQur approach has been to scparate these two
our measurement. A new balloon flight is planned functions. Figure 1 shows how these 'composite'
for the spring of 197€. bolometers are assembled. They consist of a thin

sapphire substrate coated with a bismuth film of

Using the improved apparatus it should be pos- ~ 200 9/9 resistance as the infrared absorber
sible to defect stratospheric constituents at the and a ~ 1 x 1 x 0.2 mm slice of gallium-doped
level of 10% molecules/cm3. Plans are being made germanium as the temperature scnsing element.
to test this capability to see if molecular The bismuth coated sapphire provides a far-inCrared
species of importance to the catalysis of absorption of ~ 50%. The doped germanium thermo-
stratospheric Oz can be detected in this way. meter is glued to the sapphire substrate, which

is suspended from a brass ring by four nylon

This program is being carried out in collabora- threads. These threads provide a robust vibration-
tion with the Berkeley Space Sci.nces Laboratory free mounting for the detector. Electrical
and has received support from NASA. contact to the thermometer is made via a pair of

wires soldered to opposite ends of the germanitm.
These wires also provide the dominant thermal
conductance to the heat sink. Adjusting the size

3. DEVELOPMENT OF PURIFICATION METHODS FOR HIGH and composition of thesc wires allows us to alter
PURI.Y GERMANIUM the thermal conductance to the bolometer.
Eugene E. Haller, William L. Hansen and Paul L. Computer simulations of bolometer performance
Richards indicate a complicated relation between the
optimum bolometer parameters and the amount of
Far infrared photothermal ionization spectra infrared background power loading present. Using
of ultrapure Ge are being measured on a routine these calculations as a guide we arc now in the

basis. These spectra provide detailed information
on rgsidual ionized impurities at the level of

~ 10° atoms/cm®. 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 Bf-chmquec o
consistently purify Ge to the 1010 atoms/em3 range.
This Ge is used primarily for radiation detectors.

4. FAR INFRARED SEMICONDUCTING BOLQMETER
DETECTORS

Norman S. Nishioka and Paul L. Richards

The use of heavily doped semiconductors as low
temperature (T = 1.5K) far infrared bolometer “,I” “ l""l""l""ll ' "ll l ' l‘""ll
detectors has been common for many years. However, 1 2 3

poor far infrared absorptivity and excess current-

dependent noise have prevented these detectors

from reaching the theoretical limits of sensitivity. .

We have initiated z Jetector development program Fig. 1. Composite far infrared bolometer with a
whose major goal is to improve the semsitivity semiconducting thermometer. (XBB 7512-9203)




process of constructing bolometers whose perfam
ance is optimized for the background loading
present in sceveral different experiments. In
many cases, the theoretical limits of sensiti-
vity have been achieved.

in addition, our computer calculations imply
that a significant improvemegt in sensitivity can
Re acquired by using liquid “He instead of liguid
He as the coolant. We have recently begun a
program to optimize the performance of these
bolometers at the lgwer temperature (T ~ (.3K)
provided by liquid “He.

FAK INFRARED SUPERCONDUCTING BOLOMETER
ECTORS

John Clarke, Gary I. Hoffer, Paul L. Richards,

and Nan-Hsiung 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 annua)
report. The 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 bolomcth noise equivalent-power of
NEP = w//AZ which is the best ever reported
for a }[e temperature bolometer. Although they

are not as fully developed or as easy to use, these
bolometers are more sensitive than the composite
bolometers with Ge thermometers described above.
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Fig. 1. Theoretical absorptivity of a composite

bojometer plotted as a function of the ratio of the
free space impedance Z; to the product Rg(n+l),
where Ry 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)
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‘The absorbing element used in our composite
far infrared bolometers is a conducting film of
Bi on a substrate of AIy0z. The far infrared
absorptivity of this structure has been cvaluated
cxperlm(.ntall\' and theoretically. The absorption
is an oscillatory function of f‘equencv for most
values of resistance per square of the Bi film
because of interference effects in the Al;03
substrate. The maxima and minima of the inter-
ference pattern are plotted in Fig. 1 as a
function of the normalized corJuctance of the film.
These results show that a frequency independent
absorption of 50% and a peak absorption of ~ 90%
in a narrow frequency internal can be achieved
with these composite bolometer structures.

These bolometer detectors will be used in our
measurements of the cosmic background radiastion
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 large Space Telescope
and the Infrared Explorer Satellite.

9. FAR INFRARED SKY SURVEY*
stephen E. McBride, Norman S. Nishioka, Paul L.
‘ichards and David P. Woody

Astronomy 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.

We are constructing the one-meter Cassegrain
balloon telescope shuwn in Fig. 1 to survey the
northern hei:isphere in seven freguency bands
between 10 and 1000 cm™*. The limiting flux
sen%nvi y will be a few flux units (1 f.u.

W/m< Hz}, which is orders of magnitude more
The angular

sensitive than previous surveys.
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 Nacional
Laboratory for particle detectors), and the
composite bolometer detectors developed in our
group. Great care has been taken to minimize the
infrared background radiation falling in the
detectors, and to discrimirate against all
telluric signal sources.

The design of the telescope is complete and
fabrication is well advanced. The 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.

(XBL 7510-7473)

¥ - .
This project is partially supported by a grant
from the Director of the LBL.

7. SURFACE MAGNETIC RESONANCE IN thZ

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
hFZ.

In zero field the bulk antiferromagnetic
resonance (APMR) frequency of 8.7 em™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
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much as 2.5 em™!,  Ihese surface modes should have
penctration depths averaging fiyc- atomic layers
and involve approximately 3x104° spins per cm= of
surface area. 'There has as yet been no experi-
mental ver.fication of surface spin states in any
material.

Three different spectroscopic techniques have
been used to study the MnF, spectrum. fourier
spectroscopy has beep limited by the power
availavle at 8.7 cm™! from broadband thermal
sources and by detector sensitivity. Antiferro-
magnetic resonances with a minimum of ox1017 spins
and linewidths less than the 0.1 cm™! instrumental
resolution were observable in the freqdency range
6-9 cm™'.  Single crystals showed only the bulk
resonance while a powder sample ground from the
sume crystal and with an effective surface area
of 3000 cm* showed fﬁ)ur additional modes hetween
.4 em™t and 8.3 cm™d.  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 MaFy 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 Gz,
150 (Hz simple transmission measurements were
capable of getecting 2x1014 spins in the bulk
APMR mode whose linewidth was 300 gauss. No
additional resonances could be identified, sug-
gesting that the surface modes are cither
substantially broadened, they penctrate fewer
than five layers, or they lic very closc to the
bulk mode and cannot be distinguished from it,

At

At 10 Giz a bridge sepctrometgy has been built
with an AR sensitivity of 2xI1C°“ spins for the
measured bulk tinewidth of 100 gauss. Operation
of a superheterodyne *--idge spectrometer at high
microwave power levels, in fields up to 1J0 kg,
and at modulation levels of several hundred gau
places extreme demands on the mechanical stability
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
linewidths are no larger than a kilogauss.

8. LLECTRON SURFACE STATES IN LIQUID MEL1UM

pavid K. Lambert and Paul L. Richards

A project has been initiated to study electrons
trapped at the surface of liquid helium by a
rombination of electrostatic "image' attraction
ad short range “exchange' repulsion. Microwave
studies of this system by others have yielded many
new ¢“fects. 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



surface plasma at higher densitics so as to
observe interiction effects, and to extend the
medsurements to other materials such as super-
fluid helium films, liquid and solid Hy and
liguid Me.

o SPECTROSCOPIC APPARATUS FOR THE INFRARLD

Bonomo, Ted S. G. Chang,

Lambert and

James L.
David K.

Robert B. Bailey,
kugene B, Haller,
Paul L. Richards

Ihe tools availuble for infrared spectro..up.
are being upgraded in several significant way
11 A new far infrared polari.ing inter{erometer
with a limiting resolution of 0.05 cm™! has been
vonstructed ond is now ready for ﬁhe ln the
I'requency range from 3 to 100 cm A far
infrared molecular wavesuide laser thdt is pmped
from a well stabilized CQO> laser is nearing
completion.  bhen finished this system will provide
coherent monochromatic radiation at hundreds of
far infrared frequencies. 3) A commercial near
infrared Fourier spectrometer has been purchased
from the UM Corporation. This instrument will
mike possible high throughput lFouricr spectroscopy
at all infrared frequepceies, with a limiting
resolution of 0.07 em™ . 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, JOSEFiISON EFFECT MILLIMETER WAVE RECEIVERS*

John €. Claassen, Paul L. Richards, Tak-Ming Shen,
and Yuan Taur

‘The usefulness of superconducting .Josephson
junctions for low noise receivers of coherent
millimeter wave radiation is being explored.
Results of the program to date inciude: 1) the
construction of a millimeter wave heterodyne mixer
with the lowest noise vet achieved (T = 34°K at
36 (Hz), 2) preliminary cvaluation of a similar
mixer at 130 GHz, and 7) operation of a Josephson
junction parametric am lifier at 36 Qiz with a
gain of 12 dB. In cach of these devices, the
active clement 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
bolomcters as active elements in heterodyne mixers.

¥ oo .
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
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surface plasmons on the y drops. Photothermal
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 spectr.zm. 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 holometer
detectors for use in infrared satellites. Work
will proceed on the development of optimized
composite bolometers for operation at “He
temperatures.

Resonance Spectroscopy. The new magnetic
resondnce spectrometer will be used to press the
search for mug,neuc surface modes in MnF;. The
new polarizing interferometer and the CO; pumped
molecular laser wiil be used to observe resonance
cffects of clectrons trapped on the surface of
ligquad He.

Millimeter Wave Mixer Development. The point
contact mixer at 130 (IIz and the array Davem
bridge mixer at 36 Gz will be evaluated.
txploration of thermal mixers will continue.

Infrared Spectroscopy. The new [OCOM Fourier
spectrometer will permit a number of new proiects
to be initiated in collaboration with campus and
1BL 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 ultrapurc Ge.
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b. Experimental Sclid State Physics and Quantum Electronics

Y. Fon Shen, Principal Investizator
1. STUDY OF SELF-FOCUSING OF LIQT
Lric G. Hanson* and Y. Ron Shen

Self-focusing of light in Kerr liquids has been
extensively investigated, and the behavior in both
the transient and steady state Timits is now well
understood. In the quasi-steady-state limit,
the focusing behavior has been Yxp]a;‘ned in detail
by the moving focal spot model.! In the extreme
transient limit, the,effects are we'1 explained
by dvnamic trapping. In the intermediate range,
detailed numerical calculations have been made.
However, no experiments have yet been :made to
quantitatively check these predictions.

We have made a detailed investigarion of the

behavior of self-focusing in this intermediate
range where the optical Kerr velaxation time is

Theory

comparable to the laser pulse length. We have
used a nixture of a nematic liquid crystal and 2
normal liquid as our Kerr liquid sample. This
sample has a relaxation time which is significantly
tonger than response time of our photodiode and
streak camera detectors. This insures that we
can resclve the detailed time dependence of the
focusing behavior. Furthermore, in this liquid
the rclaxation time varies strongly with sample
temperature--{rom more than 4 times to less than
1/15 as long as our 20-nsec, single-mode laser
pulse. This allows us to investigate the whole
intersediate range, from the nearly transient
limit to tne nearly steady-state limit. We can
do this without changing the sample or the optical
imaging system, %0 we can quantitatively compare
the behavior with different relaxaticn times.

With a long rclaxation time, we sec a smooth

Experiment
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Fig. 1. Comparison between theory aad experiment
of the on-axis intensity pulses of the self-focused
beam at various peak intensities Imax.

(XBL 704-2699)



horn-shaped pulse. In the intermediate range,

we see a horn-shaped pulse containing fast
intensity oscillations. These results are in good
agreement with the predictions of numerical
calculations (Fig. 1). In the short relaxation
time limit, we see much more abrupt focusing, as
expected for a moving focal region.

—
Partially supported by the National Science
Foundation.

1. M, M. T, Loy and Y. R. Shen, Phys. Rev. Lett.
22, 994 (1969); 25, 1333 (1970).

George K. L. Wang and Y. R. Shen, Phys. Rev.
Lett. 32, 527 (1974).

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 optical Kerr
constant with a long relaxation time. Such
characteristics result from the pretransitional
behavior of the materials. The measurements
provide 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 scries. We have made the first
attempt to find these arameters from our non-

linear optical measurements for a homologous
series; partial results are shown in Table 1.

[ —
Partially supported by the National Science
Fourndation.

3. THEORETICAL INVESTIGATION OF NONLINEAR
EXCITATION OF SURFACE POLARITONS

Francesco De Martini and Y. Ron Shen

Surface polaritans in solids have recently
become a subject of great interest. These surface
waves are usuilly studied optically by the
attenuated total reflection method or by
spontaneous Raman scattering. Une would expect,
however, that they could also be studied by
nonlinear optical means. We have shown that by
optically mixing two laser beims one can indeed
generate surface polaritons ia solids. In
addition, we have worked out the first theory of
nonlinear cxcitation of surtace polaritons. This
theory can be extended to other problems related
to the interaction of surfuace and bulk waves and,
therefore, is the basis of all calculations of
nonlinecar optics involving surface waves.

The nonlinearly excited surfuace waves can be
detected cither by the prism coupling method or
by coherent light scattering. We have estimated
in that GaP a gurface polariton wave of about .
1 W at 380 cm™* can be generated by two 2 < Z-nm”
dve lascr beams of 40 kiW cach. A 30-kW probe
beam can then yield a coherent scattering signal
of 2 x 10" K. We have also made mmerical
estimates of the nonlinear excitaticn of surface
exciton-polaritons and surface plasmons. In all
cases, experiment appears to be leasible.

Table 1. Critical transit.on tempcratu?cﬁ' Te, orientational relaxation times 1, and
nonlinear susceptibilities X 2! for various nematic liquid crysvalline
compouns.

_ NI P

T(T TC) Xq T - T

Compound R T.(°0) (10 %sec2k) (107" su-o)
CyHg- |’C6H4) - OH:N - (CHy) -R Gty 41.7 67 12.2
(o} 67.6 21 7.8

CH.’ 130.7 8.5 15

(Z,HS 161.0 7.5 10,2
- - N - - 2 3.8
RO (C6H4] ‘\20 (C()H_‘) OR CS”I] 115.0 28 5.8
Celly5 126.0 15 3.7
CH 121.3 15 5.4
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1. TASER TEGDNOLOGY
Arnold J. Schmidt and Y. Ron Shen

a.  Simultancous Two-Wavelength Output of a4 Ive
laser

For a number of applications, such as difference
frequency generation, two-photon spectroscopy, and
exvited-state spectroscopy, two tunable lasers
are required. When both wavelengths are obtainable
from the same iasing dve, however, a nuber of
systems exist that can be used to generate two
frequencies in one laser. We want to present a
new method, which is extremely simple and casy to
operate, of generating two frequencies.

Figure 1 shows the setup used. The N+-laser
punmped dye laser is of the usual design, vonsisting
of a partial mirror, a transversely pumped dye cell,
a telescope, and a grating. We place s rectanpular
glass wedge between the heam-expanding telescope
and the grating; the wedge is placed in such i
way that it intersects omy the lower half of the
beam. The angle of incidence is then different
for the upper and lower half of the grating and
the dyve laser can operate on two wavelengths
simultancously.

‘ N, LASER
[t
]
i
LENS
- TELESCOPE BYE CELL oureur
f/‘\ MIRROR
GATING 4
WEDGE
Fig. 1. Schematic diagram of the setup.

{XBL. 753-5998)

b. Genvration of a Sinple Tunable Ultrashort light
bulse

Single tunahle ultrashort 1light pulses of high
power are useful in a large number of scientific
and technical applications. Such pulses are
typically generated in une of two ways:

(1} the mede-locked output of a Nd- or ruby laser,
if necessary its second harmonic, pumps a dye
1aser of matching cavity length; or (2) a
ftashlamp-pumped, dye laser is passively mode-
tocked. One or more dye laser amplifiers
usually are used to obtain appreciable powers.
If the use of a single pulse is desired, a
laser-triggered spark gap is commonly used to
select one pulse from the train. In any case,
the generation of such a pulse is a multistage
operation and keeping its performance at an
optimum is troublesome.

We constructed a system that can generate
single, high power, tunable picosecond-pulses
in a simple and convenient way, ‘The ~ulse train
from a mode-locked, flashlamp-pumped, dve laser
is sent through a dye laser amplifier; the
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amplifier is pumped by a Np-laser. The pulse
length of an N2 laser is typically 2 few nano-
seconds and the f{luorescence lifetime of laser
dves is of the same order, or less. Therefore,
the amplifier has gain only .=r a few nanoseconds.
Ore can then arrange the relative timing of the
Na-laser pulse with respect to the mod--locked
train so that only one pulse in the train gets
i Ny - LASER

amplified.
Lo PHOTO
== ens DIODE
oo

1.1~

TELESCOPE  AMPLIFIER  APERTURE

/
N e,

- I

PR
MODE LOCKED DYE LASER
XBL 752-5848

Fig. 2. [Ixperimental setup for generation of a
single tunable picosecond pulse.

Figure 2 shows details of the setup used. With
an input mode-locked train of 2.5 .J per pulse, we
have obtain a single-pulse outpur ot 100 J from
the amplifier. The N2-laser-pumped lifier
normally had an output of 300 J in the oscillator
mode,

5. NONLINEAR OPTICAL STUDIES WITH FLASHPUMP
TUNABLE DYE LASER

Robert ¥. Smith and Y. Ron Shen

Optical processes in solids have received a
great deal of attention over the last decade
since the advent of the laser, and especially
with the recent development of the tunable dve
laser. The dye laser offer: us a tunable source
with a highly directicral beam, narrow bandwidth,
and high average power whicn can be used to
probe both linear and nonlinear optical processes.
Our efforts this year have been directed toward
acquiring these useful experimental tools.

Our particular interests have been in obtaining
a high average power flashlamp-pumped dve laser
(FL laser). From experience we know this type
of dye laser can be easily tuned from 350 nm to
640 rm using various organic dyes. The FL laser
can also be frequency-doubled or used as a pup
for a parametric oscillator, thus extending to near



ue and near ir frequenci The desired
characteristics of the visible FL laser are:
10 pulse width of 1ixcci (2t pulse energy of
30 @t {narrow bandi: and (3 repetition rate of
1-20 pps.  sSuch a laser then has a peak power
of 30 kW and an average -ower of about 300 miv,

In order to obtain su h an FL laser syvstem and
.ot ucquire a thorough kiowledge of its operation
4nd construction, built ur own. We carefully
examined the comerciall * available units of
vhromatix and Zeiss-lamt a4 Phvsik and modeled ours
after theirs. At presen our system is operational
but not optimized. We » 11 continue to develop
the laser while we begi- to use it in the following
experiments.

The immediate use for the laser will be in an
cxperiment dealing with he nonlinecar coupling-to-
surface polaritons in (. ; the experiment is to be
performed with D. Bethw
ment for the coming vear is to lock for induced
absorption in CuQ> at he ium temperatures. This
nype of experimont will reguive iwo synchronized
laser pulses at differen- frequencies. The
generation of two such ; Ises is now being
investigated. Beyond th s, there is the
possibility of using an I. laser to do Raman
scattering in the blue r -gion of the spectrum.

In conclusion, the high .verage power FL laser
is cpening up many exper wental possibilities for
us.

6. INSTRUMENTATION OF N -LASER-PUMPED DYE LASER
SYSTEM -

Alex Jacobson and Y. Ror shen

1. Pulsed N, Laser

We have spent a great deal of time on the
design of the N; laser. tood nitrogen lasers

are available commercial v but duplicating them is
of interest from the poi t of view of saving
money and of developing the technological know-how
of high speed gas discharge lasers.

We at first underesti wated the difficulties
involved because it is q:itc easy to build a
1.5-mJ, 200-kW laser operating at around 5 Hz.
However much experience *as shown that this class
of simple lasers is not -t much use experimentally.
We have upgraded our tec nical effort to duplicate
and then modify the most powerful commercial
units.

a. Series Gas Discha ge N, Laser. This system
15 essentially the same as the NoleCtron uv-1000 A,
laser system. It should deliver 1 mW, 10-nsec
pulses at 25 Hz, and 250 miv average power at 50 iz,
The laser tube is made of two aluminum bars with
embedded stainless steel knife edge electrodes.
Fpoxy fiberglass is used for insulating top and
bottom walls. The output window is a A/10
quartz {lat and the mirror is a  A/4 uV enhanced
mirror. The tube iz fed by a 100-cable trans-
mission line that acts as a low-inductance
dumping capacitor of c¢=0.05 uF, and Z = 148 ohms.
The system is designed to be dc charged to 30 kV

Another possible experi-
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routinely. A water-vooled, three-clectrode spark
pap discharges a 0,09 .1 capacitor into the
transmission line to the laser tube. The gap
electrodes are made of a machinable tumgsten-nickel
altoy. 'he gap can be pressurized from 0-50 psig
and the electrode spacing adjustable.

The design is based oo the Molectron UV-1000
design of Woodward and Sasveit. It differs only
in that (1) the laser tube is watercooled,
{Z1 we use a 0,09-pF, 5C-kV capacitor which
perhaps more inductance than their 0.05-uF,
one, and (3} we use a spark gap rather than
Y5 or Y3202 thyratron.

has
30-kV
an

b. Traveling Wave Pischarge Ns-Laser Svstem.
This system can produce f00-300 miv at 60 112 and
1 mi peak power at lower ren rates. Based on the
design of Fitzsimmons, the principal feature is
an extremely compact, very low inductance
capacitor used also as a transmission line. It
is in a sandwiched parallel plate configuration
using myiar as the nsulator, oil as a corona
arresting agent, and mechanical compression to
maintain a uniform geometry. The value of the
storage capacitor is 0.05 ul’ with an impedance
of 0.04 ohms; the value of the transmission line
impedance is 0.053 ohms. The matching of the
storage capacitor impedance to the transmission
line and the low value of the impedance enables
the system to nm at a voltage helow 20 kV.

The system uses a two-clectrede, water-cooled,
pressurized copper spark gap. [t is ac-resonantly
charged and the laser pulses at suhmultiples of
the line frequency chosen by an ic-controlled SCR
in the primary of the high voltage transformer.

The laser tube is water cooled, the copper
cooling tubes being the electrodes themselves.
The N> gas is transversely flowed thiough small
holes above and below the electiodes from iow
flow impedance input and output manifolds. The
laser tube is electrostatically shiclded from
the ground planes running above and below it.

2. Dye Laser System

Using a preliminary N, laser, osciliator-
amplifier systems of the design of Wallenstein and
Hansch, and of Lawler, Fitzsimmons, and Anderson
can be built, With suitable narrowing optics it
should be possible to produce two 25-kW beams
with bandwidths of 0.001 A or less in this way.
Other multiple beam arrangements are possible.
By using amplifiers, 5% total conversion
efficiency should be possible in the narrowest
bandwidths. The system will be even more
versatile i1 the mirror can be removed from the N;
laser without loss of power or beam quality.

Future Plans

With the advent of powerful tumable lasers we
should be able to study tunable uv and ir genera-
tion, stimulated electronic Raman scattering,
fovbidden susceptibilities arising from quadrupole
transition, and the effects related to excitation
to high Rydberg and continum states.
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7.  MEASURIMINT OF DISPERSION OF NONLINEAR OPTICAL s
SUSCEPTIRILITIES OF InAs, InSh, AN Gads IN THE HARMONIC PHOTON ENERGY (2hw) ev
VISIBLE REGION 4,10 5rO 60
Yon Bethune, Amold J. Sehmidr, and Y. Kon Shen Inas (@)
o
Many rxperimental and thgorctical studies have 2000 Z 3%%5':(
been made recently of the dispersion of non- T O MILLERS 5 -

linear susceptibilities of semiconductors, < ...¢
there is the possibility of obraining detailed
information about their clectronic structure from

N
[
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these studies. 1In the case of second hammunic Ny S
generation, this can be seen from the theorctical = a”)
expression of the stcond-order nonlincur suscepti- " 80
bility W 1500 Q'cD:
L_. =
2 : PP P 3
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B.C. vee (RY 'y K 60 3
() w @
A peak of ' corresponds, for cxample, to ’_Ln) 1000~ i
resonance of «, or 2u, or both with c¢ritical point S o
transitions. wn B
Using a flash-pumped dyve laser i1-asec pulse, % A_‘qo ‘S
2-kw peak power} to produce rof]cc}gd second wl 1, 3 n
harmonic light, we have meastred x(;’ for three Z 8'\‘1’ x
semiconductors (Inds, InSh, Gadls) o) é \ <
between 2.0 and 2.7 eV, where all three crystals o 500t 462 w
absorb stroungly at both o anl 2u. The results p=4 w20 =
of these measurements are shown in Figs. -3, w 44 =
together with the values recently calculrted from o -? S
the empirical pseudopotential model by Fong and o J w zZ
Shcn.1 and the linear susceptibilitvi~s previously e THEORY 2 j
measured for these crystals, E:( | E
—_—
The observed structures can be related to some 20 25 30
extent to large joint densities of states
identified before in reflectivity measurements. T E2 1
Agreement with the computed values of Fong and Inlﬁ_ (b}

Shen® is fair. )
L AaTr-X
: 20 1
From our work, we realize that there are a
nuber of difficulties with measurements of this
type. The fact that both uw and 2w are in the
absorption region limits the overall conversion
efficiency to very small values. On the other
nand, using a fundamental laser beam of higher
power or tighter focusing would cause local sample 10
heating and surface damage. The low conversion
results in small signals with large statistical
fluctuations. The signal was also found to depend
strongly on the laser mode structure. A high-power
laser pulse with stable, single transverse mode,
incident cn a large sample area is probably

1 |
20 25 30
Fig. 1. (a) Experimental values of ratio o{ non- INCIDENT PHOTON ENERGY (huw) ev
linear susceptibilities |x;4{2)(InAs)/x;y (%) (quartz)|
at 80 and 300 K, The light curve is a rough fit to
the dara, and the heavier curve is the theovetical
calculation of Fong and Shen (Ref. 25). Also shown
are the values of Miller's A derived from the
experimenta! data and the linear constants,
b) ‘Pﬁ imaginary dielectric ignstants ep{w) =
oy ) and € (2w) = 4m (D (2w) for lnds. The
features corresponding to [I!IC E] and E peaks are
indicated.
(XBL 751-5528)
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Fig. 2. (a) Experinreatal valuE? of ratio ?E non-
linear susceptibilities |xj,*</(InSb)/x1 )(quartz)|
at 80 and 300. The light cuarve is a rough fit to
the data, ard the heavier curve is the theoretical
calculation of Fong and Shen (Ref. 25). Also

shown are the values of Miller's A derived frc- the
experimental data and the linear constants.
(b) Fﬁ imaginary dielectric i?nstants ep{w) =
any U W) and eq(2w) = dax; (I (2w) for InSh. Tie
feature corresponding to the E; and Ez peaks are
indicated. (XBL 751-552 1)
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experimental data and the linear constants.
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necessary for accurate and reliable measurements. n le, we show in Fig. 1 the cal-

Single picosecond luser pulses are preferable to
avoid the effects of sample heating.

1. C. Y. Fong and Y. R. Shen, Phys. Rev. Bl12,
12325 (1975).

8. THEORETICAL STUDY OF DIS ‘ERSION OF NONLINEAR
OPTICAL SUSCEPTIBILITIES OF & fICONDUCTORS

Ching Y. Fong and Y. Ron Shen

Experimental results on S}spersion of nonlinear
optical susceptibilities X( of semiconductors
have become available recently with the advent of
tunable lasers. }t is possible to correlate the
strvctures in x'</ with the band structure effect.

The microscopic expression of X(Z) ian be
obtained easily from the second-order perturbat'%n
theory. However, no realistic calculation of xt,‘u)
for a solid has ever appeared in the literature.
The major difficulties come from the lack of
detailed information about the band structure
and the transition matrix elements. Recently,
empirical pseudopotential band calculations have
been very successful in reproducing the experi-
mental linecar reflectivities of solids, in
particular the IV and III - V semiconductors.16,17
The resulting band structure and morentum
(transition) matrix elements can then be used for
calculations of other ?roperties. We have made
calculetions of [x 4(2 (2w}| with 0.05 < hw < 3.0eV
for GaAs, InAs, am]i InSb using the energies and
the trimsition matrix elements directly obtained
from tr2 empirical pseudopotential band calcula-
tions. These results represent the(g?st realistic

oWw. As an ¢,
culated 'X14(2 (ZN)I of InAs in comparison with
the experimental results.

9. EXCITATION OF DOMAIN PATTERN BY ACOUSTIC
WAVES TN 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 inte the nematic film.
The sound velocity in the fiim was measured by a
Raman-Nath type diffraction measurement as a
function of the film thickness (19~65 um). 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.

treatment on the dispersion of |x14'“' (2u)] up to
1600
ol —— Theory Inks
--e-- Exp. Chong et al. -
- 1400
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Fig. 1. (a) Stripes observed under crossed
polarizers at the feeding edge. MBBA is homeo-
tropically aligned and 32 um thick. The polarizer
axes are at 45° with respect to the stripes.

(b) Model calculat-on of the transmission coeff:i-
cient 1/Iy for (a). (¥BB 751.-8140)

A semi-periodic stripe pattern was observed
(Fig. 1a) 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 fusction of distance. The calculated result
(shown in Fig. 1b) agrees very well with the
experimental observation in Fig. la.

—_—
Partially supported by a grant from the National
Science Foundation.
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10. WAVELENGT MODULATION SPECTROSCOPY
Stanley E. Kohn, Jean-Paul Voitchovsky,
Jean Camassel, and Y. Ron Shen

The VWavelength Modulation apparatus has been
used in an extensive study of the uptical
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 interrst
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 GaSxSej.x alloy system.

The layer structure of GaSc (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 duc
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. Schliiter
and M. L. Cohen, are shown in Fig. 1. The pcaks
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 cnergy shift of the structure
with alloy ccmposition: (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 Zome 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 I1-VI
and I-VII compounds have most of their valence to
conduction band transiticns 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 {luoride window.

This lamp has promise of being one of the most
intense, compact, continuous light sources in this
spectral region.
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11. STUDY OF PHOTOLUMINESCENCE IN CUZO

Yves Petroff, Peter Y. Yu, Y. Ron Shen, and
Nabil M., Amer

We have studied the photoluminescence spectrum
of Cup0 using a tumable dye laser. We found that
most of the luminescence peaks can be identified
as due to recombination of the 1s yellow exciton
of Cup0 or its phonon replica. These phonon
replicas showed asymmctric broadening with
increase in temperature. A few of the lines
showed very strong temperature dependence dis-

(XBL 764-1168)

appearing rapidly at high temperature. The
origins of these lines are still a matter of
speculation. The luminescence excitation

spectrum of Cuz0 is also presented and interpreted.

We have studied the problem of distinction
between RRS and hot luminescence by investigating
the temperature ?epcndence of the lineshape of
the T3; (110 cm™) mode when excited at the 1s
yello(]\' 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



luminescence line while the symmetric part is
mainly due to RRS.

We have founil two sharp luminescence lines at
198 and 200 cm™" below the 1s yellow exciton line.
These lines disappeared above 3°K. Their positions
suggest that they are due to emission of Ijy+T3g
and 2y, phonons respectsiely in the recombination
of the Is yellow exciton, but such luminescence
processes are not allowed by symmetry. The
luminescence (and/or RRS) was quite efficient when
the laser excitation was at resonance with the
1s vellow exciton. Their intensities varied
superlinearly with the laser intensity and
saturated quickly. We believe that thesc lines
are due to emission of ], + T35 and 2I{, phonons
respectively in the reconginatlon of a weakly
trapped 1s yellow exciton.

12. RESONANT RAMAN STUDIES IN Cuz0 NEAR THE PHONON-
ASSISTED EXCITONIC ABSORPTION EDGE

Peter Y. Yu and Y. Ron Shen

Resonant Raman scattering in Cuz0 has been
studied at low temperature in the vicinity of its
phonon-assisted 1s vellow excitonic absorption
edges using a cw continuously tunable dye laser.
The maltiphonon Raman modes which show resonance
enhancement in this region are the following:

Tjp *+ P (where P is an odd-parity optical

pflmnon); 2[‘17 + p (where P 15 an acoustic or odd-
parity optical phonon); 2rjj + 21A; and 4r{;. The
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 1s 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}
phonon. Good agreement was found between
experiment and theory. Our results also indicite
that the resonant three- and four-phonon Raman
processes in (uy0 in this region involve cascading
of the photoexcited 1s yellow exciton with
emission of phonon(s). The Raman frequencies of
some of the modes of CuzC were found to dipend

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 1s exciton to e (3.0 t 0.2)my

(where is the free mass of the electron), as
previously reported. Relative magnitudes of
various 1s exciton-phonon interactions have also
been obtained from our result.

13. RESONANT RAMAN SCATTERING AND FLUORESCENCE IN
ANTIFERROMAGNETIC MnF,

Nabil M., Amer, Tai C. Chiang, and Y. Ron Shen

We have made the first investigation of
resonant Raman scattering and resonant fluorescence

142

in a magnetically ordered crystal: MnFy 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 Tesonant 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
wg, only those magnons whosc frequencies wp(k]}
satisfy the relation

by = g )+ (B 2wy R v B

are being scattered in the resonant Raman process,
where way and wg are the frequencies of the exciton
and the scattered radjation respectively. Since
the dispersion of wy(k) is appreciable, the above
equation suggests that the observed Raman shift

wg - wg should vary with wg. This is indeed what
we have found experimentally. In the region where
wg is at resonance With two magnon sidebands
similtaneously, 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 piven wy, the two-magnon resonant Raman cross-
section is connected with the corresponding
nonresonant one by:

1

o = (chR/de)(wE S w, = ng - 2w ) .

S ex

This agrees gquite well with the experimental data.
Our Tesonant flucrescence results suggest that

the excited excitons have in fact reached thermal
equilibrium before they are radiatively recombined.

1, P. A. Fleury and R. Loudon, Phys, Rev. 166,

514 (1968).

14. RESONANT RAMAN SCATTERING IN SbSI NEAR TUE
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;! others think it
is due to strong interaction between electrons
and ~ 210 an~! phonons at the direct gap.< 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 shuiw resonant enhancement,
while if the gap is direct all allowed phonon
modes will show Tresonant enhancement. Our
results with the sample at liquid nitrogen tempera-



ture indicate that the latter is true. We have
studied RRS with different polarization combina-
tions for incident and scattered radiation and
compared our results with the simple RRS theory
at a direct gap.

We have also investigated RRS in ShSi below
and above the ferroelectric phase transition. We
found no obvious change in the RRS of any phonon
mode. ‘This suggests that the nature of the
fundamental gap remains essentially unchanged
at the phasc transition, since otherwise some
phonon modes would show different resonant
enhancement behavior. The results ave consistent
with the band structure calculations which show
that the top valence band and the bottom conduction
band mainly come from the p band of I and the s
band of Sb, respectively. In the phase transition,
the 5 aid Sb atoms are displaced but not the I
atoms, and the band ordering around the gap remains
the same. [n the paraelectric phase, the soft mode
shows a somewhat stronger resonant enhancement.

1. kL. Cer“amch, Sov. Phys.-Soli¢ State 9,
2358 {1968); Fridkin, E. 1. Cerzanich,

1. 1. Grosluk and V. AL L,\'akhovitskaya, JETP
Lett. 4, 139 (1966).

2. AJRh. Zeinally, A, M. Mamedov, and 5h. M.
Efendiev, Sov. Phys.--Semiconductors 7, 271 (1973);
H. Kamimura, S. M. Skaniro, and M. BaTkanski,
Phys. Lett. 334, 277 (1970).

15, STUDY OF RESONANT RAMAN SCATTERING IN ('aS
Se “x MIXED CRVSTALS

Jean Camassel, Tai C. Chiang, Y. Ron Shen,
Jean-Paul Voitchovsky, and Nabil M. Amer

Resonant Raman r-zttering (RRS) around extonir
transitions in solids has been a subject of
extensive investigations in recent years. Among
various semiconductors, the layer compounds GaSy
Sey-x seem to be particularly worth studying.
They have direct as well as indirect exciton
states. For sulfur concentration x < 0.3, the
exciton states at liquid nitrogen temperature lie
within the tuning range of a Rhodamine GG
Rhodamine 110, and Ccumarine 6 dye lasers, This
makes the RRS measurements relatively easy. We
have studied the rescnant enhancement of the vari-
ous phonon modes in these crystals as a function
of sulfur concentration. In particular, RRS up
to four phonons in pure GaSe and RRS up to two
phonons in the mixed crystals have been observed.
We find the dispersicn of the RRS is dominated
by resonances with the exciton states and the
results can be explained quite satisfactorily by
a simple cascade thecry.

16. RESEARCH PLANS I'OR CALENDAR YEAR 1976
Y. Ron Shen

We shall continue our study on self-focusing
of light. After completion of the measurements

on self-focusing from the steady-state to the
transient limit, we will shift our emphasis to the
polarization dependence of self-focusing and will
start working on self-focusing in active media.
The latter problem is important for understanding
high-power beam propagation in a laser amplifier.
We shall explore the possibility of using liquid
crystals as an optical pulse shaper or mode-locker
in laser applications. Using tunable dye lasers,
we shall try to excite surface polaritons in
solids and evaluate the potential of using this
method for surface study. UWe shall continue our
laser development and apply the pulsed tunable
lasers to problems on nonlinear excitations in
solids and nonlinear optical spectrosceny in
gencral. We plan to extend our optical derivative
spectroscopy technique to the far uv region where
the optical properties of solids are generally
wore complicated and more interesting. The
possibility of using the technique to study surface
contamination and interface properties will also
be explored. Our program on resonant Raman
scattering and fluorescence will also be continued
with more emphasis on magnetic crystal and
semiconductors, and on monlinear optical scattering.
A new program on study of laser interaction with
molecular beams will be initiated in collaboration
with Yuan T. Lee's group. Emphasis will be on the
understanding of the multiphoton molecular disso-
ciation process applied to isotope separation.

17. 1975 PUBLICATIONS AND REPORTS
Y. Ron Shen and Associates
Journals and Books

1. Y. R. Shen, Stimulated iaman Scattering, in
“Light Scattermg in Solids", edited by M
Cardona, (Springer-Verlag, Berlin, 1975) (LBL 2709} .

2. Y. R. Shen, Self-Focusing of Light: Review
of Experimental Results and Physical Interpreta-
tions, Prog. in Quan. Elec. 4, 1 (1975) (LBL-2703).

3, N. M. Amer, Y. S. Lin, and Y. R. Shen, The
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Butylaniline, Sol. St. Comm. 16, 1157 (1975)
(LBL-2529 Rev.).
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7. A, J. Schmidt, Generation of a Single Tunable
Ultraviolet Light Pulse, Optics Comm. 12, 287
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1. 1/4 NOISE IN METAL FIIMS
John Clarke und Richard F. Voss

The accuracy of most mrasurements at low {re-
quencies is limited hy "flicker noise"” - noise
whose power spectrum varies approximately as 1/f,
where f is the frequency. Thus an understanding
of the physical origins of 1/f noise is not only
of theoretical interest but is of great practical
importance. We have made considerable progress in
understanding the mechanism of the noise in metal
films, and we can make quantitative predictions of
its magnitude. The theorctical model is quite
general, and we have to be able to apply suitable
modifications of it to other systems.

Our theory assumes that the noise arises from
equilibrium tempeiature fluctuations in the film.
These fluctuations in turm nroduce resistance fluc-
tuations provided that the temperature coefficient
of resistance, 8 = (1/R)dR/dT is non-zero., When a
steady current is passed slong the film, the resis-
tance fluctuations give rise to voltage fluctuations
or "1/f noise". The mean square voltage fluctua-
tion is thus given by

(= fs (paf = s5kent - s

where ¥V is the mean voltage across the film, C_ is
the heat capacity of the film, and 5,(f) is th¥
power spectrum of the voltage fluctuations. The
dependence of S,(f) on g2, V2 and C, has been
experimentally demonstrated. The transport of heat
in the film obeys a diffusion equation, which
introduces a_frequency dependent correlation length
M(f) = (W/)1/2 g where D is the thermal diffusi-
vity. As a consequence, the noise should be
spatially correlated over distances of crder

A(f) ~ 1 mm at 1 Hz. This spatial correlation has
been experimentally observed, and has the predicted
form. Finally, by introducing a 1/f region into
Sy(f) with appropriate cut-offs at low and high
frequencies, we can predict the absolute magnitude
of the voltage noise power spectrum:

i ('ZsZkBTZ
SO = T mam W

where 2] and £3 are the maximm and minimum dimen-
sions of the sample. Equation {1) is in excellent
agreement with the measured power spectra of a
large number of metal samples.

We have also investigated both theoretically and
experimentally the nature of the temperature fluc-
tuations. In the usual Brownian motion treatment,
the fluctuations are temporally and spatially
uncorrelated; however, this model does not produce
a 1/{ power spectrum, We have found that a model
in which the fluctuations are <patially correlated
can produce a 1/f power spectrizn of the appropriate
magnitude. The two types of fluctuations can be
experimentally distinguished by applying either a

delta function or a step function of power to the
sample and measuring the resulting change in resis-
tance with time. The Fourier transforms of the
responses to the delta and step fumctions are the
pover spectra for the uncorrelated and correlated
cases respectively. In Fig. 1 we plot log, S(f)
versus logyg(f) for the measured noise, the'step
function response, and the delta function response.
The delta function response is quite different from
the measured power specttum, while the step function
response is in excelient agreement with the measured
power spectrum, with no fitted parameters.

The implications of this measurement are being
investigated, and the extension of the fluctuation
model to other systems is being studied.
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response to delta function (----) and step function
——). The measured power spectrum is also
shown (0. (XBL 758-6842)

2. 1/f NOISE IN AN EQUILIBRIUM SYSTEM
John Clarke and Richard F. Voss

In the past decade, a number of theories of 1/f
noise have implied that the noise is a non-
equilibrium phenomenon. Thus one theory suggests
that the heating of the sample by the current
passing through it gives rise to the noise, while
another suggests that the current produces 3
turbulence in the electron gas that generates the
noise., On the other hand, our theory of 1/f noise
is an equilibrium theory. The noise is generated
by the flurtuations that occur in a system in
thermal equilibrium. In the usual current-biased
measurement the current probes these equilibrium
fluctuations but in no way generates them, It is
therefore of great importance to distinguish
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between these two types of theory. We have
performed an experiment that clearly indicates
that 1/f noise is an equilibrium phenomenon. Thus
any theory that is inherently non-equilibrium is
incorrect.

The experiment measures the fluctuations in the
mean square Johnson noise voltage of a tiny bridge
of InSb. In an equilibrium model, the resistance
R of the bridge should fluctuate with a 1/f power
spectrum whether or not a current flows through it.
If this hypothesis is correct, the mean square
voltage (Vé) = 4kgTR6f should also exhibit a 1/f
spectrum even in the absence of a current (8f is
the bandwidth). In our experiment, the 1/f power
spectrum was first measured in the usual way by
passing a current through the sample. The
normalized spectrum Sy(f)/V2 is shown as a
continuous line in Fig. 1. The current was then
turmed off. The Johnson noise was amplified,
passed through a band pass filter, and squared.
The power spectrum of the squared voltage is shown
as a series of open squares in Fig. 1. The agree-
ment between the two curves at low frequencies is
excellent. As a check on the measurement apparatus,
the bridge was replaced by a large metal film
resistor (of the same resistance} in which the
fluctuations should be quite negligible. The
resultant power spectrum was white down to 1072 Hz.

Similar results were obtained with a thin metal

film. These experiments conviacingly demonstrate
that 1/f noise is an eauilibrium effect.

3. 1/f NOISE IN THIN FILMS AT THE SUPERCONDUCTING
TRANSITION
John Clarke and Thomas Y. Hsiang

In order to further test the validity of our
thermal fluctvation model of 1/f noise, we have

—L T T T
o o 3
o N vit)
- o o m v
IOIL ] {(}) ‘1
& v
g,
~10°F p
£ .
6%k |
Q Insb
m m "o 2% METAL FILM
1 i - |
102 ( 102
f (Hz)
Fig. 1. InSb bridge: Sy(£)/V2 using dc bias (—);

Johnson noise measurement, Sp(f) /P

(O) (XBL 755-6349)

measured the pover spectra of voltage fluctuations
in current-biased films at the superconducting
transition. These experiments cnable us to make
large variations in the relevant parameters. The
results lend very strong support to the thermal
fluctuation theory.

We first investigated the power spectra of tin
films evaporated on glass slides. The samples were
mounted in a vacuum can immersed in liquid helium.
The power spectra were always 1/f. According to
the theory, the pguer spectra Sy (f) should be
proportional to B-V</Q, where Qi is the sample
volume. We show_in Fig. 1(a) the dependence of
Sy(f) on (dR(dT)Z; and in Fig. 1(c) the dependence
of Sy(f) on V2.  The value of dR/dT was varied by
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Fig. 1. a} 5,(1)/V° versus 9 °; 2
b) Sy(10) versus (dR/dT)";
c) Sv(lﬂ) versus V2, {XBL 751-5427A)



biasing the films at different points on the super-
conducting transition curve or by applying a
nmi,m:tu_ ficld. The scaling of S,(f) with 22{2 /”
is in Lood agrecment with theory.  We next made
samples in which 2 50 A {ilm of aluminum was
dcpositud on the substrate prior to the tin
cvaporation. ‘The ajuminum greatly erhanced the

thermal coupling between the {ilm and the substrate.

As a result the power spectra {lattened at low
frequencics: the heat conduction is no longer
predominantly along the fibn but rather between
the substrate and the film, It can be shown that
as a result the spectrum will flatten at Jow
frequencies, and the chserved flattening further
supports the dif{fusion wechanism,

The thermal origin of the noise was further
demonstrated by the observation of spatial correla-
tion in the noise. Tae correlation observed for
samples without (¢} and with (@ an aluminum under-
lay is shown in Fig. 2, and is in exccllent agree-
ment with our expectations.

In the absence of the underlay, the observed
sgectrum is quantitatively predicted by Sy(f) =
ABZI\BT /G5 + 2 an(2)/23) . This is a very
comnncmg demonstr athn of the validity of this
expression. khen a tin film is cooled from room
tenperature to the mid-point of the superconducting
transition, the value of S,(f) increases by about
9 orders of magnitude, yet at each temperature is
accurctely predicted by the theosy.

We have demonstrated the validity of the thermal
diffusion model of 1/{ noise at low temperatures.
This work has already resulted in the development
of a very sensitive superconducting bolometer.

-gsk

C(f) versus f for tin films without (O)
1nset shows
{XBL 751-5428A)

Fig. 2.
and with @) aluminum underlay.
experimental configuration.

4. POWER SPECTRA OF FLUCTUATIONS OF PARTICLES IN
BROWNIAN MOTION

John Clarke and Richard F. Voss

Brownian motion has been extensively studied
both theoretically and experimentally. However,

relatively little attention has been paid until
recently to the gquestion of number fluctuations.
We have experimentally studied the fluctuations of
the number of particles in a small volume by direct
measurement of the power spectrum. The results arc
in good agreement with theory.

In our experiment, a solution of pelystyrene
spheres in Erownian motion was confined between two
microscope slides and illuminated with a collimated
beam of laser light. The fluctuations in the
intensity of the scattered 1light were measured
with a photomultiplicr, and their power spectrum
taken, T\~'9 typical normalized power spectra
s[(f)/I (1 is the average scattered intensity as
shown in Fig. 1. 1n Fig. 1(h), the slope is -3/2
over five decades of frequency, and the magnitude
is as predicted by the theory of Brownian motion.
In Fig. 1{a), the scattering volume has been
reduced by about four orders of magnitude. The
relative power spectrum is therefore larger by the
same factor. In addition, the_spectrum flattens
at frequencies below about 107¢ Hz. This flatten-
ing is also predicted by the theory.

These results represent the first detailed
experimental verification of the number fluctua-
tions predicted by Brownian motion theory. 1t is
very important to realize that the spectrum is not
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Fig. 1. Power spectrum S (f)/lz for light scatter-

ed from two volumeg of different sizes: In {a) the
volume is about 10° times smaller than in (b).
(XBL 751-5679)
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1/f over any sizeable range of frequencies. This
result graphically demonstrates that the usual
theory of Brownian motion, in which the fluctuations
are uncorrelated in space and time, cannot accotnt
for 1/f noise in solids.

5. IMPROVEMENTS IN dc SQUIDS*
John Clarke, Wolfgang M. Goubau and Mark B. Ketchen

The use of Superconducting Quantum Interference
Devices (SQUIDS) for the detection of extremely
small changes in magnetic field is currently of
interest in certain areas of medical and geo-
physical research. We have made further improve-
mnts in the sensitivity and long term stability
of our thin film tunnel junction dc SQUID that
mahe it the most sensitive presently availablc
The problems of low frequency noise and long ten:
drift are of particular concern in geophysical
applications. We have also studied the most
efficient ways to couple signals to the SQUID via
coupling coils.

In many applications, it is desirable to couple
the signal to the SQUID by means of a coil wound on
to the SQUID, and we have analyzed in considerable
detail the various parameters involved. As a
result, we have been able to achieve very efficient
coupling. A convenient way to characterize the
sensitivity of a SQUID is in terms of the parameter
¢ L--)/Za"L, where (¢y“) is the mean square flux
noise of the SQUID per vz, « is the coupling
coefficient between the coil and the SQUID, and L
is the SQUID inductance. The parameter (‘:)N")/ZQZL
represents the energy resolution of the SQUID per
uni t bandvidth, and takes into iccount the coupling
efficiency of the coil and SQUID. In Fig. 1 we
plot the noise power spectrum of a typical SQUID.
The left-hand axis is labeled in terms of <¢x?) in
wits of ¢g¢, and ths right-hand axis is labeled
in units of ¢¢y?)/2a’L. _In the w?%te noise r8g4on,
the rms noise is 3.5><10'5 90 Hz 172 or gx10-3 J/Hz.,
The noise is limited by Johnson noisc in the SQUID.
This energy resolution is the best reported for
any type of SQID. At frequencies below 1074 Hz,
the power spectrum is approximately 1/f. The 1/f
noise is significantly lower than that reported in
other devices.
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Fig. 1. Power spectrum of SQUID. {XBL 7511-9432)

The long temn dritft of the device over a period
of 20 h is shown in Fig., 2. 'The drift is about
2x10°3 39 hl, significantly less than other
reported vialues,
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Fig. 2. Long term drift of SQUID. (XBL 753-6016)
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6. GEOPIVSICAL MEASUREMENTS WU SQULDS*
John Clarke, Thomas Gamble and Woifgang M. Goubau

We have constructed, calibrated, and fic!d-
tested a 3-axis magnetometer. Three SQUIDS are
mounted orthogonally in a lightweight portable
fiberglass cryostat, with the electronics mounted
on the top (Fig. 1). The design of the clectronics
has been optimized to give a dynamic range of * 1072
G, a frequency response of 0-5 kliz, and a slewing
rate of 3x10°2 G sec-l.

In collaboration with Professor H. G. Morrison
and his students we have used the magnetometer to
record magneto-teliuric data at numerous sites of
geothermal exploration in Grass Vallev, Nevada.

In these neasurements, we simultancously record

orthogonal components of the natural fluctuations
in the magnetic and electric fields at the carth's
surface. These fluctuaticns originate in the mag-
netosphere. From the data we obtain a measure of
the electrical conductivity of the ground below

the surface. The probing depth is the skin depth
at the frequency of the radiation, typically 5 km
at 0,1 Hz. By searching for layers of anomalously

3-axis SQUID magnetometer in use in the
(CBB 7512-9227

Fig. 1.
figeld.



high conductivity we hope to 1ouate sources of
geothermal activity, Preliminan antlvsis of our
data suggests that such lavers can be readily
detected. Thus this technigee ma become an inpor-
tant tool in locating geotherral sources.

We also used our magnetometer in conjwiction
with g vommercial SWUID to investigate gradient
fluctuations in the varth's magnetic field, The
two cryostats were placea 17 m apart and the two
outputs sibtracted to give the difference between
the ficld fluctuations at the two locations. We
acasured the fluctuations between 0.03 Ho and 3 1z,
A sample of the gradient fluctuations is shown in
Fig. 2. The rms fluctuation of the subtracted
signal was about 4x10°% G, corresponding to a
gradient of 2,3x10°12 G em 1. lpst of the gradient
fluctuations were at frequenc.es hetween 0.1 and

.2 Hz, This gradient mcasurement appears to be
the most sensitive yet made with such a short
bascline.

R N, o T AT e N e e N o s e
Y . LIm—s /

i s mant i o 3y v

Fiz, 2.

magnetic field variations
with time as measured by two SQUID magnetometers

Lower traces:

170 m apart; upper trace: Difference signal,
representing gradient fiuctuations.
(XBL 7512-10145)
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7. THEORY OF THE dc SQUID

John Clarke and Claudia Tesche

The dc SQUID is a very sensitive detector of
magnetic fields. In order to optimize its sensi-
tivity, a detailed knowledge of its operation and
noise limitations is necessary. Since ncither the
theory of operation nor the noise limitations have
previously been analyzed in detail, e have under-
taken such a study.

‘The dc SQUID consists of two Josephson junctions
mounted on a superconducting ring. When the
junciions are biased at a non-zerp voltage by a dc
current, the critical current of the junctions and
hence the average voltage across them are periodic
in the flux appiied to the SQUID, with period e

1y

A set of differential equations has been developed
describing the time development of the circulating
current i around the SQUU) and the voltage v across
the SQUID as functions of SOUID inductance L,
resistance R, critical current I, bias current

Iy, and uppliced flux 2. The self-induced flux
penerated by the circulating current was explicitly
included.  These equations cannot be solved analyt-
ically; the LBL 7600 computer wis used to compute
the average circulating current ¢ j0 and average
voltage ¢v» for variouws values of the SQUID param-
cters. From these results we compuied the critical
current and current-voltage characteristics for the
SQUID as a fuiction of applied flux. The variation
of critical current with applied flux for several
values of LI./#p is shown in Fig. 1.

We have made preliminary cnlculations of the
effects of Johnson noise in the junctions on the
SQUID by using a Gaussian random number generator
to produce a step approximation to Johnson noise.
The accuracy of this procedure was checked by first
applying it to a single resistively shunted jumc-
tion, The noise-rounded current-voltage character-
istics were in good ugreement with analytical
results. The noise rounding of the SWiD character-
istics was then computed. The final step will be
the caiculation of the noise power spectrum of the
voltage fiuctuations across the SQUID as a function
of ¢ and ¢<v), From these results and a knowledge
of (3(v)/33) as a function of (v} we will be able
to compute the optimum operating conditions for
the SQUID,
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8. FABRICATION OF Nb-Nb JOSEFHSON TVANEL JUNCTIONS

John Clarke and Gilbert Hawkins

For some applications of the Josephson cffect.
for example to SQUIDS and to standards of emf, it
is highly desirable to use tunnel iwmctions that
can be stored snd thermally ~vcled over long
reriods of time, and that are mechanically very
durable. Juncrions made from nicbiwme would meet
these requirements, but in the past hawe proved
difficult to fabricate because of the formation of
microshorts between the niobium films. We have
developed a new technique for simply and reproduci-
bly making Nb-Nb junctions. Our junctions have
been stored for periods of up to a year and
recycled up to 50 times without significant
detericration.

A film of niobium, typically 200 A thick and
200 um wide is first sputtered onto a glass sub-
strate. The film is thermally oxidized, and a very
thin film of copper {8 - 20 A thick) evaporated
over the oxide. A cross strip of niobium completes
the junction. For reasons that are not completely
understood, the copper film prevents the formation
of microshorts between the two niobium electrodes.
Tiie critical current of these junctions is a styong
function of oxidation time and temperature and of
copper thickness, and is reproducible to ¢ 20%.
The variation of critical current with copper
thickness is shown in Fig. 1.

These junctions have proved virtually inde-
structible, We propose to incorporate them in
future SQUIDS,
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Fig. 1. Criticai current versus copper thickness
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9. SUPLERCONIUCTING FAR INFRARLD BOLOMETERS

John Clurhe, wapny §. Weffer, Panl L. Richards and
Nan-tsiung Yeh

My measurements ol broadband far infrared
radiution in astrophysics and in the laboratory are
limited by detector roise. It is therefore impor-
tant to develop improved bolometers for these
applicvations, We have developed u supvrcundu%ing
belome ter with a figure ?g merit I* = (arca)l/ S/NLD
of about 1017 em & T 112172 This represents an
order of magnitude improvement vver the best semi-
conducting boloiwters.

Figure | shows the construction of the bolom-
cter. The temperature sensing element 1s an alum-
inun film evaporated onto a sapphire substrare.

A bismuth strip is used as a heater to calibrate
the bolomeier. Two inditm-coated nylon threads
are pressed onto indiwn films evaporated on the
corners of the substrate to provide mechanicul
support and clectrical connection to the aluminum
and bismuth films. A thin film of bismuth evaporit-
ed on the back of the »ub. trate is used as a far
infrared absorber. The subsrrate is connectid via
the nylon threads to a large copper ring, the
whole assembly being mounted in a vacuur can.  The
aluminum film forms one arm of a low temperaturc
Wheatstone bridge operated at 1 Kiz. The output
voltage from the bridge is matched with a cooled
transformer to a room temperature preamplifier.
The signal is then lock-in detected. The output
from the lock-in is fed intc a heater mounted on
the copper ring to maintain its temperaturc near
the mid-point of the aluminum transition.

Current (usually at l:frequcncics of 1 to 10 H2)
is applied to the heater, and the resulting change
in the temperature of the bolometer is detected

as a change in the output of the lock-in. The
[~ 8rass
Sopphire substrate
Glue spot
Insuiotor

la-coated—  2M™m
rylon threod
Fig. 1. Superconducting bolometer. (XBL 757-6819)



best NEP achieved so far is a qut 3x1g-15 _}1‘1/3,
corresponding to a I* of 9x10"7 cm W° 1z}, The
response time is S0 ms, The NEP is close to the

lindt set by intrinsic themmal fluctuatjons in the
bolcmeter. FYurther improvements may decrease the

\EP by a factor of 2 or 3, and reduce the response
time to 10 ms, In a separate series of experiments
we have made careful measurements of the absorption
of the bismuth film. We find an absorptivity of

approximitely 50% over a range from 10 to 300 anl,

10, RESISTANCE OF SUPERCONIX"" MR-NORMAL METAL-
SUPERCONDUCTOR  SANIWICHI-S

John Clarke and M. L. Rappaport

Using a SQUID woltmeter, we have measured the
resistances of superconductor-normmal metal-
supercondactor (SNS) sandwiches from 20 mK to the
transition temperature (T.) cf the superconductor
in our dilution refrigerator. The resistance
increases rapidly with temperature near T., and
decreases as the temperature is lowered below about
1K. These results provide two pieces of informa-
tion.

Near T, nemny of the normal electrons (quasi-
particles) in the normal metal have energies higher
than the cnergy gap, 4, of the superconductor,
These quasiparticles are thus able to preopagate
inte the superconductor. ihen a current is passed
through the SNS sandwich, it is carried dissipa-
tively by the quasiparticles into the superconduc-
tor: this dissipation gives rise to the observed
increase in resistance as the temperature is
Taised towards Tc. As the quasiparticle current
flows into the superconductor, it is conwirted into
a supercuryent over a characteristic length
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Fig. 1. Resistance of Sn-1r-Sn sandwich versus
reduced temperature: Experiment (o); theory (
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,PbS, PhSe, and PbTe are at the L point.

rg = {dve 13)1"2, where % and vg are the mean fres
path and fermi velncity of the superconducter, and
73 is the '"branch relaxation” time. From the
increase in resistance, one can deduce a value for
Az and herce for 13, In Fig. 1 we show the change
in resistance with temperature measured experi-
mentally, compared with several theoretical models.
n cxcelle% fit is obtained with

13 = 6x1071Y4(0)/4(T). This time is within a
factor of two of the value found previousiy oy a
quite different technique. This measurement of 73
is important for two reasons. First, it enasles
one to calculate the dissipation in a super-
conductor when there is an electric current
carried by quasiparticles. Second, one can velate
13 to the reconbination time of the guasiparzicles.

A superconducting energy gap is induced into
the normal metal by the superconductors. As the
temperature is lowered, a non-zero energy gap
propagates further into the normal metal, and as
a result, the resistance drops. The fall- ¢f in
this resistance is related to the BCS param-ter
N(O)Y of the normal metal. We have now collected
a considerable amount of data on this change in
resistance, and we are in the process of analyzing
it to obtain estimates of N(0)V in copper, silver,
gold, and rhodium.

11. RESEARCH ON SEMICONDUCTORS

. Dalven

Research carried out in 1975 was theoretical
in nature and was primarily concerned with two
problems. ‘the first was the questicn of the pariry
assignments at the L point of the band structire
of the lead salt semiconductors. The second was
an investigation of possible experiments 1o realize
and detect the three-dimensional Wigner electron
lattice in solids,

Concemning the first problem, it is well known
that the band edges in the lead salt semiconductors
It has
also been generally agreed that the conduction
band {CB) edge is an L4~ state and the valence
sand (VB) edge is an Lg* state. A recent paper by
Glosser et al (PRL 33, 1027 (1974)) has suggested
that theSe parity assignments are incorrect. My
work examined tlils suggestion in the light of
interhand momentum matrix clements calculated by
M. Schluter. 1t was concluded that the values of
these matrix elemenis support the Glosser scheme
of parity assigmments. However, it is quite ciear
that further optical experimental studies, especiai-
ly on PbS and PbSe, by means other than electrc
reflectance, are necessary before the presently
accepted parity assignments at L can be called
into questian.

The second problem investigated was the Wigner
electron lattice in solids. It was proposed by
Wigner that, as the electron concentration in a
solid became smailer, the electrons would become
localized in space and form a bec lattice.
Possible means of experimentally realizing and
detecting this lattice have been examined. It was
concluded that very pure germanium, doped with
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antimony  may offer the possibility of obtaining
extrinsic electron densities low enough to form

the Wigner lattice. 1t alsc proposed that Brillouirn
scattering of photons by the LA and TA modes of
vibration of the electroa lattice offers a possible
method of experimental detection. This is because
the scattering spectrum of the electron lattice

is anticipated to inciude structure not found in

the spectrum of the electron gas of the same density.

12. RESEARCH PLANS FOR CALENDAR YEAR 1976
John Clarke and Associates

Our work on 1/f noise will first be directed to
a theoretical and microscopic understanding of the
correlated temperature fluctuations that produce
the noise in metals. We will make low temperature
measurerents of 1/f noise in paramagnetic salts in
vhich temperature fluctuations produce fluctuations
in magnetic susceptibility. We also propose to
measure the 1/f noise in superconducting micro-
bridges. These devices have important device
applications, and a study of their low frequency
noise is urgently needed. We plan to study noisc
in semiconductors: we will measure the noise in
specially fabricated FETS in which four temminal
measurements of the noise are possible, and also
study the noise in single crystal semiconductors.
It is hoped th-t a microscopic picture of 1/f
noise in semiconductors will emerge from this work.

We plan to continue the magnetotelluric measure-
ments using our dc SQUID magnetometers. By using
the very high sensitivity and low drift irherent
in these devices we will be able to extend our
measurements down to 1074 Hz, and thus probe the
conductivity of the earth's crust down to distances
of as much as 50 km. Much of the work will be
carried out at geothermal sites :n Nevada, to
correlate our measurements with known values of
conductivity. We also plan to immstigate magnetic
field gradient fluctuations in regions of high
inhomogeneity, for example, along earthquake fault
lines. The intense, changing pressurcs along a
fault !ine are known to produce local magnetic
field fluctuations via the piezomagnetic effect.

It would be of great interest to sce whether rr not
therc are detectable gradient fluctuations. The
observation of such effects may have important
implications in earthquike prediction.

We will construct and test a thin film gradio-
meter in which a dc SQUID is an integral part of
the Jevice. The complete gradiometer wili be
coastructed by a series of evaporations on a
single optically julished substrate. As a result,
the gradiometer should be very stable and maintain
its balance indefinitely. Superconducting devices
for the measurement of magnetic field gradients
have important applications in medical physics
and geophysics.

Work on the theory of opcration of dc SQUIDS
and on their noise limitations will be completed.
The results of this work will enable us t3 optimize
the sensitivity of these devices.

The development of supcrconducting far infrared
bolometers will continue, and should be completed
in the coming year. We hope to be able to
exploit the very high sensitivity of thesc devices
both in laboratory fur infrared measurements, and
in far infrared astronomy.

We will continue research on non-equilibrium
processes in superconductors, aimed at a better
understanding of quasiparticle dissipation and
relaxation processes. [xperimental wotk on the
resistance of SNS sandwiches is now complete, and
we hope to complete the theoretical analysis of
the data in the near future. From the data near
Te we +il1l extract values for the quasiparticle
branch relaxation and recombintaion times in tin
and lead. From the low temperature data we will
obtain values for the BCS parameter N(O)V in
copper, silver, gold, and rhodium. A new experi-
ment will be started to explore the effects of
monochromatic phonons on suwerconducting
quasiparticle tumiel junctions. The phonon
frequency will lie below the energy gap frequency
of the superconductor. According to a theory of
Eliashberg, the phonons should enhance the energy
gap and hence the transition temperature of the
superconductor. HNe will test this theory by making
tunneling measurements of the cnergy gap as a
function of phronon intensity and frequency. We
expect this cxperiment to give considerable insight
into non-equilibrium effects in superconductors.
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2. THEORETICAL RESEARCH

a. Theorstical Solid State Studies
Marvin L. Cohen, Principal Investigator

Introduction. We uscd 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 LOCAL1ZED 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 Siz 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 disficult to extend to
surface studies because 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 Hartree 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 configu~itions.

—_—

This work is described in Journal (23) and
LBL Reports {8,10) listed at the end of this
section.

2. SURFACLE STATES ON SOLIDS*
Marvin L. Cohen

The method described above was used to calculate
the clectronic structure $i(111) surface models
(Figs. 1-3). The results for (1x1) unreconstructed,
relaxed, and unrelaxed structures compare well with
earlier calculations. A fully sclf-consistent
calculation was then carried out for Haneman's
(2x1) 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-
12sonance, infrared 2bsorption measurements,
photaemission measurements, and angular-dependen:
photoemission measurements.

The method was then applied to study the
electronic structure of the (111} surfuce 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 be of crucial importance.

Fig. 1.
structure projected on a (110) plane.
direction is vertical.

Perspective view of the Si crystal

The {111]
The (111} surface is
obtained by cutting the vertical honds in a
horizontal planc.



Si (1) SURFACE, UNRELAXED
TOTAL VALENCE CHARGE
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I

Si (M) surtace, reloxed
‘ states at + 0.5 eV {K,)

Fig. 2. Toual valence charge distribution for
an wnrelaxed Si{111) surface (for geometry sec
Fig. 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 lires respectively.
The smoothing out of the charge around the cut
dangling-bond charge and the *valley' which
extends from the surface into the bulk (along
which impurities probably migrate) is clearly
displayed. {XBL 758-6950)

‘The electronic structures of III-V and I1-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 compute the tota) valence charge densities
and charge densities for individual states for
both GaAs and ZnSe which served as prototypes for
the 111-V and 1J-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

Fig. 3. Charge density plot to illustrate a
surface state configuration. This state corre-
sponds to a dangling-bondstate on $Si{111) for
a relaxed but nonreconstructed model.

(XBl. 758-6968)

new technique are among the most extensive avail-
able. They provide details related to the locel
density of states at the surfice, and the charge
density of the various surfacc 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 stutes., This structure appears to
agree well with recent photoemission measurements.

—_—
This work is described in Journals (5,6,14,15,21,

23) and LBL Reports (2,4,5,10) listed at the end
of this section.



3, METAL-SEMICONDUCTOR INTERFACES*

Marvin L. Cohen

The electronic structure of a jellium-Si
interface is calculated with an assumed jellium
density corresponding to aluminum and self-
consistent Si pseudopotentials. This model of
the metal-semiconductor interface was explored
using the techniques described above. The
calculation was done self-consistently and the
Schottky barrier height was calculated in excellent
agreement with experiment. 1t was found that all
previous theories of Schottky barriers were
incomplete. The state involved in pinning the
Fermi level in the Schottky barrier is composed of
the tails of the wavefunctions coming from the
metal component of the junction. These tails
concentrate their charge on the dangling-bond
silicon states that would be present if the
interface were Si-vacuum. We called these states
metal-induced gap states (MIGS). We have computed
the total charge density for the metal semiconductor
interface and have also calculated the charge
densities of the (MIGS) states. We also find
interface states at -8.5 eV relative to the top
of the 5i valence band edge.

————
This work is described in Journal (18) and
LBL Report (6} listed at the end of this section.

4. NARROW GAP 1V-VI SEMICONDUCTORS*

Marvin L. Cohen

We huwr dene a series of calculations on the
electronic structure and propertics of PbSe and
PbTe. These calculations involve the use of the
empirical 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 (3,4,12,10,17,
22) listed at the end of this section.
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-reflectivity of these materials.

5. AMORPHOUS TETRAHEDRAL SYSTIMS*

Marvin L. Cohen

We continued our work on amorphous seniconduc-
tors. Emphasis was given to an attempt 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 naturc 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 und Te were also analyzed.

———
This work is described in Journals (1,10,11) and
LBl Report (3) listed at the e¢nd of this section.

6. ELECIRONIC STRUCTURE OF CHAIN AND LAYER
MATERIALS, AND OF THE SUPLRCONDUCTING POLYMER (SN)*

Marvin L. Cohen

The electronic structure of chain and layer
materials, (SN)y, 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 Sec and Te, estimites of interchain bonding
strengths were made using the charge density cal-
culations. The LPM results along with model
calculations allowed an analysis of the effects
of bond angle variations on chains and the presence
of 6- and B-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
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 tramsitions
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 sh:ifts with anion
alloying. This observation can be explained



theoretically using charge concentration analysis
of optical transitions.

The polymer (SN}, is of interest because of its
superconductzng behavior. Using the EPM scheme
we have calculated the band structure, density
of states, Fermi surface, and optical spectrum.
Using the results of our calculations we have
estimated the electrea-phonon coupling constant
and have ana.yzed the observed increase of the
superconcuct ng transition temperature with
pressure. The assumption of an electron-phonon
mechanism {or superconductivity in (SN)y is
consistent w:th our results. Our calculations
indicate than 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 is described in Journals (1,7,19) and
LBL Reports 7,10) iisted at the end of this
section.

7. ELECTRONIC STRUCTURE: LOCAL FILLDS IN Si,
CHARGE DENSITIES IN NOBLE METALS, TIGHI BINDING
PARMETERS FOR SEMICONDUCTORS, ANU CHARGE DENSITIES
1IN 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 {iclds we calculated the
dielectric function of silicon for zero wavevector
as a function of frequency. Contrary to recent
calculations on diamond, lecal fields corrections
do not shift the prominent peak positions. In
addition to amalyzing 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 tocal field effects are included.

W2 used our pscudopotential 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. 1n 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 of C, Si,
Ge, GaAs, and InSe were calculated. Very good
agreement was obtained with other calculations
when all nearest and onc-second-nearest neighbor
interactions were included. The effects of the
various intcractions on the density of states were
explored. liecause of the success of our tight-
binding model in producing valence band structures
close to those computed using the EPM, these
models have been used extensively to explore the
bonding nature and surface s*ates in diamond and
zincblende semiconductors.
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Qur 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 PLANS FOR CALENDAR YEAR 1976

Marvin L. Cohen

We plan t> extend our calculations of surface
and interface stutes. 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. We 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. Ie will
also continue to study layer compounds, diamond
and zincblende semiconductors, and other semi~
conductors such as AgCl and Bil5. We plan to
explore the role of electron-hole interactions on
the d-core levels and 11I-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.
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C. MATERIALS CHEMISTRY

1. CHEMICAL STRUCTURE

a. High Pressure Chemistry

1. HIGH PRESSURE CHEMISTRY
K, Y. Kim and George Jura

The purpose of tiese cxperiments is the
determination of the heat capacity of metals and
alloys as a {unction of temperature and pressure.
It ulso 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 rcason-
able results have been obtained in the past over
a limited range, tut there has never been the
feeling that they could be given unequivical
trust.

To this last end, the apparatus and theory were
reexamined, and both were found to be lacking.
The results had to have more precision than we
had in the past tc be certain that the simple
theory was not appiicable.

The electronics of the constant current pulse
and the switching circuit were redesigned and
rehuilt. The result of the electronic chunges has
been to greatly increase the accuracy of the
results. The average deviation of the results from
a two rarameter equation that relatss the RMF vs
time has been decrecased by u factor of 5. The
circuitry has also heen 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, 1If the sample is
in vacue or surrounded by as much as | atm of
inert gas, the simple theory used in the past is
satislactory. However, when the method is used
to study the heat capacity under high pre
then the simple theory is no longer appli
In the past, the data were nover sufficiently
gaod to shaw that a more sophisticated theory is
required.

The simple theory stutes that dt zcro time,

- e e
difdt = PRR/C,

vhere L bs the voltage, t the time, | the current,
g the resistance of the samle I>ofore the start
ol the pulse, R' the temperature coefficient of
resistance.  From the above cequation, it is evident
that a plot of dli/dt vs 15 should go through the
origin., This condition is saris{ied when the
sample is not under pressurc. When the sample

is pressurized, there is a linear relationship
between dE/dt and 13, but this line does not go
through the origin. At the present time, we can
show that what we ohserve is qualitatively
correct, but we have not as vet heen able to write
a quantitative correction so that we can compate
the heat capacity and the heat conductivity of the
surrounding medium, which is what we arc trving
to do. Progress is being made. At the prisent
time, wc are redetermining the quantity R', <o
that we can be sure of our calculated results.
This will be done better than we have in the past.
At the present time, it appears that when a couple
of minor problems are solved, we will be zble to
do what we started out to do.



b. Low Temperature Properties of Sclids

Nerman E. Phillips, Principal Inveatigator

1. HEAT CAPACITY OF fec Ti-Ph-Bi ALLOYS

F. llermans, .J. I, Boyer and MNorman E. Phillips

In recent years considerable attenticn has been
directed to the relation between the superconduc-
ting critical temperature of a metal and its
nommal-state electronic properties and phonon
spectnum. Most of the work in this area has been
discussed in terms Yf a relation! developed by
McMillan., McMillan' also noted that for a number
of transition metals the electron-phonon interac-
tion parameter X scemed 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-
telation, and it has been used in a mmber of
cases to predict or to rationalize trends in Te..
In this context, the fcc alloys of Tl and Bi with
Pb are of particular interest because (1) the
relevant averags rhouon frequency is insensitive
to composition,® but T increases by z 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,” 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 A vs z data. To
carrect these shortcomings we have undertaken new
measurements of the heat capacity of these alloys
throughout the region of stability of the fec
phase. The measurements will pemit 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 < 2 < 4.12 have been studied. There is a well
defined discontinuity of slope in vy vs 7 at pure
lead that, when compared with recent tumneling
data for X vs z, is consistent with the rigid
band model. It is 3150 in approximate agreement
with the calculated? 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 T3 term of the lattice heat capacivy, but
the data obtained so far do not permit a quantita-
tive comparison.

1. W. L. McMillan, Phys. Rev. 167, 331 (1968}.

2, R. C. Dynes and J. M, Rowell, Phys. Rev. Bll,
1884 (1975). -
3, L. C. Clune and B. A. Green, Phys, Rev. Bl,
1459 (1970). -

4, J. R. Anderson and A. V. Gold, Phys. Rev. Al3%
1459 (1965), -

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 foz
our earlier measurements on various phases of “He.
Most of those data were published with corrections
to the derived thermodynamic properties for the
change in temperature scale, but for th. re 11
data it seemed worthwhile to correct ti- raw heat
capacity data and repeat the later steps in data
analysis. The first steps in this project have
now been completed: The heat 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 troublesame
discrepancy between sound velocity measurements
and the caleriretric Debve 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 rechecking our temperature
scale in the region below 1K.
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3. HEAT CAPACITY OF Nd

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 cther rare earth metals
in which large '"electronic" lfgat 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 bezcn
obtained and the measurements have been extended
to 65 kOe. The data have not yet bzen completely
analyzed, but it is clear that the heat capacity
decreases approximately linearly with increasing
field in the region below 1K and in fields to
65 kOe. 'This further supports the idea that the
1inear term is not electvonic in origin.

4. PROGRESS ON EXPERIMENTS BELOW 50 mK

Gary E. Brodale, Erwin W. Hormung, 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



it now operates ‘i steady state to 12 mk and to

8 mK in the one-shot mode. A dc, SQUID-based
susceptibility thermomerer has tween made and
partially tested., [t uses cerium magnesium nitrate
as the magnetic material, and slould thevefore
give a good approximation to the thermodyvnamic
temperature scale in the region accessible with
the dilution refrigerator. Apparatus for experi-
ments on “He in the temperature region down to

1.5 1K has been partiaily designed and built.

HAR

RESEARCH PLANS FOR CALENDAR YEAR 1970

S.
Norman E. Phillips and Associates

The study of T1-Pb-Bi allovs will be extended
to lower and to higher electron voncentrations,
and to “pseudo-Pb™ alleys (TIyPbp.z2xBix). The
data will permit an unusually Tigorous test of
band structure calculations and will determine the
influence of scattering centers on the low-
{requency part of the phonon spe- trun.

The re-analysis of the old heat capacity data
on liquid “le will be completed to obtain the
entropy and various derived quantities as functions
of volume and temperature. M\ew measurements, to
approximately 0.1K, w11l be made in the new
apparatus to obtain a more accurzte characteriza-
tion of the anomalous phonon dispersion.

The design of high-pressure cells for low-
temperature calorimetry will be reconsidered with
the aim of improving our capability for such
measurements .

Several changes 1n plans fcr the dilution-
refrigerator apparatus have been made. Various
problems with dc and low-freauency ac nuclear
susceptibility measurements have led us to
substitute cerium magnesium nitrate (AN, for a
metal containing magnetic muclei in the SQUID-
based susceptibility thermometer to be used in
heat capacity measurements to 12 mK. We regard
this subsiitution as temporary, but the best way
to obtain the necessary sensitivity and low-power
dissipation in a reasonable time. The plans to
measure Kapitza resistances between “He and
magnetic alloys have been abandoned in fayor of
proceeding immediately to experiments on “He in
the region down to approximately 1.5 mK. These
temperatures will be reached by two-stage adiabatic
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demagnetization of (MN {rom 12 mh. Ihis will
permit _the attaimment of 1.5 mK with o relativels
large “He/(MN ratro. The first goal will be the
determination of the heat capacity of “He in the
normal state 1 function of pressure and toapers -
ture. the data will be important as an independ-
ent test of spin-fluctuation effects, and in
extending earlicr measurcaents to lower tempera-
tures and additional pressures.  Preliminary Jata
on the superfiutd phases will also be abtained.
Another by- prndm( of the measurements will be the
heat capacity of powdered (v and an 1independent
determination of the T*-T redation,

6, 1975 PUBLICATIONS AND REINORTS

Norman F. Phillips and \ssociates
Journals
1. M. hun and Norman t. Thillips,

Specific Heat of Apiezon ¥ Greasc,
36 (1975) (LBL-3185).

Lon Terperature
Crvpenics,

I. 5. 0L Badey, N, L. Phillips, M, B Maple, and
¢. A. Luengo, Heat Capacity of t)m Supercondinct ing
Kondo System (Late)Alz, Solid State Commun. 1o,
1263 (1975)(LBL-27a0). -

3. M. T. Hirvonen, T. L. Katila, K. J. Raskr,
M. AL Teplov, B. I, Malkin, M. E. Phislips, and
Marjlyn Wun, Magnetic Ordering in lerbium Ethyl
Sulphate, Phys. Rev, R 11, 4052 (1973) (LBL-37503%.

4. S. D. Bader, Norman E. Phillips, and E. S.
Fisher, Low Tempevature feat Capacity of a-Uranium
and its Relation *a the Pressure Dependence of Te,
Phys. Rev. B 12, 1929 (1975) (LBL-7705).

L3L Report

1. J. K. Hoffer, ¥. R. Gardner, C, G. Waterfield,

ind N. E. I“hllllp.s, l'hemodmannc Properties of
11, The bece Phase and the P-T and V-T

Phase Diagrams Below 2K, LBL-4116 {Aug. 1975).

Paper Presented

1. S. D. Bader, W. E. Fogle, Norman L. Phillips,
M. 3. Maple, and C. A. Luengo, Quatriene
Conference Internationale de ‘Thermodynamique
Chimique, Montpelier, Aug. 1975 (LBL-3755).
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1. FUNDAMMENTAL STUDLES OF TRANSPORT PROCESSES IN

LIEC :RXTEMICAL REACTURS

a. Studies of the kvents Uecurring at Gas-Evolving
Electrodes

tonald A, Putt and Charles W. Toblas

-n md OXY gen .n c!curcdc »urf.n.e\ in
concentrated sulfuric acid and potassitem hydroxide
sulutions have been observed, and rec ded by
{lash photography (Fig. 11. A special technigue
for photographing the clectrode surface shortly
arter current initiation (13-300 msec) provided a
view unobstructed by rising gas bubbles (Fig. 2).
Bubble growth rute, wumber density, and maxinum
bubble size data were obtained for gas generation

-stes in e range 3.5-13 on’ /em® min, correspond- Electrolyte
iny to current demsitics for hvdrogen evolution of Space ™ ~
0,5-2 Mem,  The velocity of the rising gas -—1-Side window W

viulsion and degree of gas hubble coalescence
within it were also observed.

EQ&mler l

Objective 5
l
i

Ihe wrowth characteristics of bubhles depend
strongly on the electrolyte cemposition, being
different for hvdrogen and oaypen in the swne

electrolyte.  In the range studied, increasing the Celt
wus peneration rate does not change the character
of the events, only the rate of their occurrance., Gh
) o ' Lo . 7 oss
Buhble growth before separation invelves repeated Window
seguences of voalescences. ?
A7~ Elect e  Electrode
tomparison of estimates of the sizes that bubbles Epo.y Epoxy
should reach under cquilibrium growth conditions
with those vbscrved reveals that separation is Fig. 1. Incipient subble growth cell and

vontrolled by the Jdynamics of bubble interactions. clectrode construction. (\'.BL 759-7091)

HgA 2. ncipient bubble growth photographm sequence: hydrogen bubbles in 5M electrolyte,
7em3/em? min (magnification 45x) arrows point to coalescing bubbles. (XBL 758-6370)



Altering the surface —ondition of the electrode
showed that the microscopic roughness of a planar
electrode has little effect on the character of gus
evciution. The electrolyte velocity generated
by the ri-isz gas bubble stream is primarily a
function of gas eration rate and is not overly
dependent on the chiracty: of gas evolution. An
extreme sweeping act.on, or ‘scuvenging effect”,
of gas bubbles rising along the eieiirdde surface
occurs extensively in sulfuric acid elect:lv

1. R. A, Putt and C. ¥, Tchias, Physical Processes
in Electrolytic Gas Evolution, IMRI Annual! kepert
for 1974, LBL-3530, April 1975, p. 37.

2. R, A, Putt, Studies of the Events Gecurr.mg

at Gas-Fvolving Flectroces (M.S. Thesis, University
of California), LBL-3989, . 1975,

b. Current Distribution in Electrochemical
Machining

James B. Liggs, Rolf H. Muller and Charles W.
Tobias

In the present state of clectrochemical
mechining (EQM) technology, which s particulerly
effective in the shaping of high strength allovs,
“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 E(M is being
developed that will determine the proper tool
picce geometry. This model is based upon a
numerical solution of Laplace's equationl with
the toundary 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,

/ |
L.

Fig. 1. Cross section of wo.kpiece and toul piece
for "pipe shaped" tool piece used for hole sinking.
Arrows indicate flow of electrolyte. (XBL 764-2690)
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Figures 2 and 3 show the effect of tool piece foeed
rate and ¢f applied voltage on the peitk height
(Fig. 1) in the cutting 37 <opper using KNO3
electrolyte. ‘The calculated poinis were obtained
assuming no current-dependent surface cver-

potential. The deviation hetween calculated and
0.6 T T T T
o Experimental
o Calculated by model
onh- ]
E
<
% oa|- ]
£
x
]
a
0.3 -
AY=20.2 volts
1 i | | |
02 20 25 30 35 40 45
Tool piece feed rote {mils/min}
Fig. 2. Effect of tcol piece feed rate on peak

height. (XBL 7od-2688
039 T T
12385 A/em?
Feed rate = 31 mils/min
o7
E
<
E
€ os-
F
B
o Experimentoi
031 4 Coleulated by model N
ol 1 I 1 | L L
13 4 5 16 7 8 19 20
Applied voltoge
Fig. 3. Effect of applied voltage on peak
height., (XBL 7G4. 2695)

)
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experimental curves is in part explained by the
formation of a resistive film observed on the
cathode surface.

1. R. N. Fleck, D. N. Haason and C. W. fiobias,
Numerical Lvaluation of Current Distribution in
Llectrochemical Systems, UCKL-11612, Sept. 1964.

2. Kimio Kinoshita, Studies on the Anodic
bissulution of Copper =t Hiph Current Densities
{(Ph.l-. Thesis, University of California, Bevkeley),
UCRL- 9051, Sept. 1969,

C. Mass Transport and Current Distribution on
Rough Electrodes in Channcl Flow

Uziel Landau, Andrew Kindler and (harles W. Tobias

Corvzlation of limiting current data obtained
in the elecuioasposition of copper in the tur'
regime shows that the entrance section, Xg is
independent of the Schmidt mumber:

-0.57

X /dy = 756 Re

where dy is the hydraulic diameter. In this
section (Fig. 1) the local transport rates are

X /fgp ~ DIMENSITINLE SS DISTANCE FROM LEADING EDGE

0 2 4 € 8 0
1 T * T T —
Re RUN
v
4
Sc 5340 4
a
3
.
2500/ o -

2000 { -
L
Shy
1500 -
————————0
> ————a
{000 .
\\M‘L———-‘n
So0~ -
———
—
o] i A Il
[ 10 20 30 40
X - OISTANCE FROM LEADING EOGE (CM)
Fig. 1. Distribution of local mass transport rates

along the electrode in turbulent flow. (XBL 744-6012)

best represented by

0.75&:1/3

Sh, = 0.067 Re @,/

At flow rates exceeding the critical transition
Reynolds number the mass transport rates for
rougE surfaces become approximately proporticaal
to the Re number:

1.00

- « ¥/2 0.21
S}AL = 0.003Y Re Sc (e/dh)

where e is the height of the roughness elemen~.
‘The dependence of the transition Re numbers ard
of the rate increases on the Sc number indicates
that the relative height of the roughness elenents
to the diffusion layer thickness (rather than to
the hydrodynamic boundary layer thickness) is

the dominant parameter.

Extensive corrosion ot metal parts, loss of
pood electric contacts, air leaks, and deposits
of organic impurities required part by part
overnauling of the channel flow apparatus, which,
was in comtinuous usz over the past seven yearr, 2,5

1. Uziel Landau and Charles W. Tobias, DNistrita-
tion of Mass Transport Rates Along Parallel Plane
Electrodes in Forced Convection, 1074 IMRD Annual
Report, LBL-3530, April, 1975, p.35.

2. Jan Selman and Charles W. Tobias, Current and
Potential Distribution in Forced and Free Convective
Mass Transfer at Plane Electrodes, IMRD Annual
Report 1965, Feb. 1966, p.46.

3. Uziel Landau and Charles W. Tobias, flow Circuit
for Tonic Mass Transfer Studies at High Flow

Rates, MR Annual Report 1970, April, 1971, p.=6.

2. ELECTROCHIMISTRY IN NONAQUEOUS SOLVENTS

a. An Ambient Temperature Process for keductimn
of Potassium Mctal

Radoslav Atanasoski, Henry Law and Charles W,
Tobias

The effectiveness of a simplified method for
clectrolyte preparation, and the achievement of
high current e{ficiencies, indicate that a process
{or the recovery of potassium metal from solutions
of its salts in propylene carbonate may be
economically attiactive. Cyclic voltametry appears
1o offer a convenient means for monitoring
impurity concentrations in the electrolyvte.

The tedious and complicated electrolyte purifi-
cation procedure” employed so far has been simpli-
fied by the use of potassium tetradllorglwmnate
RAICly, synthesized in this laboratory.”
salt RAICly dissolves readily in propy lene
carbonate and has a saturation concentration of
1.6 M at 25°C, Large quantities of electrolyte
can now be prepared in a straightforward mumer.
Prolonged electrolysis at a temperature (70-85°C)
slightly higher than the melting temperaturc of
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the potassium demonstrates the electrolyte is
stable. The good quality of molten potassium
deposi* is shown in Fig. 1.

Fig. 1. Deposit of potassium on platimm in liquid

form: ~85°C; 0.2-2.0 mA/cm®; duration of electroly-
sis -~ 3 days. (XBB 7563-2974)
02 T T T F&\

i !

L L
1.0 2.0 30 4.0
E(V]
Tig. 2. The effect of the addition of 1 ppm 1130
in 0.1 M KAICl4 in propylene carbonate: working
clectrnde, stainless steel cylinder, diameter
6.74 am, ! an?; cuunterelectrode, potassium
deposited on platinum screen; reference electrode,
potassiun in the same solution; scanning rate,
25.6 mV/sec. Cyclic voltammogram

before the addition of water.

~-» ~— 7th cycle after adding 1 ppm of water
------ 25th cycle after the addition of water
(XBL 764-2697)

For any practical process, it is lmperative
rhat one be able to monitor the impurity cencentra-
tion. Cyclic voltammetry was found to Le an
excellent rechnique for water determination in
the 0.1 to 1 ppm range.  The effect of the addition
of 1 ppm water to zhe electrolyte is shown by the
voltanmograms 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 pracess.

The current efficiency for the potassium
deposition has bheen found to be greater than 95%.
Since it was not possible to remove the potussiwm
covered cathode from the electrolyte without
leaving scme loose particles of potassium hehind,
it is believed that the cause of the deviation from
100% current efficiency is mechanical loss of
ootassium rather than any side reaction.

1. Oscar Chacon, Cathodic Rcduction of Potassium
in Propylene Carbonate Electrolytes (M.S. Thesis,
University of California, Berkeiey), LBL-3542,
1974,

2. J. Rendall, ct al.,
963-996 (1923).

JooAm, Chem, Sec. 45,

3. EVALUATION OF NEW ELECTROCHEMICAL PROCESSES

a. Hybrid i,

ctrolysis-Thermal Lycle for Hvdrogen
Ceneration

David H. Munger, Rolf H. Muller and Charles W.
Tobias

A search for a practical hybrid electrolysis-
thermal cycle for the generation of hvdrogen has
been undertaken. Of particular interest is an
anodic process in which a solid metal oxide is
formed at pctenti'ldi 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 metal/metal-
oxide ccuple or a lower/higher oxide couple
The thermal reduction phase is thus described as

LY
Mo &m0

(Os.x * x/2 0, (e.g., PbO,

> 7 PhO + 172 02).
Following establishing favorable equilibrium
behavior, the kinetics of the anodic process is
of greatest importance. After a favorable kinetic
behavior is demcnstrated, 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
hydrogen production by the reduction of electrode
overputentials, reduction of cell vhmic 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 Yor olume T, 1

2, L. Young, Anodic Oxide Fllms Academic Press,
New York, 1961

4. RESEARCH PLANS FOR CALENDAR YEAR 1976

Charles W. Tobias

Research on the fundamentals of transport
phenomena in electrochemical reactore will be
focused on the eiucidation of the dynamics of
formation of me:tallic and of gas phases at
electrode surfaces in aiyh rate processes:

a) Experimental prototype cutting of metal
profiles by anodic dissolution (ECM) under broad
ranges of current densities, solu«i.u compositions
and flow rates, will serve to evo'! " a practical
theoretical model by which cathode geometries
appropriate for obtaining predetermined anode
shapes may be designed.

b) The surface memory effect will be mode.cd,
and experimentally tested to establish methods
for the prediction of micro- and macro-geometries
of electroformed (thick) metallic deposits.

¢) ixperiments will be initiated for the
determination of supersaturation at gas evolving
electrodes under conditions characteristic of
practical clectrolysis, to advance new approaches
in the design of more efficient electrolytic gas
generation equipment.

The project directed toward immovations in
electrochemical synthesis and engrgy coinversion,
involving energetic reactants or products {e.g.,
alkali metals) in propylene carbonate as ionizing
solvent will be continued in the following
directions:

a) Solvent stability studies will be conducted
exploring the rangz of possible reactions at the
pogitiv> electrode. Specifically the use of
secrificial metals (e.g., Al, Mg) and of halogen
electrodes (Cl7,Brz) will be evaluated for wse in
electrowinning and in galvanie cells.

b) Thermodynamic and kinetic criteria of the
separation of alkali metcls by selective reduction
from solutions of their mized salts will be
examined.

Exploratory work on an electrolysis-thermal
hybrid eycle for the efficient production af
hydrogen will be completed. Two reaction schemes
will be evaluated:

8) Oxidation of a lower-to-higher metal oxide
in a cell where hydrogen is evolved at the cathode,
followed by thermal dissociation of the higher
metal oxide to the lower oxide and oxygen, etc.

b) Oxidation of a metal in an electrochemical
cell, followed by chemical reduction of the oxide
at medium high ter erature (e.g., by carbon
monoxide).

167

5. 1975 PUBLICATIONS AND REPORTS

Charles W. Tobias and Associates
Journals

1. F. R. McLarnon, R. H. Muller and C. W. Tobias,
Light-Deflection Errors in the Interferometry of
Electrochemical Mass Transfe. Boundary Layers,

J. Electrochem. Soc. 122, 59-64 (1975}

(LBL-2240 Rev.).

2. Jacob Jorné and Charles W. Tobias, Thermo-
dynamic Properties of the Alkali Metals in
Aluninum Chloride-Propylene Carbonate Solution,
J. Electrochem. Soc. 122, 624-632 (1975}
(LBL-1111 Rev, 4).

3. J. E. A, Johmn, C. ¥. Tobias et al.,

Imissions Control of Engine Systems, Consultant
Report to the Comm. on Moter Vehicle Emissions,
Commission on Sociotechnical Systems National
Research Council, (Sept., 1974)(Published by EPA).

4. F. R. McLarnon, R. H. Muller and C. W. Tobias,
Derivation of One-Dimensional Refractive-Index
Profiles frem Interferograms, .J. of the Optical
Soc. of Amer. 9, 1011-1018 (1375)(LBL-3141}.

5. J. Jorné and C. W. Tobias, Electrodeposition
of the Alkali Metals from Propylene Carbonate,
J. Appl. Electrochem. 5, 279 (1975}{1BL-1111 Rev. 6).

6. F. R. McLarnon, R, H, Muller and C. W. Tobias,
Reflection Effects in Interferometry, Applied
Optics 14, 2468 (1975) (LBL-3140),

7. J. W. Bjerklie, E. J. Cairns, C, W. Tobias and
b, G huson An Evaluation of Altemative Power
Sources for Low Emission Automobiles, Automative
Engineering, SAE 750930, Oct. 1975.

8. J. R. Selman and C. W. Tobias, Unsteady State
Lffects in Limiting Current Measurements, J.
Electroanal. Chem. 65, 67-85 (1975} (LBL-20557 Rev.).

9. J. Jorné and C. ‘tobias, Potential Differences

between the Alkali Metals and their Amalgams 122,
1485 (1975) (LBL-1111 Rev. 5).

“apers Presented and Invited lectures

*1. C. W. Tobias, Trends in Electrochemical
Technology, Lockheed Palo Alto Research Laboratory,
March 6, 1975,

*2. C. W. Tobias, 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.



*5, (., W. iobias, Corrosion, and Instruction in
Electrochemical Engineering at Berkeley,
University of Veszprem, September 11, 1975,

*6. C. W. Tobias, Incentives and Prospecis {or
the Electric Automobiie, Hungarian Academy of
Sciences, Budapest, Hungary, September 16, 1975,

*7. C. W. Tobias, Chemical Engincering Education
at Berkeley, University of Technical Sciences,
Budapest, Hungary, Scptember 17, 1975.

*8. C. W. Tobias, Mass Transfer and Current
Distribution in Electrochemical Systems,
Hungarian Chemical Society, Budapest, Hungary,
September 18, 1975,

9. C. W. Tobias, Cathodic Reduction of Potassium
in Propylene Carbonate, 26th Meeting of the
international Society of Electrochemistry,

Baden, Austria, September 25, 1975.

10, J, Jorné and L. W. Tobias, Electrodeposition
of the Alkali Metals in Propylene Carbonate, 20th
Meeting of the International Society of Elcctro-
chemistry, Badenm, Austria, September 215, 1975,

*11. . W. Tobias, The Fuinre of Electrochemical
Engineering, the first BASF Renowned Scientist
Lecture, Wayne State University, Detroit,
Michigan, December 3, 1975.

LBL Reports

1. John Frederick Cooper, Periodic Phenomena in
the High Current Density Anodic Dissolution of
Copper (Ph.D. Ihesis, tniversity of California,
Berkeley), LBL-2730, April 1975,

2, Ronuld Alan Putt, Studies of the Events
dceurring «t Gas-Evolving Llectrodes (M.S. Thesis,
University of California}, LBL-3989, Oct. 1975.

3. J. R, Selmrn and C. W, Tobias, The Limiting-
Carrent Technique in Mass-Transfer Measurements,
UCRL-20557 Rev. 1.



2. HIGH TEMPERATURE AND SURFACE CHEMISTRY

o. High Temperature Chemistry
Leo Brewer, Prircipal Imvestigator

1. THERMODYNAMIC PROPERTIES OF THIRD AND FOURTH
GROUP TRANSITION METALS WITH PLATINUM GROUP METALS

Gary 1. Bullard and David A. Goodman

A high temperature, solid electrolyte cell is
being used to measure the variation of the Gibbs
energy w.th concentration for the tantalum-iridium
system. It is hoped the results will allow im-
provement of bonding models based on utilization
of low-energy bonding orbitals. The solid-
electrolyte presently in use is made of a Zr0z-CaC
solid solution, Work is in progress tn include
electrolytes based on HfOp; and ThOa.

2. APPLICATIONS OF REGULAR SOLUTION THEORY TG
METALLIC SOLUTIONS

Robert H. Lamoreaux

Regular sovlution calculations are being tested
against experimental data for metallic alloys in
which acid-base interactions produting strongly
negative deviations from ideality are expectad 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 COMPILATIOR 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 temary systems is
being maintained. The compilation of thermodynamic
properties of mr:lybdenum and its compounds and the
diffusion characteristics of molybdemum 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 irom.

—
Partially supported by the International Atomic
Energy Agency.

4. MATRIX SPECTRA OF OXIDES OF CALCIUM*

Walter D. Duley, John Ling-Fai Wang and
lester Andrews

The study of some of the specimens formed when
Ca is deposited together with N20, O, 02, and 03
in rare gas or nitrogen matrices at liquid hydrcgen
temperatures has essentially been completed. One
paper has been published, a second paper has been
submitted for publication, and a third manuscript
is almost complete.

——
Supported in part by N.S.F.

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 alfow, a few isotopic
experiments will be carried out to test some points
not completely resolved.

With the high temperature Ta0-Zx0; electrolyte
cell in operation, measurements of the activity of
tantalum in iridium-rich alloys are expected to be
completed this vear. The extension of the electro-
lyte to HfO2 and ThO; based solid solutions will
allow measurements for more highly reduced alloys
with extensions to other alloys of third and
fourth group transstion metals with the platinum
group metals that can help improve our wnderstand-
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. Lleo Brewer, National Academy of Sciences
Report on the Conference on Thermodynamics and


file:///-ariation

National Energy Problems, Washington, D.C., 1974:
Plenary Lecture and Discussion, pp. 8-24, Summary
of Conclusions and Recommendations (with ¥. 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,

1. 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-Tsolated M'03 Species,
J. Chem. Phys. 63, 4465 (1975).

LBL Reports

1. Lester Andrews, Ultraviolet Absorption Studies
of the Alkali Metal Atom-Oxygen Molecule Matrix
Reaction, submitted to J. Phys. Chem. (LBL-4164).

2. Leo Brewer, The (ohesive Fnergies of the
Elements, (LBL-3720).

3. Robert H. Lamoreaux, Calculated Inthalpies of
Transition at 0°K for Several Metallic Phase
Transition, submitted to J. Solid State Chem.
(LBL-3711).

4. Lester Andrews, Optical Spectra of the Dihrom-
ide and Diiodide Tons in the Matrix-Isolated M’Bri
and M’IQ Species, submitted to J. of Amer. Chem.
Soc. (LBL-3997).

S. Lester Andrews, {ptical Spectra of the Difluor-
ide, Dichloride, and Trichloride lons in the
Matrix-Isolated M5, M'Cl,, and M*C15 Species,
submitted to J. of Amer. Cnem. Soc. (LRL-4111).



b. Nuclear Technology Problems

Zomald R. Clander, Prineipal Inmvestigator
1. REACTION OF ATOMIC HYDROGEN WITH PYROIYTIC
GRAPHITE
M. Balooch* and D. R. Olander

Over ope hundred years have clapsed sizce
Bertholet’ first investigated the thermodvnamics
of the carbon-hydrogen system, and four decades
have passed since Barrer)s classic kinetic study
of this system appeared.~ The voluninous litera-
ture on this subject since these early investigg-
tions has been reviewed in a separate document.”
Recently, the graphite-hydrogen reaction has
assumed an important role in several cnergy
production technologies, in particular production
of inexpensive heating gas hy coal gasification,
and graphite corrosion in the high temperature
gas cooled reactor and of first wall liners in the
controlled thermonuclear reactor.

All previous studies of the carbon-hydrogen
reaction have been of the conventional chemical
hinetic type, in which hydrogen gas at pressures
ranging from a few torr to tens of atmospheres
is passed over a sample of carbon held at tempeva-
tures between 600 and 2600°C. Usually the sole
measure of the reaction rate is sample weight
lo although occasionally the yuenched gases
are analyzed for methane, acethlene and higher
hydrocarbons.  The specimens are in the f{orm of
tubes, hulk shapes, finc filz.ents, or powders
in a packed bed. The types of carbon range {rom
amorphous to graphitic. FEven among the graphites,
the reaction kinetics are quite sensitive to the
purity and degree of crystallinity of the sample.
It is not surprising that the apparent reaction
rate constant obtained from these data differ by
as much as [ive orders of magnitude at the same
temperature. there is no established mechanism
of the reaction.

In the present investigation, the reaction
specimens are high-temperature anncaled pyrolytic
graphite in cither the basal or prism plane
orientations. The mclecular beam-mass spectrometric
techniques described in Ref. 4 are emploved in the
kinetic studies. The molecular form of hydrogen
is very unrcactive towards gruphite; the inertness
of Hz is due to che very luw prohability of
dissociative adsorption of the diatomic molecule
on graphite surfaces. To render the reaction
detectable in the molecular beam system, atomic
hydrogen is used as the reactant gas. Thermal
dissociation of Hp prior to striking the graphite
target greatly increases the sticking probability
but does not influence the course of the subsequent
surface reactions which ultimately lead to gaseous
hydrocarbon products. The variation of reaction
product yieid (both the signal amplitude and its
phase lag) is monitored as a function of beam
intensity, surface temperature and modulation
frequency.

The temperatu  wependence of the reaction is
shown in Fig. 1. ‘t temperatures up to 800°K,

methane is the sole product. Acetylene is
observed at temperatures above 1000°K. Between
800 and 1000°K, no carbun gasification occurs;
the surface acts only to recombine H atoms to
form il3. The data are analyzed in terms of the
model shown in Table 1. Methane is formed by
sequential addition of H atoms to CH, (n = 0,1,2,3
and acetylene is formed by surface combmatwn of
two CH groups, Solution and diffusion of H atems
in the graphite lattice are importart steps in
the process. The agreement hetween the nodel and
the molecular beam data is verv good.
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Fig. 1. Temperature dependence of the reaction
probabilities for methane and acetylene.
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Table 1. H atom-Graphite Reaction Model.
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The model predictions are compared to previous
high pressure (1 atm Hz) 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 (5 x 1074 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
lirger without any adjustments of the model.
Second, the fact that n' = 0 is adequate to fit
the older data gubstantiates the model proposed by
Clarke and Fox,” who attributed all reaction to
the dissociated fraction of the reactant hvdrogen
gas.
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Fig. 2. High pressurc kinetics of the carbon-

hydrogen reaction. Dashed lines: extrapolation
of model based on molecular beam data to iz
pressures of 1 atm (or various Hz sticking
probabilities; solid lines and points: data from
investigations summarized in Ref. 3.(XBI 7I7-4404)

In most reaction systems, extrapolation of a
reaction model determined by low pressure molecular
beam methods by six orders of magnitude in
reactant gas pressure would be unsuccessful because
he low pressure model would not be able to foresee
coverage effects which become important at high
pressures, However, because of the very low

sticking probability of molecular hvdripen, the

H atom coverages of the surface calculated from the
model for py, = 1 atm are found to be of the same
order of thoEe in the molecular beam experiment,
namely < 0.1% of a monolayer.

—_—
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Engineering, Arya-Mehr University of Technology,
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2,  ANALYSIS OF NONLINEAR REACTIONS N MODULATEDR
MOLECULAR BEAM-SURFACE EXPERIMENTS*
Alan Ultman' and D. R. Clander

An approximate method of analyzing nonlinear
reaction madels in modulated molecular heam
surface kinetic studies is developed. The exacr
method for treating nonlinear surface mechanisms*
is tedious and almost always requires computer
analysis. The proposed approximate method is
a simple extznsion of the Fourier cxpansion |
technique valid for linear surface reactions~;
it quickly provides analvtical expressions for
the phase lag and amplitude of the reaction product
for any type of ncenlinear surface mechanism,
which greatly facilitates comparison of theory
and experiment.
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Fig, 1. Phase lag and amplitude attenuation for

first, second and third order reaction kinetics.
The curve labelled "approximate" corresponds to
the exact first order solution and to the linear-
ized results for higher order reactions.
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The approximate and exact methods are compared
for a mumber of prototypical surface reactions
which include coverage-dependent adsorption and
reaction kinetics of order greater than wumity.
Figure 1 shows the good agreement between the
approximate method ard the ex:ct solution for the
reaction:

Az(g) + 2A(ads)
followed by
surface atom + mA(ads) -+ Product

where m = 2 or Z, representing second and third
order kinetics, respectively. Except for certain
extreme forms of coverage-dependent adsorption,
the approximate method provides a good representa-
tion of the exact solution. The errors increasc
as the nonlinearities became stronger. TFortunately,
when the discrepancy between the two methods is
substartial, the reaction product signal is so
highly demodulated that reliible experimental data
usually data usually cannot be obtained in these
regions anyway.

—_—
Abstracted {rom LBL-4130, to be published in
Int. J. Chem. Kinetics.
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3. TWO-UP, ONE-DOWN IDEAL CASCADES FOR 1SOTOPE
SEPARATIGN*

Donald R. Olander

1deal cascades for isotope separation are
usually constructed so that the heads stream {rom
a stage fumishes part of the feed to the next
stage up and the tails stream from the stage
is fed to the adjacent lower stage. This symmetric
arrangment is satisfactory if the separative
power of the individual separating wunits of
which the cascade consists is independent of the
cut at which they are operated. However, some
separating units operate more efficiently at a
cut considerably less than one-half than they do
at a cut in the neighborhcod of one-half.
The gas centrifuge is an example of an
isotope separation device that exhibits this
preference. Operation of these wnits in 2
cascade can be improved by casrving che enriched
stream {rom each stage two stages forward instead
of one srage forward. This modification permits
each separativc unit to operate at a lower cut
than the one that would be required of it in a
conventional cascade, yet maintains the condition
of no-mixing of streams of different composition.
The "two-up, one-down" ideal cascade has been
briefly mentioned in the literature, but no
detailed analysis has been reported. The purpose
of this study was to provide such an analysis.

A schematic of a two-up, one-down ideal cascade
is shown in Fig. 1. Each separating wunit in the
cascade operates at the same throughput and cut;
the heads and tails flow rates from each stage
are permitted to vary in a mamner which insures
that the two streams which provide the feed to 2
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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 umits 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 wmnits in the cascade,
the eccnomics of uranium enrichment may be
substantially improved by the nonconventional
cascade design.

—_—
Abstracted from LBL-1103, to be published in
Nuclear Techneiog).

4. DESIGN OF IDEAL CASCADES OF CAS CENTRIFUGES
WITH VARIABLE SEPARATION FACTORS*

D. R. Olander

As far as is known, all cascades for uranium
isotope separation are designed with all separating
wnits operated in exactly the same manner. When
the separation factor {or the separative power)
Joes not vary with stage number, the characteris-
tics of the idea) cascade may be obtained from the
theory developed by Cohen.! tHowever, we show in
this study that it is possible to construct ideal
(i.e., non-mixing) cascades in which the separntion
factor varies from stage to stage. [lor certain
types of separating wunits, the performance of this
variable-a" ideal cascade is superior to that of
the conventional '‘tonstant-a' ideal cascade.

In order to attain the non-mixing condition
at each point in the cascade where streams join,
sach separating unit in a tz‘onstunt-a cascade must
be operited svimetrically.® In symmetric opera-
tion, the heads separation fuctor u is equal to
the tails separation factor 8. In a variable-a
ideal cascide, on the other hand, the no-mixing
requirement imposes different constraints on the
asymmetries of the wnits in adiacent stages.

The ability of a centrifuge to perform as an
isotope separator is described hy the dependence
of it. -:parative power on all expcrimentally
contro..able variables. The latter may be divided
into two classes: intemnal 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 Mlows and
compositions of the streams leaving the centri-
fuge. The two operating variables are the cut 9
and the throughput L. Awong the internal
parameters are the temperature differences across
the end caps of the rotor and the design and
position of any scoops inside the totor. The
geometry (height and radius) and peripheral speed
of the rotor are not considered to he controllable
variables. The rctor is always driven close to
its strength or stability limit; there is 19 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:

§U(L,8, internal variables)

The centrifuge performs most efficiently when the
internal variables are adjusted (at each combina-
tion of L and 8) so that the separative power is
a maximm. The optimized separative power is
therefore a function only of the operating,
variables L and 8. Altematively a and 8 may
replace L and 9 as independent variables.

Using an asterisk to denote optimization with
respect to all internal variables, the function
SU*(x,B8) is called the performance function of
the centrifuge. Providg all of the intemnal
variables have been considered in the optimization
process, the isotopr separating capability of the
centrifuge is completely defined by the performance
function.

If the condition of symmetry (u=8) is imposed
upon the centrifuge because it is to be employed
in 2 constant-a ideal cascade, §U* is a function
of L only, towever, for the variable-a cascade,
the restriction a = g does not apply and knowledge
of the complete (i.e., two-dimensional) performance
function must be used in cascade analysis.

The contour plot of Fig. 1 shows the performuce

function for this type of centrifuge. The
separative power in the region of svmmetric

18
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i _Performance function for a gas centrifuge
with a minimm in the intemal flow near the mid-

plane. The small segments of cortour lines near
points A end A" represent the largesi values of
sU*, (XBL 7412-7628)
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operation (i.e., alung the 45° line where a = £)
i< lower than on the heights on either side.
(onsequently, a variable-a cascade whose stage
orerating points oscillate between A and A' in
Vig., 1 shows better performance (by about 5%} than
he best constant-o cascade {which is at point S).
Ihis calculation demonstrates that for at least
one type of performance function, cascades should
be constructed with variable rather than constant
separation factors at each stage. Determination
of the performance function of a particular
centrifuge (i.e., onc of specified roter geometry
and peripheral speed) either theovetically or
experimentally is a tedious job, primarily because
of the necessity of optimizing tle performance
function with respect to all internal variables
which can affect the gas circulation inside the
rator. The cost of obtaining the performance
function 8U*(a,B) must be justified in terms of
the potential benefits of more efficient cascade
performance. The savings of ~ 5% found for the
hypothetical centrifuge in this study can be
translated into a cost saving in the following
way. The annual separative work capacity which
will be Tequired in the United States in the next
50 year= has been estimated to be between 100 and
400 million SWU/yr, depending upon the date of
introduction of IMFBRs. The specific cost of
plants constructed in this time period will
probably be between $130 and $200 per SWU/yr
capacity. Thus, the investment in isotope
separation plants up to the year 2020 will be
between 13 and 80 billion dollars. 1f all of
this capacity is in the form of centrifuges, a
S% improvement in efficiency represents a saving
of between 0.6 and 4 million dollars. There
appears to be ample incentive to justify
exploring all proposed centrifuge designs for the
possibility of cost reduction by use in ideal
cascade with variable separation factors.

o
Abstracted from LBL-3551 Rev., To be published in
Nocl. Sci. § Lng.

1. K. P. Cohen, “The Theory of lsotope Separation
as Applied to the large Scale Production of U-235",

McGraw-Hill, New York (1651j.

2. This requirement assumes that the heads and
tails streams from a stage are fed to the adjacent
upper and lower stages, respectively. If the heads

or tails streams are allowed to bypass adjacent

stages, ideal, constant-uo cascades can be con-
structed using a single type of asymmetrically
oerated separating unit. This type of design is
analyzed in the preceding summary.

5. EQUIPMENT DEVFLOPMENT FOR HIGH TEMPERATURE
STUDIES OF UOZ

R. Yang, K. Kim and D. R. Olander

The cherdcal behavior of uranium dioxide at
high temperatures (1500-3000°K) is important to
the successful performance of nuclear fuei ele-
ments, As a basis for ccnducting high tempera-
ture studies of , two specialized pieces of
equipment have been developed and constructed,

The oxygen-to-metal ratio significantly affects
all of the high tempcrature chemical properties
of U0y, Figure 1 shows the layout of the U0z
stoichiometry control and measurement apparatus.
The equipment is designed to permit preparation
of urania smecimens of known oxygen-to-metal
ratios. The specimen is supported from the arm
of an electrobalance inside a tungsten crucible
which is placed in a vacuum resistance furnace.
The oxygen potential of the system (which controls
the 0/U ratio of the specimen) is established by a
water vapor-hydrogen gas mixture which flows
over the specimen. The 10/t ratio of the gas
is determined by analysis by an on-line mass
spectrometer. Jhe weight gain or loss of the
sample as recorded by the electrobalance deter-
mines the O/U ratio. The equipment will be used
to prepare specimens of UO7., for cxperiments
investigating 1) the reaction of H atoms with
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10, 2) laser vaporization of U0, 3) thermal
gradient migration of metallic inclusions in U0z,
apd 4) oxygen self chffu.lﬁon in U0 by a diffusion
couple consisting of U0z and UOZ wafers.

Figure 2 shows the design of a temperature
gradient furnace in which experiments investiga-
ting the redistribution of fuel constituents
(oxygen, heavy metals and fission products) can
be conducted. The specimen of UO: is contained
in a tungsten crucible which is closed at the
top te avoid U0 loss by vaporization. The top
of the crucible is heated by electron bombardment
and the bottom temperature of the specimen is
controlled by a cooled molybdenum rod. The upper
temperature is measured by an automatic optical
pyremeter and the bottom temperature by a W/W-Re
thermocouple. The fumace is capable of producing
a temperature gradient of 1500 °K/cm at a maximm
temperture of 3000°K.

6. RESEARCH PLANS FOR CALENDAR YEAR 1976
Donald R. Olander

The migration of metallic fission product
precipitates up the temperature gradient in
nuclear fuel elements will be investigated using
the temperature gradient furnace. The fission
product inclusions will be simulated by tungsten
particles.

The stoichiometry cuntrol appaEatus will be used
to preparc wafers of U18 0y and ul 0y for measuring
the self diffusion coefficient of o'c)gen in this
ceramic. This transport property is important

in assessing the extent of oxygen redistribution
in nuclear fuel elements.

The laser pulsing apparatus will be used to
measure the vapor pressurs of UD> up to ~ 5000°K.
In addition to the experimental work, a major
computational effort is required to properly
interpret the vaporization rate in terms of the
vapor pressure. The high temperature vaper
pressure of U0z is important in analysis of nuclear
fuel meltdown accidents.

The reaction of modulateu beams of atomic
hydrogen with UJ; and several candidate insulator
materials for fusion reactors (Al03, 51(_) will
be studied. The stability of insulators in a
hydrogen-rich plasma evironment is important to
the successful finctioning of a controlled thermo-
nuclear reactor.

The radiation-enhanced corrosion of graphite
hy truce impurities (Hy0, COz) in the coolant
stream of the high temperature gas cooled reactor
will be investigated using the Van de Graaff
accelerator. In addition, the homogeneous
radiolysis of the water gas shift reaction will be
studied.
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¢. Crystallization Kinetics
ize F. Domaghey, Prinecipel Imvestigator

Introduction. This research program is con-
cerned with the characterization of chemically
reactive processes useful in the preparation of
solid-state materials for energy conversion
application. Of particular interest are processes
for preparing crystalline films and coatings,
such as chemical vapor deposition, reactive
sputtering and liquid phase epitaxy. The program
utilizes the coordinated contributions of the
foliowing subprograms: (1) The thermodynamic
properties of inorganic compounds and solid
solutions are studied by high temperature electro-
chemical cells using solid electrolytes.

(2) The reaction kinetics of plasma, vapor and
liquid phase growth processes are explored through
reaction rate studies. (3) Heteroepitaxial
crystalline layers and films are characterized

ny diffraction, electronic and optical methods

to deduce the influence of process variables on
physical preperties. (4) The transport processes
and energetics nf these processes are studied
analytically and by computer simulation. These
subprograms are coordinated to deduce the
influence of process variables on structural and
electronic defects, and to provide a comprehensive
basis for industrial process design.

1. THERMODYNAMIC STUDIES

T. J. Anderson and L. F. Donaghey

Solid state electrechemical techniques were
utilized for the study of some thermodynamic and
kiretic properties of Group I11 and V semiconduct-
ing materials.

The sesquioxides of Ga and In are im'portant in
semiconductor processing and In;03 is used as a
thick film resistor.* The Gibbs cnergies of
forming the Grovp ITI sesquioxides were divectly
measured with a solid state galvanic cell
employing calcia-stabilized zirconia as the soiid
electrolyte. This cell can he schematically
represented as;

Hl’ MIII m

PriCiM
where MIIT is the Group ITI metal. A reference
oxygen activity was established from the high
temperature equilibrium of CO and C03. Analysis
of the developed cell potential measurements
produced the following expressions for the
formation free energies:

051{€sz|jCo, co,irt

17#

Comparison was made to other reported fiee
cnergies by a third law calculation with the data
of this investiguatinon proving to be the mest
consistent.

Solid state clectrnchemical cells were cuploved
to reasure gallium aciivities in Ga-Sb liquid
alloys. A survey of tae availabje literature
indicated gallium activities rupging lrom moderately

sitive to strongly negative deviations from

oults law. ‘lhe results ot this investigation
showed moderate negative deviatio rrol“ ideality
in the composition range 0.039 < x, = 0.3
From the temperature Jependence of the measured
activities, partial molar enthalpics and entropies
were calculated; thesc are within (-\ponhmnul
error, in agreemeat with calorimetric datad to
calculate the iquudus temperature of the Ga-sh
'stem:  the results were in oxcellent dgreement
with measured liquidus temperatures. The effect
of short-range ordering was also investigated.

Coulomerric titration technigues were used to
investigate the solubility and diffusivity of
oxygen in {iquid indium. Hissoived atomic ox:cen
was found to xollm» Ilonn 5 law and « uration
Jolublllty of x§? At = 5.321073 was determined at
9u8°K.  From a _g,al\'anm.tdtm response of an indium
electrode, an oxygen diffusivity of 2,2-14°0
cm sec”™! was found, in pood agreement with a
previous study.

The application of Calb, as a solid electrolvte
to the study of Group 1117and \ materials has
several advantages over the oxide clectrolyte, in
that clectrodes containing Al <an be used, lower
working temperatures are accessible, and rapid
response allows solid solutions to be investic:ted.
In view of these, several experimental galvanic
cell configurations using CaFa are under study.

An inert gas purifier was Lonstmucd and
characterized. The purifying device was dexlgncd
specifically to remove oxygen dng consiswad of a
two stage process, using a molecular sieve as an
initial bulk getter .md than hot Ti _sponge to
obtain the final pu LA g galvanic
cell was used to characterize the purifier
performance. As an example of its capability,
flowing at a rate of 60 cc/min was purified to

Ar

AGG(B'Ga 03) = -265,300(x150) + 82.47(x0.16) T kcal/mole

AGO(In o) = -

223,160{+140) + 79.47(xD.12) T

kcal/mole



5.4x10739 atm partial pressure of oxygen with the
purifier operated at a temperature of 670°K.

1. Jo 0w, bewit, J. Solid State Chem. 8, 142
(1973. -
2. B. ¢redel, and D, V.
Metals 24, 3491 (1971).

. A. Yazawa, T. Kawashina and K. Itagaki,
. Japan Inst-Metals 32, 1788 (1968).

. K. A. Klinedinst, and D. A. Stevensen, .J.
lectrochem, Sec. 120, 304 (1973).
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2. VAPOR PHASL ETCHING KINELICS QF GaP

iguerca and L. F. Donaghey

The Kinetics of vapor phase etching ol (4P in
H3-Pi5-NH3-#C1 gascous mixtures .5 under study by
thermogravimetric anaovsis to determine the
mechanisms and characteristics of vapor phuse
cetching, and to deteriine ceaditions for optimun
surface preparation pricr to epitaxial growth.

Mcchanisms for nitrogen inccrporation into
gallium phosphide, Cal', during vapor phase growth
were studied. It is proposed that the anomalous
solubility is governed by relatively strong
adsorption of ammonia molecules on selective sur-
face sites.! It is shown that nitrogen alreadv
in the bulk =olid attracts electrons from the
adjgcent surface gallium stoms which make these
particular galliue atoms slightly more positive
relative to other surface galliwn atoms. The
ammonia molccule (N3] would therefore have a
longer residence time on these selective sites
and a greater probability of nitrogen incorporation.
The proposed mode]l allows several phenomena to7he
supported by caisting experimental evidence.l>2
In particular, by increasing the ammonia partial
nressure, the larger ammonia surface coverage
decreases the epitaxial growth rate. Also, the
magnitude of nitrogen incorporation into gallium
phosphide during vapor phase growth varics almost
lineurly with ammonia partial pressure.

Vapor phase etching of (1001+(111) gallium
phosphide substrates using HC1-11>-Pli; 2as mixtures
ix currently under study with bhoth doped and
undoped galli-— phosphidc samples. The optimal
conditions fu processing smooth surfaces suitable
for vapor phise - is oac objective ot the
study.

and R, AL
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1. . B, Stringtellow, M. L, keiner
Burmeister, Llectronic Materials §,
2. B. W, hessels, 0, Hectrochem. Soc.
(1975).

3. REACTIVE SPUTTERING OF Ti-C-N COMPOUNDS
R. Gentile and L. F. lonaghey

Ti-C-N compounds have potertial use as
refractories in coul gasification reactor, where
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erosion-corrosiorn: problems occurs under severe
conditions (780-2000°%; 6-10C -tm).i Reactive
sputtering is a way to produce a study of phases
in this system tnat cousd cccur by diffusion of
the gases through a Ti-N refractory. On the other
hand, the sputtering parameters needed tc r.oduce
a film of given composition and structure from
reactive :puttering with various reactive gases
should be ot interest, and are under study toward
the further development of this process.<

The reactive sputtering of Ti in a nitrogen-
argon or Niz-Ar rf plasma is under study to
determine the threshold for target oxidation, and
similarities to the previous study fer T103.3
Similar behavior of Ti0y and TiN at lower partial
pressure of reactive gas are expected.? The study
of the reactive sputter deposition of TiC is alsc
planned. The reactive sputtering of Ti in Nis,
CHy, Ar plasmas will enable us to study the
physical properties of different ph: es and
compositions of films in the Ti-C-N system,

. o Reiber, Le Vide 28, 168, 242 {1973).
. K. G. Geraghty, LBL-2788.
. D. Gerstenberg, Aan. Physik 11, 353 (1963).

HETEROEPITAX

9. AL GROWTH OF GaAs IFOR 30LAR CELL
APPLICATION

A, Lin, R, deBernardy and L. F. Donaghey

The Gads solar cell is considered cne of the
attractive solar energy converters for terrestrial
application, because of its high efficiency, iack
of thermal de-rradation and relative insensitivity
to temperat.:- 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 prevent contamination
by elements frem tle 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 Gais. PRased on these facts, the thermal
decomposition of trimethyl gallium Ga(Qiz}z (TMG)
and arsine AsHz in a Hy gas flow system was chosen
for the chemical vapor deposition of Gads.!

The growth apparatus vonstructed in this study
is shown i Fig. 1. 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 {lowmeters for monitoring
gases and stainless steel tubings and joints., TG
is transfered by bubbling il through the TMG
container.
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\-Gondola Frome

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.

(XBL 7510-7473)

¥ - .
This project is partially supported by a grant
from the Director of the LBL.

7. SURFACE MAGNETIC RESONANCE IN thZ

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
hFZ.

In zero field the bulk antiferromagnetic
resonance (APMR) frequency of 8.7 em™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
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much as 2.5 em™!,  Ihese surface modes should have
penctration depths averaging fiyc- atomic layers
and involve approximately 3x104° spins per cm= of
surface area. 'There has as yet been no experi-
mental ver.fication of surface spin states in any
material.

Three different spectroscopic techniques have
been used to study the MnF, spectrum. fourier
spectroscopy has beep limited by the power
availavle at 8.7 cm™! from broadband thermal
sources and by detector sensitivity. Antiferro-
magnetic resonances with a minimum of ox1017 spins
and linewidths less than the 0.1 cm™! instrumental
resolution were observable in the freqdency range
6-9 cm™'.  Single crystals showed only the bulk
resonance while a powder sample ground from the
sume crystal and with an effective surface area
of 3000 cm* showed fﬁ)ur additional modes hetween
.4 em™t and 8.3 cm™d.  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 MaFy 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 Gz,
150 (Hz simple transmission measurements were
capable of getecting 2x1014 spins in the bulk
APMR mode whose linewidth was 300 gauss. No
additional resonances could be identified, sug-
gesting that the surface modes are cither
substantially broadened, they penctrate fewer
than five layers, or they lic very closc to the
bulk mode and cannot be distinguished from it,

At

At 10 Giz a bridge sepctrometgy has been built
with an AR sensitivity of 2xI1C°“ spins for the
measured bulk tinewidth of 100 gauss. Operation
of a superheterodyne *--idge spectrometer at high
microwave power levels, in fields up to 1J0 kg,
and at modulation levels of several hundred gau
places extreme demands on the mechanical stability
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
linewidths are no larger than a kilogauss.

8. LLECTRON SURFACE STATES IN LIQUID MEL1UM

pavid K. Lambert and Paul L. Richards

A project has been initiated to study electrons
trapped at the surface of liquid helium by a
rombination of electrostatic "image' attraction
ad short range “exchange' repulsion. Microwave
studies of this system by others have yielded many
new ¢“fects. 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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5. MOBELING OF A VERTICAL CYLINDER REACTOR FOR
CHRMICAL VAPOR DEPOSITION OF SILICON
C. W, Manke and L. F. Donaghey

Heat, mowentun 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 li;-SiCly
reactaat mixtures, The growth rate of silicon
is showr. to vany with the square root of tempera-
ture. Thus, considerations of heat transfer in the
reactor are rtial to the developent of models
for the depesition rate profile. Contrury o
models that have been published in the literature,”
the results irdicate that temperaturce is increasing
over most of the susceptcr length at typical fiow
veiocities as shown in Fig. i. The growth rate
distributions predicted by this work differ signifi-
cantly from those predicted by fully developed
tenperature growth rate models as shown in Fig. 1.
A comparison ol experimental data with the predicted
rates indicates that the methods developed in this
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Fig. 1. Silicon epitaxial growth rates predicted
by several models conpared with experimental data.
(¥BL 764-952a)

work give a much better description of growth rate
variation in the vertical cylinder reactor than do
models based on a fully develaped temperature
distribution.

6. PROCESS CONTROL APPLICATIONS OF MICRCCOMPUTERS
N. 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

temporature,  An initial study of thermal control
has already been reported by Seim.

In the broad sense we are exploring the possi-
hilities of using a microcomputer system as the
single contruller of several control loops with
a high degree of accuracy, despite its computational
limitarions and restricted memory capacity.

‘The experimental sy<tem was built around the
Intel 8080 microproces With this system a
finite time sctting de. Heat controlier was
implemented to achieve, c., ripple free thermal
responsc with no over-sh. .t of a tube fumacz
Yakahashi® stotes that the use of this method is
limited to systems whose  mamic parameters are
completely known. In prac .ce, however, this
requirement is not readily .chievable. We have
identified the plant parameters by an interactive,
on-iine model-reference adaptive system (MRaS)
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 lir :r system. The
MRAS alporithm that was found plicable to thermal
control preblems is a series-p. 1llel type.

Simulations on the CDC 6400 gest that very
2o0d results can be obtained by ae above method.
Theory does not yield s general solution for this
probiem, howewsr, and a new dead-beat compensator
must be computed for cach new set-point since the
lattcr is dependent upon the mwber of saturated
vontrol steps; this is not possible in practice.

An original method of power control has been
designed and tested in the course ef the project.
This controilable 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.

. T. Seim, Technical Report RMWL 1§75, Battelle,
ov. 1973.

. T, Takahashi, ct al., Control and Dynamic
ystems (Addison-Wesley, 1970).
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7. RESEARCH PLANS FOR CALENDAR YEAR 1976
Lee F. 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 polycrystalliue GaAs layers.

The emission spectra of reactive sputtering
plasmas will be studied to detemine plasma
species formed during the reactive sputtering of
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titanium by gaseous mixtures of argon, oxygen,
methane and nitrogen. lhe application of optical
measurements to monitor transient target oxidation
phenoirena will be explored. Methods of preparing
titanium compounds with controlled stoichiometries
will be explored.

Study of the systematics of the :thermodynamic
properties of compound semiconductor solid
solutions will be undertaken to develop methods
of tieline prediction in multi-component systems.
Solid-state electrochemical studies will utilize
CaF) electrclytes for detemmining activity
coefficients in selected alloys useful in electro-
optical devices.

Manuscripts are in preparation on the following
topics: critical and transport properties of
volatile silicon compounds; divergent x-ray studies
of liquid phase epitaxia’. I1I-IV heterostructures;
divergent x-ray studics of {111) Gads and (11i) InP
substrates and homoepitaxial layers; analysis of
transpart processes in vertical cylinder epitaxy
reactors; vapor phase etching kinetics of (100)
GaAs in HC1-Hz; anomalous diffusion in transition
metal sulfide electrodes; direct digital crntrol
algorithms for thermal provess contrcl by
microcomputers.

8. 1975 PUBLIZATIONS 8D REPORTS

lee r. Donaghey and A\ssociates
Jourmals

1. Lee F. Donaghey and R. Ii. Bissirger,
Characterization »f GaAs Substrates and Lpitaxial
GaAsy._ Py Layers by Divergent X-Ray Beam liffraction,
J. Electronic Materials 3, 131-158 (1975) (LBL-187Z).
2. Les F, Donaghey, Critical Path Plaming of
Graduate Research, Chemical Engineering Lducation
Y, 192-193, 205 (1875} (LBL-41353}.

3. iee F. Donaghey and Steven R. Styer, Vapor
Pressure of Zn and As during Closed-System Zn
Diffusion into GaAs from a ZnAsp Source, Mat. Res.
Bull. 10, 1297-1304 (1975)(LBL-3134).

Papers Presented

1. L. F. Donaghey, Chemical Effects of Alloying
Elements in Nickel-Base Alloys for Dentistry,
Dental Laboratory Conf., San Francisco, CA,
January 24-25, 1975.

2, L. F. bonaghey, Studies of Physical and
Reactive Sputtering, Annuzl Review Symposium of
the Materials and Molecular Research Division of
the Lawrence Berkeley Laboratory, Feb. 4, 1975.

3. L. F. Donaghey, Superalloy-Ceramic Systems

for Dental Prusthetics, 110th Midwinter Meeting,
Chicago Dental Soc., Chicago, Il11., Feb. 14-15,
14975,

d. L. F. Yonaghey, Technology and Commercic]
Potential for Photoemissive Solar Cells, Lnevgy
and Invironment Seminar, University of Califeinia,
Berkeley, UA, Feb. 26, 1875,

5. L. F. Donaghey, Welcoming Kemark: and
Introduction, Third Amual Eiectronic “ateiials
sSymposium, Pale Alto, CA, March 20, 1975.

6. L. ¥. Donaghey, Recent Developments in Chemical
Processing of Electronic Materials, Solid State
Jeminar, University of California, Berkeley, C\,
April 9, 14975,

7. L. F. Donaghey, Processing of klectro-Optical
and Magneto-Uptical Films, ey .... nt of Chemical
Engineering, University Colll e .ndon, England,
Sept. 15, 1975

8. L. F, Donaghey, Sulid-State Electrochemical
Studies Reiated to the Processing of 111-V i
conducting Compounds. Department of Metallurgy and
Materials Science, School of Mines, Imperial
College of Sciencr and Technology, London, England,
Sepr. it, 1975,

9. L. F. Donughuey, litgh Voltage Electron Microscopy
of Fh Transformitions in Steels, Pile Radiation
Chemistry Division, ARRLE Harweli, Dideot,

perkshire, Ingland, Sept. i3, 1975,

10. L. F. Donaghey and Steven R Sryer, Monitoring
of Vapor Pressures of Group (1 and V Elements
buring Vapor Phase Crystal Growth, Fifth Intern.
Conf, on Chemical Vapor lepositieon, Conference
Center, Pulmer Grange, Stoke Poges, Buckinghamshire,
ngland, Sept. 22, 1975,

1. L. F. Donaghey and Kenncth (. Geraghty,
Kinetics of the Reactive Sputter Deposition of
Titanium Oxides, Fifth Intern. Conf. on Chemi
Vapor Deposition, Conference Center, Fulmer G

Stoke Poges, Buckinghamshire, Ingland,
1975,
12. L. F. Donaghey, Vapor Phase Etching and Growth

of 111-V Compounds, Allan Clark Research bivision,
Plessey Co. Ltd., Caswell, Towcester, Ingland,
Sept. 26, 1975.

LBL Reports

1. L. ¥. Ponaghey, Process Monitoring widh an
8008 Microprocessor, LBL-3947, Aug. 1975,

2. S. R. Styer and L. I. Donaghey, letermination
of the Width of the GaAs+ZnAs; Two Phase Region
in the Ga-As-In System by Optical Absorption
Spectroscopy, LBL-3973, July 1975.

3. K. G. Geraghty and L. F. Donaghey, Kinetics
of the Reactive Sputter Deposition of Tilg Phases,
LBL-3974, 1975.

4. S. R. Styer and L. F, Donaghey, Monitoring of
Group 1! and V Llements in Vapor Phase Crystal
Growth Processes by Optical Absorption Spectroscopy,
LBL-3975, 1975,
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5. X. K. Rubin, G. M. Bobba an i. F. Donaghey,
Application of Control Flags in Micro-omputer
Programming, LBL-3961, Juls 1475,

‘. Taermodynamic

Solid-State
Electrochemistry with Oxide Llr trolyvtes, LBL-4107,
1975

7. K. G. Geraghty and L. F, Donaghey, Effect of
Taryet Oxidation on Keactive Sputtering Rates of
Titaniws in Argon-Ozygen Plasmis, 1BL-4110,

Aug. 1975,

8. T. J. Anderson and L. F. Donaghey, Svlid-State
Electrochemical Study of the Free-Fnergy of
Formation of 6-Gallium Sesquioxide Using a Calcia-
Stabilized Zirconia Electrolyte, LBL-1128,

Aug. 1875,

9. L. F.
Chemical Process Control,

Donaghey, Microcomputer Systems for
LBL-4129, Aug. 1975.

10. T. J. Anderson and L. F. Donaghev, Solid-State
Electrochemical Study of the Free Energy of
Formation of Indium Sesquioxide, LBL-4137,

Aug. 1975.

11. G. M. Bobba and L. F. Donaghey, A Micro-
computer System {or Real-Time Monitoring and
Control of Gas ¢hromatography, LBL-4138, Sept.

i2. G. ' Bobba and L. F. Donaghey, A Micro-
computer sstem for Analysis and Control of
Muitiple ' as Chromatographs, LBL-4139, 1975

1075,

13, G. M, Bobba and L. F, Donaghey, Microcomputer
Sy»tem Interfaces for Process Monitoring and
Contro] Applicztions, LBL-4140, Dec. 1275.

14, G. M. Bobba and L. F. Donaghey, A Real-Time
Clock fer Process Monitoring and Control with B-bit
Microcomputers, LBL-4141, Dec. 1975,

15. G. M. Bobba and L. F. Donaghey, Improved
Floating-Point Mathematical Subroutines for Intel
8008 and B080-based Microcomputers, LBL-4143,
Dec. 1975,

16. T. J. Anderson and L. F. Donaghey, Solid-State
Electrochemical Study of Ga-Sb Liquid Alloys,
LBL-4153, Sept. 1975.

17. 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 L1I and Group V
Elements and Alloys by Solid State Electrochemical
Techniques, (M.S. Thesis) LBL-4148, Oct. 1975.

19. Raymond Pong, Thermodynamic Studies of Ga-Im,
Ga-Sb and Ga-In-Sb Liquid Alleys by Solid State
Electrochemistry with Oxide Electrolytes,

(M.S. Thesis) LBL-2785, April 1975.

20, Steven Roy Styer, Optical Absorption Study
of Phase Cquilibria in the Ga-As-In and Gr-As-Cd
Systems with Application to Desigr of Diffusion
Processes, (M.S. Thesis) LBL-3586, June 1975.



d. Electrochemical Phase Boundaries
Rcif Muller, Prineipal Investigator
1. OPTICAL STUDIES OF ELECTROGEMICAL INTERFACES

2. Ellinsometry of Boundary Lavers

Craig G. Smith and Rolf H. Muller

Electrochemical rcactions, such as those
involved in the charging and discharging of
battery cells, are accompanied by ionic transport
in the solution. The resulting change in the
eclecrrolyte composition at the electrode can
greatly affact the electrode reaction. The
experimental determination of interfacial cen-
centrations is therefore of continuing inter

st

Ellipsometry has been established us a new
technique for the observation of boundary Iavers.
This technique complements that of light inter-
ference, in that it is usually not sensitive to
the geometrical extent of the region of changed
concentration, but depends only cn the concentra-
tion difference between bulk fluid and interface.
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Fig. 1. Determination of interfacial concentra-

tion by ellipsometry. Horizontal Cu electrode
facing down. @ Deposition from 0.2M CuSO4,

C O dissolution into 0.2M CuSO4. Solid curves
expected from Sand equation? with

D=5 x 107 cm?/s, t, = 0.385, (XBL 7510 7440)
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The optical effect of boundary layers, which
are optically inhomogencous, can be computed by
use of models that employ a large number of
homogeneous lavers.  Under typical transport
vomditions, the cffect of clectrochomical muss
transport boundary layers an cllipsometer measure-
meats can, hom[-\'gr, be represented by a much
simpler model.s= This model ix based on the light
deflection in the boundary laver and the resultant
change in the angle of incidence at the electrede
surface.

Experiments have been conducted with the dis-
solution and deposition of copper. ‘The use of
{111} and (100) single crvstal faces as electrodes
has reduced changes in surface roughness during
cxperiments. A current interruption techniqae,
in combination with our fast self-compensating
cliipsometer,” has further facilitated the
isolation of boundary luyer effeces. bxperimental
results for the interfacial concentration during
metul deposition amd dissolution on an electrade
facing down agree well with theoretical expecta-
tions in the absence of convection and deviate
from theory after convection sets in (Fig, 1V,

measureme1ts of
‘TS can be
layer vffects.

he interpretatinn of in situ

solid electrochemical surface Ta:
improved by considering boundary

1. R. H., Maller and C. 6. Smith, Ellipsometry of
Ma ransport Bouncary Lavers, 3rd Int. Conf. on
lllipsometry, Sept., 1975, Proceedings to he
published in Surface Science (LRL-3929, Sept. 19751
2. C. G. Smith, Effect of M Transport Boundan
Layers on the Lllipsometry of Surfaces (M.S.
Thesis) (LBL-3903, December 1975).

3. H. J. Mathieu, D. E. McClure, and R, H., Miller,
Rev. Sci. Instrum. 315, 789 {1674).
1. H.J. S, Sand, Thil, Mag. 1(6), 45 (18010,

b. Ellipsometry of Anodic Films

Craig G. Smith and Rolf Il. Muller

Ellipsometer measurements of a growing oxide
film in the anodic dissoiution of Cu in 0.IM CuSOy
are shown Fig. 1. Up to point Pl the observations
closely follow computaticns for a homogencous film
of refractive index 2.45 - i 0.60. Transport
theory indicates that near this point the inter-
facial concentration of CuS04 reaches its
solubility limit. Independent evidence for the
formation of compact and porous oxide lavers under
different conditions is shown in Fig. 2.
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Fip. 1. Variation of A and v for Cu dissolution in
0.1 M CusDy accompanied by oxide film growth.
Convective diffusion with Re = 600 correspending
to an average linear flow velocity T = 8.7 an/s.
Film thickngss indicated along curve. FElectrode
area 3,2 cn“. Current density varies from 140 to
175 md/cn=. (XBL 7510-7441)

240 mA/cm?
Re =3060 Re =23I10
t= 59sec t=10sec

Fig. 2. Scanning-clectron micrograph of compact
and porous copper oxide films growa in 1 M NaClOs,
under different electrode current densities and
electrolyte flow rates. (XBB 7410-7016)



c. Autcratic Fllipscmeters®

Rolf d. Muller

Operating princi.’=s and capabilities of
presently built autuimatic eliipsometers have been
reviewed. The instrmuments jave been classified
according to their optua* pinciples of oparation.
The principzl categories ar. « >mpensating and
non-compensating operation. [reviously proposed
criteria for
elllpsomeferb have been wniformly applied.
Compensating instruments provide best accuracy,
and non-compensating instruments show fastest
response,

3rd Int. Conf. on

[
Abstract of invited paper,
Proceedings to be

Ellipsometry, Sept. 1975.

published in Surface Science (LBL-3930, Sept 1975).

1. H. Muller and H. J.
2222 (19 4.

d.

Mathieu, Arpl. Opt.

Thin Electrolyvte Films

Michael L. Sand and Rolf H. Muller

The dynamic behavior of thin electrolvte {ilms,
which occur on gas electrodes and in corrosion
processes on metal surfaces, has been studied by
the photographir. observation of interference
colors.t The drainage of films with thicknesses
of the order of lu from polished vertical metal
surfaces has been found to be much slower than
predicted by theory (Fig. 1).
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 optimm
angle of incidence. Good agreement has confirmed
the validity of the colorimetric computations
(Fig. 2).

1. M. L. Sand, Light Interference in Electrolyte

iomparing the perfermance of automatic
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Fig. 1. Fiim thickness prefiles of 9.2N aqueous
potassium hydroxide during drainage from a
vertical platimm electrode. Thicknesses derived
from interference colors of polarized light.

(XBL ?756-3118}

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 tumgsten}. (XBL 761-2132)
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¢, Laser Velocimetry

Calvin 1. thew and Rolf H. Muller

A laser boppler velocimeter has been constructed
to provide direct evidence of the three-dimensional
flow fields in electrochemical boundary lavers
under combined forced and natural convection;
the existence of such ficlds has been inferred
from interferometer observatiens. The instrument
samples an unuswitlly small liquid volume

(50 y diameter) and can operate in either the
differential or reference mode (Figs. 1 and 2}.

Experiments have cenfirmed the theoretically
expected optimum size of light-scattering
particles to be 8.5-1 u. 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.

W

Confocal backscatter laser velocimeter,

Fig. 1.
differential mode.
A - laser, B - beam splitter,

C - incident light beams,
I} - mirror with transparent arcas for incident
J beams.
E - sampled volume element with measured
transverse velocity component v
F - backscattered light, G - spacial filter
H - spectral filter, I - iris diaphragm,
J - photomultiplier (XBL 762-2196)
D K
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J 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 compenent u
K - beam splitter

other parts as in Fig. 1. (XBL 762-2197)



2. RESEARCH PLANS FOR CALENDAR YEAR 1976
Rolf H, Muller

The determination of interfacial concentration
at working electrodes by eliipsomeiry 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 combinz:ion
with scanning electron microscopy.

The role of particulate impurities and residual
surface roughness in the behavior of thin electro-
1yte films on metals will be investigated as
a model for catalyzed gas electrode surfaces.

Laser velocimetry will be employed for the
elucidation of the complex flow fields present
under combined forced and natural convection.

Experiments wili be conducted to identify the
critical parameters needed for the theoretical
prediction of shapes resulting from high-rate
anodic metal dissolution. (see section 11.C.1.c
with C. W. Tobias).

3. 1575 PUBLICATIONS AND REPORTS
Rolf H, Muller and Associates
Journals and Books

1. F. R. McLarnon, R. H. Muller, and C. W. Tobias,
Light-Deflection Frrors 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. Comell Int. Symposium
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and Workshop on the Hydrogen kcomomy, Aug. 20-22,
1975, S. Linke, ed., Cornel} University,
April 1975, pp. 345-49.

4. F. R. Mclamon, R. I, Muller, and €. W. Tobias,
Derivation of One-Dimensional Refractive-Index
Profiles from Interferograms, .J. Opt. Soc. .un.

65, 1011-18 (1975).

5. F. R. Mclamon, R. H, Miller, and C. W, Tobias,
Reflection Effects in Interferometry, Appl. Opt.
14, 2468-72 (1973),

Presented Papers

1. J. F. Cooper, R, H. Muller, and C. W.
Periodic Phenomena during the High Current
Density Anodic Dissolution of Copper, Electrochem.
Soc., Toronto, Ont., My 12, 1975 (Abstract 67).

Tobias,

2. Rolf I Muller, Present Status of Automatic
Ellipsometers, invited paper, Third Internatl.
Conf. on Ellipsometry, University of Nebraska,
Lincoln, Nebr. Sept. 23, 1975.

3. Rolf . Muller and Craig G. Smith, Ellipsometry
of Mass-Transport Bowndary layers, Third Internatl.
Conf. or Ellipsometry, University of Nebrasha,
Lincoln, Nebr., Sept. 25, 1975.

LBL Reports

1. Rolf il. Muller, Present Status of Automatic
Ellipsometers, [BL-3"5uv, Sept. 1975.

2. Rolf N, Muller and Craig G. Smith, Ellipsometry
of Mass-Transport Boundary Lavers, LRL-39290,
Sept. 1975,

3. John F. Cooper, Pcriodic Phenomena in the
tigh-Current lensity Dissolution of Copper
(Ph.D. Thesis) LBL-27530, April 1975.

4. Michael L. Sand, Light Interference in
Electrolyte Films on M lals (M.S. Thesis) LBL-3585,
June 1975,

5. Craig G. Smith, Effect of Mass Transfer
Boundary Layers on the LCllipsometry of Surfaces
(M.S. Thesis) LBL-3903, Dec. 1975,

6. Rolf H. Muller, Meeting Report, Third
Internatl. Conf. on Ellipsometry, University of
Nebraska, Lincoln, Nebr., Sept. 22-25, 1975,
LBL-4501, Oct. 1975.



«. Solid State and Surface Reactions
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a. The Surface Structure and Bonding of Acctylene
to the PriiTl) Surfacce®

Larry L. Kesmodel, Peter (. Stair, and

G. A. Somorjai

The first determination of the bonding geometry
of a molecule on a surfuce, acetylene on the
platinum (111) surface, was carried out by
analysis of low energy electron diffraction (LEED)
intensity-voltage (I-V) profiles for the
Pr(111}-(2x2)-Cally structure. A well-ordered CpHz
overlayer was obtained at low gas exposures
{~1 Langmuir), and the LEED beam intensitizs were
measured by a recently developed photogruphic
technique’ at several incident beam anples for
energies of 10-200 eV. The surface structure
analysis was carried out by comparing calculated
1-V profiles for a large number cf models of the
Pt-CyH; geemetry to the experimental results. The
model calculations employed a computer program”
that takes full account of multiple electron
scattering and provides for calculation of several
overlayer geometries with little increase in
computation time over a single-geometry calcula-
tion.

The local bonding geomeiries considered in
this calculation are shown in Fig., 1. We conclude
that acetylene is chemisorbed with the molecule
centeved on a triangular site {C2) at a perpendicu-
lar distance of 1.85:0.10 A above the topmost
plane of platinum atoms. The carbon atoms are
equivalent by symmetry and relevamt (-pt distances
are 2.25 and 2.56 A. It is interesting to note
that this same bonding geometry is exhibited in
trinuclear metal-alkyne clusters; moreover, the

Fig. 1.

XBL 7512-10,012)

average C-Dt distance we find (2.42:0.1 A) is
similar to that (2,22 A) determined for the
Dsg(CO)m(Czl’th cluster, the gsmium covalent

radius being only 0.04 A shorter than that of
platinum. Our results argue against popuiat
notions of acetylene adsorption on transition
metal surfaces that propose either an acetylcne
= complex coordinated to a single metal atom or a
di-o complex in which each of the twu carbon
atoms forms a o-bond with a difJerent metal atom.
L ’ .
Abstracted from LBL-4572 (submitted to Physical
Review letters).

1. P. C. Stair, T. J. Kaminska, L. L. Kesmodel,
and G. A. Somorjai, Phys. Rev. B 11, 623 (1975)
(1BL-3149).

2, Program constructed by L. L. Kesmodel (MMRD-
LBL) in collaboration with R. C. Baetzold (Eastman
Kodak) .

b, low-Energy Electron Diffraction from Vapor-
Deposited Phthalocyanine Crystals

J. Buchholz and G. A. Sonoriai

The surface structure of epitaxially grown
films of capper-, iron-, and metal-free
phthalocyanines has been studied using low-energy
electron diffraction {LLED). These materials are
dep051ted in ultrahigh vacuum onto Cu{111} and
Cu{igh) singlc crystal substrates by heatmg the
phthalocyanines to about 300°C to )1eld sufficient
vapor pressure to produce a molecular beam. The
structure of the deposited film is monitored
continuousiy by LEED, allowing observation of both
the initial monolaver and the final thick laver
deposit.

The orientation of the initial layer of
phthalocyanine is dependent on the symmetry of the
substrate. On a Cu(lﬁ(]] 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 Cuf'"} maintains th4 same surface unit mesh
ac wne 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 i5 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(111) substrate in a somewhav 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
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through the phthalocyanine ligand, observes
5-fold rotational symmetry of the Cu(lll)
substrate rather than the true 3-fold symmetry

as indicated by the structures for the metal
phthaiocvanines, The central metal atom thus
interacts with surface orbitals exhibiting 3-tfold
rotational symretry, such as the substrate
d-orhitals. In the thicl layer structures on
Cu(111) the exposed surface plane is the same as
on Cu(100) except that the surface is not parallel
to the substrate but inclined at an angle of about
11°.

These resalts for large molecules, such as the
phthalocyanines, suggest the possibility of
studying other large molecules such as the
biologically important porphyrins and polymeric
molecules. At present, work is in progress
studying several amino acids.

c. The Surface Structure of Vapor (irown
Molecular Crystals

L. Firment and G. A. Somorjai

Organic solids are materials of practical,
theoretical, and biological importance. Many of
their properties are surface related: reactivity,
adhesion, vaporiiation, Yyet there has heen no
data or the molecular urrangement at molecular
surfaces, data necessary for the understandirg of
these phencmena. low energy electron diffraction
(LEEI) is the best available technique for
obtaining surface crystallographic data; however,
its application to molecular materials is not
straightforward. Molecular solids are insulators
and subject to radiation damage by the probc
clectrcas. These difficulties have been overcame,
and surface crystallographic da]fa on ice and
naphthalene have been reported.’ LED studies of
molecular solids have continued with observation
of a series of organic materials. By corrclating
LEED data from a range of materials, gencraliza-
tions about surface structures of molccular
materials and the limitations of the techninue
can be made.

The experiments are performed by condensing the
vapors of the molecular material onto a cold
platinum (111) single crystzl surface in an
ultrahigh vacwm chamber, and observing LEED,
patterns during film growth. Thin films (10°-10%4)
have sufficient conductivity to prevent surface
charging. Rapid photography of the diffraction
pattern minimized radiation damage. Of eight
molecular materials studied to date, only one,
acetic acid, would not grow epitaxially on the
platinum substrate with sufficient crystallinity
for observation of the diffraction pattern. This
method allows study of the film at each stage of
growth, from clean substrate, through the monolayer,
to thick film.

The naphthalene (001), ice I.(111) (or 1(0001}},
trioxanc (0001), and cyc]ohexane (091) crystal
surfaces have been observed at 100-200K and
107/ torr. These surfaces are unreconstructed;
that is, the geometry at the surface is identical
to the arrangement in the bulk of the molecular
crystal. Diffraction patterns from surfaces of
benzene, n-octane, and methanol have been observed,
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but the data have not been intempreted in terms
of the expected bulk crystal structures. Further
examinution of these surfaces is in progress.

The crystallinity and orientations of the
grown filwms have been found to depend strongly
on substrate preparation, but in a manner
characteristic for cach molecale. In seversl
cases an atomically clean surface was necess:
for pest growth; in others a prepared omcrcd
monclayer was neces<ary. The aromatic samples
and ice are better conductors than the aliphatic
saaples, but all could be ohserved at thicknesses
of several hundred Angstroms.

Other molecular surfaces will he explored and
thwir behavior correlated.  The metal single crys-
tal substrate will be varied to study its effect on
growtk of o crystalline molecular fiim.

rncnt and €.
l(l“’ (1975},

A, Somorjai, .I. Chem.

. I
Thys. 63,

Jd. o The Atomic Structure and Stahility of Stepped
Platimm Surfaces

D, Rlakely and G. A. Somorjai

A series of Pt single crystals has heen studied
by LEED and Auger clectron spectroscopy {ALS) to
determine the equilibrinm structure of the surfaces
of the wrystals. The single crystals have been
cut to cxpose surfaces representative of all
possible planes, and are related to these planes
by the symmetyy of the fec tatrice. The
equilibrium structure of the crvstal surface is
divectly related to the surface i1ree oneryy, or
surface tension, of the crystal.  The eu ]l]hllll’"x
structure may be (1) monatomic height steps
separating low Miller-index terrace planes,
{2) multiple height steps, two or three atoms

high, separating the terraces, or a hill and
valley structure consisting of pairs et low Miller
Index planes {the surface still appears as a

staircase, hut not on an atomic scale).

To our knowledge the stability has been deter-
mined for the first time on known clean surfaces,
as cevidenced by AES.  The stability has also heen
determined for crystals with known impurities,
oxygen or carbon, on their surfaces. The atomicul-
1y clean surfaces of Pt exhibit the largest region
of stability of the monatomic height step con-
figuration. The surfaces vicinal to the (111}
plane and between the (111} and (001) planes are
stable in a monatomic height step structure. Necar
the (011} plane and between the {811} and (001)
planes either a hill and valley structurec or
double height steps are stable. When heated in an
oxygen ambient, the surfaces become unstable.

Near the (001) plane, as little as 0.01 monolayers
of oxygen cause the formation of a hill and valley
structure camposed of (1001} and (113) and/or

(012) planes, and ncar the (111) plane, the steps
become multiple height. Near the (011) plane, the
steps are already unstable and no further changes
result from either oxygen or carbon adsorption.
Graphitic carbon of the {001) vicinal surfaces
induces the formation of a hill and valley

structure similar to that formed by oxygen. On



the (111) plane vicinal surfaces between the (112)
wndd (335) surfaces 1/n between Pr(sSy-{130111)~(001})
and PU{S)-{9(1111-(001}] 1/n a monnlayer of
graphitic carbon cuuses the formation of u hill and
vallev structure consisting of the (112) and {145)
plancs and not the low Miller Index plane, (111).
fhe {435} plane is stabilized from the coincidence
of the I't and graphite lattices at a nine It atom
terrace width.

Same conclusions about the surface tersion
wnisotioyv, or y-piot, may be reached from these
observations. There is evidence for a double
change in the curvuture of the y-plot for clean
Pt in the region near the (112) \urf.nc this is
not expected from theories unless there is a cusp
in the y-plot at the (112} plane at the high
temperature (1200K) of the equilibration., (At
absolute zero therc is a cusp at every plane that
has rational Miller indices.) There are apparently
cusps at high temperature at the (112}, (113),
(012Y, and {255) poles as well as at the low
index poles, (1'1), (0M1), and (011}, from the
faceting behavior of the surfaces. These cusps
are deepened by a small amownt of oxveen or
carbon, and hill and valley structu are farmed,

c. Surfuce Crystallography of Itvdrocarbons on
the Pt (111 lr\ stal Surface

P. C. Stair and G. A, Somo: jai

The knowledge of the detailed atomic structure
of hydrocarbons adsorbed on a platinum surface is
necessary for a complete understanding of
platinum's rolc in hyvdrocarbon catalysis. The
structure of a hvdrocarbon adsorhed in an ordered
overlayer on a well defined single crysta
platimm surface may be obtained from an analysis
of the diffraction beam intensities in a low
cnergy clectron diffraction (LEED} experiment.
In order te determine that the necessary besm
intensities were obtained, a photographic method
of measurcment was developed. This method has
been used to determine the LEED intersities f{rom
ordered overlayers of acetylene (HC=(H),
cthylene (= Clh] propxlene (H4C-H-CH9), and
methy lanet\'lene (H L- on a l‘)t(lll) <mg1e
crvstal surface. !n‘roncnx measurements are in
prezress for benzene and n.xphthalenc on the
Pt {111) surface, and measurements from the Pt (100)
surface are planned for the near future.

(. Chemisorption of Op, Hp, €O, M2lp, CoHy, Celg,
CoHy7, and T/l _on Tridih Crvsial Sarfaces

B. E. Nieuwenhuys and G. A. Somorjai

Adsorption of various gases was studied on two
different iridium surfaces, viz. the atomically
densely packed (111) surface and a stepped (high
Miller} surface consisting of {111) type terraces
separated by (100) like steps. The gases used
were hydrogen, oxygeu, carbon menoxide, ethylene,
acetylene, cyclohexane, benzene, and n-heptane.
Auger electron spectroscopy and thermal desorption
were used besides low energy electron diffraction.

The principal aim of this stuay was to investi-
gate the influence of the surface structure on the
adsorption of these pases and to compare this

influence with that found previously on similar
surfaces of platinum.

It appears that both hydropen and oxvger are
more strongly bound on steps than on (111) type
sites. Ordering of €O molecules, just as on
platinum, iz more difficult on the stepped Ir
planc than on the smooth Ir(111) plane. From the
results it can be concluded that C-H bond
breaking occurs move easily nn {r than on Pt.
The influence of the surfacy -tructure in this
process is marked. On botr .etals C-H bond
breaking ovcurs easicr on stepped surfaces than
on the (111) surfaces.

¢. The (hcnnsogwtx_o‘q_g(;_()x\ en, water, and
Selected Wydrocarfons on the (1147 .urJStnged
Gold Sorfaces -

M. AL thesters and G, A, Somorjai

The dissociative chemisorption of oxygen and
water is veported on both {111) and 1611117+ (100)]
crystal faces of gold. ‘The oxide formation becomes
rapid above 500°C at pressures of about 1076 torr.
The resulting pold oxide is beund stronglyv. It
is similar in structure to the corresponding
sulphide and is stable on both surfaces to 80C°C
in vacuum. Ethylene, cyclohexene, n-heptane,
and benzene did not chemisorb cn gold under low
pressurc conditions on either the (111) or an the
stepped gold surface; however, napththalene
exhibited dissociative chemisorption on hoth types
of surfaces. ifvdrocarbon fragments are hound
wtrongly to the gold surface but the activation
energy for dissociative adsorption of light hydro-
curbon molecules appears to be high.

The Thorium(100) Crystal Face. A Study of Its
and Tnteraction with

h.
Cleaning, Suriacc GLTUCTUTES,
Oxvpen and Carbon Monoxide

T. N. Tavlor, C. A. Colmenares, R. L. Smith, and

G. A. Somorjai

The cleaned Th(100) crystal face was studied by
low energy electron diffraction {LEEM and Auger
electron spectroscopy (AES). The various thorium
Auger transitions have been identified ard assigned.
Chemisorption of oxvgen and CO was monitored by
LEED, AES, and work function change (WIC)
measuremenis. The work function of thorium “as
found to decrease with the chemisorption of oxygen
and C0. Continued oxygen adsorption leads to its
dissolution in the r::1k and subsequent oxide
formation at the su, :~ce. The oxide may be orderrd
by heating it to 1000K; heating to higher
temperatures leads to dissulution of the oxide by
oxygen diffusion inte the bulk. The data suggest
dissociative chemisorption of CO on the studied
{100) surface.

i. Calculations of Structure and Charge Density

of Stepped Surfaces

Yvonne W. Tsang, Larry L. Kesmodel, Leo M.
and G. A. Somorjai

Falicov,

Surfaces of crystal characterized by high Miller
indices consist of terraces of low-index planes
separated by steps that are cften ore atom in



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.* We investigated the simple questicn
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
polarizabilities. Negligible surface relaxztion
was found for Ar stepped surfaces. In the case
of NaCl, polarization effects accounted for
surface buckling and surface atom displacements
or the order of 5-10% of the atomiz step height.

}:lectromc Patential in a Metal Close to a
Surface Fdge.Z We obtained an approximate solu-
tion of the Schrddinger-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 nelghbnrhood 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 Propertjes of Transition-Metal Ions on
Surfaces.>  Simplified model calculations

e 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 thecory
1o determine level splittings of the d-orbitals
at terrace and step sites. The s-elcCtrons are
assumed to be free conduction eléctrans while the
d-electrons are treated as localized and atomic-
Tike. The results indicate considerably different
steric properties of atoms in step sites as opposed
to terrace sites.

Ste

These resuits taken together with Fermi level-
density-of-states considerztions give a consistent
picture of available expcrimental data on the
catalytic properties of Pt and Au stepped
surfaces.

1. Y. W. Tsang and L. M. Falicov, Phys. Rev. B
12, 2441 (1575 (LBL- 3904)
2. L. L. Kesmode: and L
Comm. 16, 1201 (1975).

3. Y."W. Tsang and L. M. Falicov, J. Phys. C:
Solid State Phys. (to be publish-d).

. M. Falicov, Solid State
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2. ELECTRON SPECTROSCOPY STUDIES OF ALLOY
SURFACES AND ADSORBATES

a. Surface Compositions of the Silver-Gold and
Gold-Tin Systems

S, Overbury and G. A. Somorjai

Throughout the 1last year we continued to
examine the surface composition of binary allovs.
The surface phase diagram of the Au-Ag binzry
alloy system was studied by use of Augcr electron
spectrascopy.? 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 surface segregation, ang for a surface obeying
the regular solation model” (which predicts silver
surface segregation). The experimental results
give evidence fei enrichment of the surfice with
silver, but to an extent less than predicted by the
regulay solution model.

Pecently an improved Auger electron spectroin-
eter was assembled that uses a cylindrical mirrcr-
type ~lectrostatic analyzer capable of preater
resolution and improved signal-to-noise ratios.
This faster analyzer, coupled with a new precision
manipulator, manes surface analysis faster arnd
more accurate. This spectrometer is currently
beirg 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 segrepate
to the surface to relieve lattice strain and to
lower the surface 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. Soemorjai, Surface
Sci., to be published.

5. 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. HMETEROGENECUS CATALYSIS BY METALS

a. The Dehvdrogenation and Hydrogenolysis of
Cyclohexane and Cyclohexene on Stepned (High Miller
Tndex) Platinum Surfaces

D. W. Blakely and G. A. Somorjai

The dehydrogenation and hydrogenolysis of
cyclohexane and cyclohexene were studied on



platinum single crystal surfaces of va:Eing atomic
surface structure at low pressures (107° 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 steps have been identified as the
active sites for C-Hf and II-H hond breaking
processes. The dependence of the dehydrogenation
and hydrogenolysis rates on the platimum surface
structure revealed kinks in the steps as active
sites for C-C bond scission in addition to their
ability for breaking C-H and H-H bonds. The
active catalyst surface was covered with a
carhonaceous overlayer, which was ordered or
disordered. [lie properties of this overlayer
influence significantly both the rate and the
product distribution of the catnlytic reactions.
An expanded classification 2 structure-sensitive
reactions is suggested.

b. Studies of Avdrocarbon Reactions on Pt Crvstal
Surfaces at High Pressures

R. K. Herz, ®. E. Petersen, and G. A. Somorjai
Kinetir studies of the reactions of n-heptane
and cyclonoxane have been completed on a Pt(ill)
platinum single crystal surface and on a stepped
Pt(s)-{6(111)=(100)] surface at atmospheric
pressure reaction conditions. The reactioa rates
and product selectivities obtained agree with dats
in the literature for supportcd platimum catalvsts.

The data in this work at high reacrant pressures
can be compared with results obtained by
D. W. Blakely (of this research group) at low
(~107° torr) pressures. The stepped catalytic
surface is mo™» active than the flat surface in
both pressure ranges. The selectivity in the
cyclohexane reaction shifts towards benzene at
the high pressures as hydrogenolvsis is suppressed.

Auger analysis of the crvstals after reaction
at either pressure condition shows the presence of
surface carbon. The amount of the carbonaceous
overlayer present is relatively insensitive to
total presstre, but increascs 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 amownt 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 obscrved 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 he
irreversibly adsorbed, while layers deposited at
low pressurcs are somewhat reversibly adsorbed.
This behavior, and the fact that product distribu-
tions change greatly between high and low pressure,
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suggest that carbonaceous specie of several type
are always present on a catalyst surface during
hydrocarbon rveactions. These species affect the
activities of the various surface sites of a
catalvs: in a complex manner dependent upon
hydrocu: . type and pressure, hydrogen pressure,
hydrogen-to-hydrocarbon ratio, and catalyst
temperature, and may themselves be catalytically
active.

<. The Effect of Gold on Hydrogenolysis,
Isomerization, and Dehydrocyclization Reactions
on Poivcrystalline Platinum and Iridium Foils

U, 1. Hagen and G. A. Somorjai

The effect of the addition of goid 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 becn
studied. Thege Studies werc carried out on samrles
of area ~1 cm* cleaned and maintained inder UH\
conditions and in a 5:1 hydrcgen to hydrocarbon
ambient at a total pressure in the 1077 torr
range. Mass spectroscopy was used to monitor
the reactions in a temperature renge of 100°C to
500°C. The platinum-gold and iridium-gold samples
were prepared by evaporating several menolayers of
gold on the cleaned surfaces and annealing in
vacuun 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 hydrogenolysis and isomerization
on the pure platinum and iridium surfaces were
found te be within a factor of £ 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
1o the rates than absolute pressure. Absolute
pressure was found to play a more important role
in dehydrocyclization where a two order of magni-
tude difference in the rate on platinum was
observed bezween the low pressure studies des-
cribed in this paper and the high pressure studies
carried out by cthers. 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 hydrogenolysis products
are attributed to the lower hydrogen prescures
used in this work.

The addition of gold to the piatimm and
iridium surfaces decreascs the ratzs 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 with each other and much more rapidly
than isomerization. Thus the selectivity for
isomerization as compared to hydrogenolysis is
increased with increasing gold coverage while
little change is expected for dehydrocyclization.
These results coupled with differences in the



tune-dependent poisoning of the various reactions
suggest that the surface sites responsible for
isomerization are different from thosc for
hyérogenolysis and dehydrocyclization.

4. COAL CONVERSION CATALYSIS

a. High-Pressure, Low-Pressure Studies of the
Carbon Monoxide-Hydrogen Reaction on Transition
Metal Surfaces

Brett A. Sexton and G. A. Somorjai

The CO-H; reaction on transition metals is an
important method of synthesizir¢ organic fuels
(alkanes, alkenes and alcohols). The normal
synthesis conditions on industrial catalvsts range
from 1-100 atm pressure and temperatures up to
500°C. 1In order to study this reactinn on well
defined transition metal surfaces, 20 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, ard
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-Cs species are formed. The
relative activities are in the order Fe > Co > Rh.
At lower pressures, (10°% 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 underwazy to investigate
the influence of pressure, temperature, gas
composition, and surface composition on the
reaction on Fe, Co, Rh, and Ru foils. These
studies w.11 be extended to include surface
structure information on single crystals over
the next 12 monihs.

S. MOLECULAR BEAM-SURFACE INTERACT1ONS

a. The Hp-D, Exchange Reaction on Stepped
Platinum Surfaces

R. Gale, ™. Salmeron, S. Ceyer, and G. A. Somorjai

Our molecular beam-surfzze scattering apparatus
has been modified to permit investigation of
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chemical reactions in witlch the reacting species
reside on the surfuce fror relatively long times
{1073-1 sec), Experimearal results indicate that
many surfuce chemical reac sions take place in this
time scale.

We have extended the studies of the Ha-D:
exchange reaction to lewer beam modulation
frequencies, with the c.pected increase in reaction
probability. Utilizing this 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} 1117} 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 and reuche: a miniman when
the step edges are antiperpendicular; that is,
the step edges ave perpendicular, but with the
open edge of the step directed away from the
incoming beam. The production of D varies by a
facter of two as the step edges range from
perpendicular *o antinerpendicular to the incident
molecular beam,

The dependence of [ID formation on the angle of
incidence of the molecular beam was aiso examined
at high surfuce temperatures. With the step edges
perpendicular to the incident beam, increase of
D production was found as the angle of incidence
became more grazing toward the open edge of the
steps. The formation of (D decreases as the angle
of incidence becomes more grazing away from the
oper. edge of the step. The exchange reaches a
maximm when the angle of incidence is ~20° from
the macroscopic surface nomal, essentially the
bisector of the angle between the terrace and step.

This study was carried out at high surface
temperatures, ~1200°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. Scatteri

ng of Thermal! Helium Beam From High
Miller Index (Stepped) Platinum Crystal Surfaces

S. Ceyer, R. Gale, §. Berasck, and G. A, Scmorjai

Helium heams generated by a 300K source were
scattered from single crystal platimum surfaces.
The angular distribution of the scatterel beam
was monitored as a function of azimurhal angle ¢
and incident angle 6, 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 obscrved 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

diffraction are in good agreement with previous
theoretical calculations.

¢. Molecular Beam Studies of Excthermic Surface
(hemjcal Reactions

R. Gale, $. Ceyer, W, Sickhaus, and G. A. Somorjai

A molscular beam apparatus hus been developed ‘
which will enable us to not only measuve the \ 3
angular distribution of products of chemical
reactions on well-characterized rurfaces, but
also to determine the translational energy distri-
bution of reactants and products, with an
improved signal-to-noise ratio. We utilize two
atomic or molecular beams as reactants impinging
on the surface, The detecter, a quadrupole mass
spectyometer, is mounted in a rotatable chamber
inside the uitra high vacwum system. The ultra
high vacuum system, which is equipped with two
stages of dirferential pumping, is used to further S,
reduce background noise. Thr velocity distribution SIDE VIEW
can he determinad by modulation of the signal to ~
the mass spectrometer with a cross correlation
choppe.r, which, due to its slightly greater than
50% un-time, provides a higher signal level and
improved signal-to-noise ratio compared with
conventional single-shot, time-of-flight techniques.

Such a chepper can also be used to medulate one of
the incident beams for investigation of the O

TOP VIEW

(A)

kinetics and mechanisms of surface chemical
reactions.

Our primary area cof 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 platimum surface will
be the rirst system to be investigated. Further
studies will involve the reactions of hydrogen
atoms with adsorbed molecules.

TOP VIEW

6. SOLAR CELL RESEARCH

The objective of this research is to accelerate
the development of economi.al photovolitaic solar
energy conversion. The problem areas investigated
in this work are those where the application of
recently developed surface science technigues
either promise improvement in the production of
the raw material (silicon) and of the ceil rthin
polycrystalline films with large grains) or allow
determination of the phenomena that determinc (8)
lifetime and efficiency of polycrystalline solar
cells (impurity segregation, effect of surface
structure and impurities on electronic states.).

SIDE VIEW

a. The Effect of Surface Structure and Impurities
on_Electronic Surface States

Yip Wah Chung, Wigbert Siekhaus, an¢ Wei-Jen Lo Fig. 1. Models of acetylene orientation on the
N silicon surface, (a) The acetylene molecule sits

. Electron loss spectroscopy was used to deter- on the top of the silicon surface atom. (b) The
mine the electronic surface states of the $i{111) acetylene molecule sits in a bridge position
surface as a function of surface order and hetween two silicon surface atoms.

surface impurities. Surface order wus determined (XBL 7512-10067)
by LEED and varied by temmerature treatment or

argon ion bamburdment. Impurities deposited onto
the surface tader UV conditions were acetylene,
oxygen, and aluminum.



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

196

silicon(111) surface with a (7x7} 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
5i(111)-(7%7) surface acetylene adsorption gives
rise to uniy one strong electron loss peak at
7.3 e¥ and a weak shoulder at 8.4 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 CjHp; it is
still present on the Si(111)-(7x7) surface even
after saturation. These results indicate that
the adsorption of acetylene on the Si(111)-(7x7)
surface takes place on preferred sites, arising
mainly as a result of the overlap between the
silicon surface dangling bond orbitals and the
% orbitals of the CzH; molecules. They support
the conclusion that on the (111)-(7x7) surface the
scetylene molecule predominantly sits between two
s:licon atoms in a bridge position (Fig. 1b). 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 wniformly distributed over the surface, and
the ELS and LEED data show that a Al1-Si surface
phase (a-Si(111)-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-5i(111)-7-Al), as shown 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.

lectron loss spectroscopy does not generally
det:ermine the absolute location of or the electron
population in electronic states. We therefore
wan* to complement it with UV photoelectron
spectroscopy and bave designed and are building
a bigh intensity LV 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 vecuum to determine

impurity segregation onto grain boundaries. To

make pnssible better examination of the samples
after fracture we have built a new pumping station
and installed a Scanning Auger Microprobe with
secondary eiectron detection capability.

Our intent in examining pelycrystalline siliron
fracture surfaces was to determine if impurities
do in fact segregate to grain boundaries as
suggested by some authors.l If the experiment is
tc succeed the silicon must fracture along the
grain boundary. We thercfore tried fracturing
polycrystalline silicon in the following four
ways: {1) shear fracture at room temperature,

(2) shear fracture at liquid nitrogen temperature,
(3) thermal stress, and (4) rapid bendirg 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 impurigies even when the doping level
was as high as 1019,

1t is possible, however, that some small
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
statiop and installed the Scanning Auger
Microprobe. This instnument gives a ph.sical
image as well as an image of the impuri‘y
distribution of the fractured surface. We now
have a spacial resolution capability of 1 u and
an analytical capability of 1 part in 1000. This
will enablc us to look in situ at fracture
surfaces, pick out 1ikely Tooking 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
crystal samples. Boron and arsenic represent
opposite segregation tendencies according to
theories of iegregation based on heats of
sublimation.® The doped silicon wafers will be
cleaned in ultra high vacuum and annealcd 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 diffus~s 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 regiot.

1. M, E, Cowher and T. O. Sedwick, J. Electrochem.



Soc., Solid State Science and Technology, 11,
1565-1659 (1971).

2. S. M. Overbury, P. A. Bertrand, and G. A,
Somorjai, tThe Surface Composition of Binary Systems,
Predictions of Surface Phase Diagram of Solid
Solutions, L.BL-2746, May 1974.

c. Catalysis of Chemical Vapor Deposition (T\1)

Chin An Chang, W. Siekhaus, and John Mclure

Both the depositior rate and the activation
energy of Si-CVD processes are strongly affected
by impurities present at the silicon surface. In
general, a p-type dopant impurity increases the
deposition rate while a n-type dcpant decreases
the deposition rate. Since both SiHy and SiCly
are tetrahedral molecules carrying a slight
negative excess charge on the hydrogen atoms, it
is tempting to propcse, that the p-dopant forms
a charge-layer at the surface which attracts
such molecules wherezs n-dopants form & repulsive
layer. Table 1 shows that a prediction of this
proposed model, that is, the reduction of the
deposition rate of diamond from Ciiy, a molecule
with a slight positive =xcess charge on the
hydrogen in the presence of Billg, is verified
by the literature cited.

To test the predicted influence of surface
charges induced by electric fields on the deposi-
tion rate in silicon QD processes, a OVD
reactor was modified such that external electric
fields of variable strength and polarity can be
applied during deposition.

Table 1. Predicted and observed dopant gas effects
on the deposition rates of silicon and
carbon chemical vapors.*

SiHJ SiCl4 CHA CCIL,1

Bonding sitw sit-a” o o’

Characters

1 1 D D

B,H

26 18 G D
D D 1 [
PH
3 o?
D b 1 D
AsH,
3 el

*

1 and D 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.

F. A. Cotton and G. Wilkinson, Advanced lnorganic
Chemistry, Second Ed., John Wiley and Sons,
w JoTkK. (1966), p. 466.

7. PRODUCTION OF SYNTHETIC RUELS BY P{iOTON
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 (H;0 = H, + 1/2 072) or
photosynthesis {COz + 11,0 + hyérocarbons) require
large encrgy inputs and are thermodynamically
prohibited, If energy can be provided by sunlight,
however, and efficiently utijized in the course
of these reactions, hydrogen and hydrocarbons nay
be produced. Rescarch is being carried out. at
LBL to study the feasibility of vhotocatalysis
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 mod:fied adsorbed
species ray react with other adsorbates to form
the desired products. If successful, photocatalysis
may play an important role in synthetic fuel
praductimn.

8. RESEARCH PLANS FOR CALEN:'R YEAR 1976
G. A. Somorjai

We shall attempt to synthesize new metal
catalyst systems by controlled deposition of
bimetallic alloys. We shall make use of substrates
with stepped surfaces for this purpose.

The mechanism of prototype hydrocarbea reactions,
dehydrogenation, hydrogenolysis, isomerization
and dchydrocyclization will be studied on iridium,
rhodium, and palladium surfaces and will be
correlated with that on platinum.

The surface crystallogvaphy of hydrccarbon
moiecules on Pt(111) and Rh(100) surfaces will
be explored.

We shall initiate studies of chemical reacticns
(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 an oxide surfaces to produce hydrogen.

A Studies of alloy surfaces will be extended to
include Pd-Au, Pd-Ag, and Pd-Cu systems that are
of catalytic importance.

. '}‘he reduction of nitrogen oxides (M)x) to
dinitrogen (N7} will be studied on platinum
surfaces.



9. 1975 PUBLICATIONS AND REPORTS

G. A. Somorjai and Associates
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1. J. L. Gland, K. Baron, and G. A. Somorjai,
Low-Energy Electron Diffraction, Work Function
Chainge and Mass Spectrometric Studies of
Chemisorption and Nehydrogenation of Cyclohexanc,
Cyclohexene, and 1,3-Cyclohexadiene on the
Pt(111) Surface, J. of Catalysis 36, 305 (1975}
{LBL-2768). -

2. S. H. Overbury, P. A. Bertrand, and G. A.
Jomorjai, The Surface Composition of Binary
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Solid Solutions, Chem. Revs. 75, 547 (1975)
(LBL-2746).

3. S. L. Bernasek and G. A. Somorjai, Molucular
Beam Study of the Mechanism of Catalyzed H3-Dp
Exchange on Platinum Single Crvstal Surfaces,

J. Chem. Phys. 62, 3149 (1975) 'LBL-3115).

4. S. L. Bernasek and G. A. Somcrjai, Small
Molecule Reactions on Stepped Single Crystal
Platinum Surfaces, Proceedings of the Surface
S-ience Conference, I'olla, Mo., Surf. Sci. 48,
20 (1975) ‘LB1-2759;. -

5. M. A. Chesters and G. A. Somorjai, The
Structure of Surfaces, Ann. Rev. Mat. Sci. 418 pp.
Annual Revs. Inc., 1975, R. A. Higgins, ed.
(LBL-3187).

6. L. L. Kesmodel and G. A. Somorjai, Structurc
Determination of the Platimum (111) Crystal Face
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11, 630 (1975) (LBL-3148).
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to Measure Low-Energy Electron Diffraction Beam
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8. S. L. Bernasek and G. A. Somorjai, Scattering

of Helium and Deuterium from Single Crystal Pt(111)
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9. L. E. Firment and G. A. Somorjai, Low Energy
Electron Diffraction (LEED) Studies of Molecular
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Ice and Napththalene, J. Chem. Phys. 63, 1037
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Beam Scattering from Solid Surfaces, Prog. in
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f. Nuclear Magnelic Resonance*
Alexander Pines, Prineipol Inveatigator

1. NMR LINE-BROADENING BY SLOWING DOWN OF SPIN
FLUCTUATIONS

Alexander Pines

The phenomenon of motional narrowing is very
common in magnetic resonance. Starting from a
rigid solid in which the resonance lines arte
broadened by static magnetic interactions hetween
the spins, the sample is heated and, as rapid
thermal molecular reorientation and translations
ensue, the lines narrow until high resolution
spectra typical of isotropic fluids are observed.
An interesting fact, shown by van Vleck is that
there is another form of motional narrowing that
may be thought of as occurring entirely in spin
space without thermal motion. This can occur if
there are exchange interactions that commute
with the magnetization operator hut not with the
perturbation interaction responsible for the line
broadening. The exchange induces rapid "flip-flops"
of nuclear spias that can average away the
broadening interactions if the eachange is strong
enough.

As a particular example of considssah]e current
iaterest, consider the case of the 1 “Ag resonance
in AgF first observed by Abragam and Winter. The
line is unusually narrow for a solid and th'{g is
explained by the rapid dccou]l)gin of 1091g- 19k
dipolar interactions by the -1¥F dipolar
couplings. The e¢ffect is marked since 7 2> vy,
and the qualitative analogy with thermal motionfl
narroving is evident. To date, however, the
analogy has not heen complete. Whereas in thne
case of classical motional narrowing the rate of
fluctuations can be controlled and the ™11 regime
from rigid to motionally narrowed can be cavered
by variztion of temperature, no such control has
been exercised over spin fluctuations in AgF. In
qsrtisular, if it were possihle to eliminate tbe

£-17F coupling, Abragam has predicted that the
10 Ag resonance shoutd broaden, allowing the full
rigid lineshape to be observed in analogy to
thermal cooling.

‘“Ag spectrum
in Ag F

normal

F spins
irradiated

freguency, Hz

Fig. 1. silver (*®®Ag) resonance line at 4.2 Miz
in polyfb'vstalline AgF with and withouhlrracjlation
of the *’F spins. Irradiation of the *“F spins

—
The work described here was partly supported by the
National Science Foundation.

is performed with an rf (icld of 14 G Close to the
magic angle in their rotating (rame. The scaling
facto., cos ¢; has been taken into account in draw-
ing the [{requency scale. {XBL 767-8900)

We have demonstrated for the first time a
completion of the analogy between spin and _thermal
fluctuations by selectively reducing the I9F spin
fluctuations. Figure 1 shows the observed
behavior. When the 19F spins in a rample of
polycrystalline AglF are irradiated with a strang
radiofrequency field such that the effective field

in thS rotating frume is close ro the magic angle,
the }0‘-19}-‘ dipolar interactions are reduced and
the "™~Ag resonance is indeed ohserved to hroaden.

A vontinuous variation of the spin fluctuation
rate between the limiting cases of extreme
narrowing and rigid is at the experimenter's

300 4

DgAg 0 AgF

u
o
o
——
———

Linewidth av IHZ)
"

3
5}
—

o }*f

Q0 10° 20° 30° ¢OQ° S0° 6O° 70° B80° GO*
I

and experimental excess half
width av = §/7 of 109g in polycr{stallinc AgF at
4.2 Miz under irradiation of the *°F spins with
an rf field of 14 G at the angle 8] in their
rotating frame. The experimental excess half
width has been obtained by deconvolution of the
experimental spectra with the totally fluorine
decoupled (8 = w/2) silver resonance line.

{XBL 767-8839)

Fig. 2. Calculate:

control. Figure 2 shows the linewidth of the 199
resonance as the 109F irradiation frequency is
varied. 87 is the effective angle of the rotating
field in tfge rotating frame.

Using this control of spin fluctuations, we
are currently measuring spin correlation functions.

—_—

Work done in collaboration with M. Mehring,
Institute of Physics, University of lortmund,
West Germany.
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2. NXEW APPROAMI TO PROTON NMR IN SOLIDS
A. Pines, B J. Ruben and S. Vega

To obtain hiph resctution proton mmr spectra,
.n appealing idea would he to immerse the protons
in a bath of deuterium nuclei thus renilering them
isotopically dilute. The solid state ‘M high
resolution spectrum could then be created by
deuterium spin-decoupling. This has been used to
observe ‘H dipolar spectra in selectively
deuterated molecules dissolved in liquid crystals
by Meiboom and co-workers. Why then, has this
not been attempted to date in solids? In order
to appreciate the difficulty, let us examine the
situation depicted schematically in Fig. 1. The

/ot \

deuterwum proton

L1

SN\

Fig. 1. Deuterium and proton spins interacting via
magnetic dipolar D. The deuterium .esonance is
broadened severely by electric quadrupolar
interaction Q. (XBL 756-6460)

14 linewirith is dominated by dipolar coupling to
the deuterium. TImagine that we wpply at the
deuterium frequency a rotating field of intensity
w) (in angular frequency units), The criterion
for spin-decoupling is that the rate of transitions
between the deuterium magnetic sublevels induced
by w; must be comparable to the dipolar coupling.
1f t;lc quadrupelar splittings were absent, this
rate would be proportional to ‘*’12' so this means:

wi~ 0%, w

an easily attainable experimental situation.
However, with the quadrupolar splitting
Q/2n = 200 kHz >> D/2n, the criterion for
decoupling is that we need to "cover" the
spectral width of the deuterium:

wt~d @

i.e., a rotating field of H) ~ 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 wy as
shown in Fig. 2. We can provide a simple but
illustrative argument to assess this effect. The
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Fig. 2. Allowed single quantum (wj,wp) and double
quantum transitions (wp) for deuterium nucleus in
an axially symmetric field gradient. Spin-
decoupling can be induced by the direct 1 » -1
transition since m = 0 induces no magnetic dipolar

broadening. (XBL 7511-7627)
Deuterium Decoupling
(@»D)
Single Quantum, on resonance
wy ~ D f }
1

Single Quantum, off resonance by Q

2 __I____I_.

w,~02 T

Double Quantum, on resonance

o2~ ba .
[s~0s] =

Fig. 3, Conditions for spin decoupling of spin-1
nuclei such as deuterium. D is the dipolar
coupling to another nucleus and Q is the quadrupolar
broadening. (XBL 756-6458)

probability for the double-quantum transition is
easily calculated by second order perturbation
theory:

4 4 4

S oaangort ©
(wn~ z
o ‘”A) Q
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Fig. 4. Nmr spectra of ~ 1% residual protons in
deuterated solid acetic acid., The top is the
normal Fourier transform spectrum and the bottom
one is obtained by spin-decoupling the deuterium
through double-quantum transitions. (XBL 758-6991})

where wy is the allowed transition frequency for
m= -1 +0. Employing again the spin-decoupling
condition & = DZ we find we need:

wir. @

Thus the required power depends only linearly
on Q and the power required by (4) is indeed
accessible in our laboratory. The decoupling
conditions are summarized in Fig. 3.

Figure 4 demonstrates the first application of
this approach to the ~1% residual protons in
deuterated acetic acid. As shown in Fig. 5 this
is actually composed from a narrow line (methyl)
and a broad line (carboxyl) showing a large
anisotropy of the proton magnetic shieiding. On
spin-decoupling of the deuterium by double-
quantum transitions the two lines from the methyl
and carboxyl protons are resolved. This technique
can now be used to study magnetic shielding and
proton motion in solids.

—————

Work done in collaboration with M. Mehring,
Institute of Physics, University of Dortmmd,
West Germany.
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40 ‘20 0 20 40
o (ppm from TMS)

Fig. 5. Theoretically synthesized proton nmr
lineshape for solid acvtic acid, showing (top)

a4 narrow line (methy1) and a broad axially
symmetric powder line (carhoxyl). lower spectnuom
is alter convolution with Gaussian and agrees with
the experimental. 5)

(XBL 7512-022¢

3. FOURIER TRANSFORM MULTIPLE-QUANTUM NR

A. Pines, S. Vega and T. W. Shattuck

A1l recent developments in high resolution solid
state nmr have been carried out on nuclei with
spin-1/2, i.e., proton, carbon-13, nitrogen-15,
fluorine-19, silicon-29, phosphorus-31 and
silver-109. Although it would be valuable to
extend these experiments to nuclei with spin-1
and higher, no such attempts have been made. As
a particularly relevant cxample, consider deuterium.
By isotopically labeling laige molecules with
deuterium we could learn abhout local structure
and motion; this has not been accessible to date.

Figure 1 demonstrates the difficulty. The
deuterium spin-1 nucleus has an electric quadrupole
moment and this causes a large broadening duec to
interactions with local electric fields in the
solid. The broadening is of the order ¢f 100 kHz
whereas the resolution is of the order of 100 Hz.
The spectrum derives from the allowed transitions
between the magnetic sublevels m=1 + © and
0=+ -1,



DMSO - dg (~995 %}
T~-75°C
2p Fourrer Transform, 16.3MHz
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Fig. 1. lDeuterium nmr spectrum of dimethyvlsulfoxide
(IMS0) -dg showing the extremely large quadrupolar
broadening. tmly the center scction of the
spectrum is shown. [XBL 756-0164}

e have introduced a new technique imvolving
direct double-quantum excitation m=1 + -1 us
shown in Fig, 2, The coherence of superposition
between states = 1 which we label ¢Q(t)) decayvs
as:

CO{t)y = f{1) cos 28wt (1

where 6w is the resonance offset of the irradiating
field. Thus the decay of (1) does not contain the
quadrupole broadening, and yields on Fourier
transformation a high resotution spectrum.

SPINT =i
Zeeman  Quadrupole
m=-| @ —_—
Ay
N\,

Double~Quantum
Transition

/ UO

Fig. 2. Preparation of coherent superposition
between studies 2 1 by double-auantum transition
at wg. (XBL 707-8898)

Figure 3 demonstrates the application of this
technique to 10% deuterium labeled oxalic acid.
The decay of double quantum coherence for the
carboxyl deuteriun while proton decoupling yields
a frequency of 20 ppm at a quadrupolar splitting
of 16Kz, the first measurement of a deuterium
magnetic shiclding anisotropy.

DecAr OF COUNLE-CUARTY™ ComsArCE
Cassari gt peTTRAto
100 ajceRC/ oI =.crsmpLLs

Fig., 3. Decay of coherence between m = ¢ 1 levels
in deuterium after preparation by a double-quantum
90° pulse. The sample was a single crystal of
10% deuterated oxalic acid and the carboxyl
deuterons were observed. (XBL 767-8901)

The effect is analogous in many ways to
coherent Raman Scattering and we have developed
a full quantum mechanical formalism to account for
the observations. We are also applying this novel
technique to problems of deuterium evironment in
labeled materials.

4. CARBON-13 MAGNETIC SHIELDING TENSORS IN
ORGANOMETALLTC COMPOUNDS

A, Pines and D. E. Wemmer

We have shown previously that the orientation
of the magnetic shielding tensor reflects to a
large degree the local symmetry of the electronic
wave function. This should be extremely valuable
in studying the changes that occur when organic
molecules bond to surfaces or to metals.

As a model for such studies we have measured
the first magnetic shielding tensors for 13C in
organomezallic compounds. As an example, consider
the casce of decamethyl-ferrocene, the fully
methylated derivative of ferrocene. Usually, to
obtain the magnetic shielding tensor, which is an
anisotropic quantity, it is necessary to work with
single crystals at several orientations. We have
eliminated this substantial requirement by studying
the spectra at two tempevatures wWith different
molecular motion in a polycrvstalline sample.



Fig. 1. Orientation of the magnetic shielding
tensor o in decamethylferrocene. The tensor axes
are tilted by 20° and the direction of heaviest
magnetic shielding 933 is not perpendicular to

204

the 7-model plane as In isolated aromatic molecules.

(XBL 7512-9194)

Figure 1 shows the orientation of the tensor thus
obtained. The induced magnetic moment by the
electrons is highest when the maqnetlc field is
along 071 and lowest when the field is along o3
If the }ragment were an isolated cvclopentadleml
axion, o33 would be exactly perpendicular to the
rin planes Thus the tilt in g3z 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.

5. MOLECULAR ORDER IN NEMATIC LiQUID CRYSTALS

A. Pines, D. .J. Ruhen and A. !Bhener

Liquid crystals are comosed of long rod-like
molecules. They exist in a number of phases, of
which the common high temperature forms are shown
in Fig. 1. As seen, there exist different types
of long range orientational and translational
order. The study of these materials is important
since they serve as lubricants, for displays, and
as models for phase transitions and biological
membranes.

We previously made a preliminary study of the
2ffect of molecular end chains on the order in the
nematic phase. This order can be partially
characterized by the parameter:

—

{3 cosza -1

3 m

S=

where 8 is the angle between the molecular axis
and the director, the local average direction of
the molecular axis. For S = 1, the molecules
are perfecily ordered; for S = 0 the phase is
corpletely isotropic, We have investigated with
our new high field spectrometer the order S in a
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Some of the higher temperature liquid

Fig. 1.
(XBL 748-7063)

crystal phases.
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Fig. 2. Dependence of the microscopic nematic

order parameter on the number of carbons (n+l1) in
the end chains of liquid crystal molecules. The
theoretical lines are {rom mean-f{ield calculations.
The "even-odd" zig-zig shows the ulternating
stabilizing and destabilizing effects of carbon-
carbon segments on the nematic interactions.

(XBL 7512-9220}



homologous series of nematic molecules (Gl -
{(CORE) - l,nlhn.q where (CORE) depicts o semi

rigid aromatic core, withn =1 to 10. Figure 2
shows the results for an alkoxyazoxybenzene series;
a marked "even-odd” effect is obtained in
agreement with birefringence measurements by Shen.
Thus the end chiins affect substantially the
properties of the anisotropic phase. Comparison
with existing theories show that they under-
estimate the cffects.

Thus we can determine a great deal about local
microscopic effects in these phases. Ou:i studies
are heing extended to other series =ad phases and
to dynamical m\’estlg.xtlon of molecular
conformational, rotatinna’ cdsiao e motions.,

6. ROTATIONAL ORDER IN TUE SMECTIC-C PHASE
A, Pnes and A, {hener

One of the important low temperature liquid
crystal phases is the smectic-C. From X-ray
studies, it is known that this derives from the
smectic-A by a tilt of the moleculis in the lavers.
The microscopic molecular nature of this phase
is still a controversial question and is of great
interest since it can teach us ahcut the molecular
forces that cause the condensation into the
various phases.

A microscopic theory due to McMillan proposes
that the mechanism for the tilting is derived from
the interactions between electric dipoles on the
molecules as shown in Fig. 1. This would require
that the molecules {reeze in their rotation ahout
the long axes, unlike the smectic-A phase. This
property of rotational ordering has been the sub-
ject of several investigations.

FEAAE S
FA11 1

Fig. 1. Molecules in the smectic-C liquid crystal
phase interacting via electric dipoles (0-C, N-C
bonds, etc.), acco.ding to a microscopic model

of MZiillan. {XBL 751-5436)

We have observed the mur lineshapes in two
materials at various anglcs of sample rotation

after cooling of samples into the smectic-C phase.
‘The lineshapes are inconsistent with high
rotational order of the molecules in the smectic-C
phase. Our conclusions are in agreement with
those of Luz and Meiboum and opposite to those

of Doanc and co-workers., It therefore appears

10 us that forces other tian electric dipole are
inducing the smectic-C tilt.

7. SYMMEIRY OF MOIFOUTAR MOTTON IV SOITDS
A. Pines and D. E. Wemmer

# perennial and ¢ifficult question in the study
of molecular studies has been that of the mode of
molecular motion. In particular, one expects the
potential binding rotational motion in th2 soiid
state to differ substantially from that in liguid
or gascous environments. Thus, rotational
diffusion is usually assuned for fluids whereas
transitions between discrete potential minima are
more likely in a solid. Clearly, it is not simple
to investigate experi nt2lly the mode of motion
in the solid since most .pservable properties are
likeiy to differ very little between the dif-
ferent cases of motionm.

One set of properties that differentiates he-
tween modes of motion are the time-correlatica
functions:

Gy (€ = ¢ Ty (0) T, (+)) {1

where T, are components of spherical tensors of
rank £, which are related to our normal
obser\ables, e.g., dipole moment (¢=1),
quadrupole moment (2=2), magnetic shielding
tensor (R=Z), etc., and (}denotes an ensemble
average. Althouqh magnetic resonance is normally
a powerful microscopic tool, the Gyp(1) in [1}
canno* notmally be extracted in full from
experiments, and only a small number of points
can be provided by relaxation studies. Thus,
even though the different modes of motiom yield
different Gy, (t), it has not been possible to use
magnetic resonance to resolve this, and other
appreaches such as Raman scattering for direct
measurement of (1) are also difficult.

By studying the nur lineshapes at the onset of.
motion, we have been able to establish precisely
the 10:31 symmetry of the potential determining
the motion. Figure } shows an example for thiz in
decamethyl-ferrocene exhibiting a five-fold
potential. The three calculated lineshapes are for
three ratios of the potential for /S and 4775
molecular jumps. The types of jumps are shown in
Fig. 2. The best agreement with experiment (the
lowest curve) is for a large ratio of the above
potentials. Thus the lineshape is extremely
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Fig. 1. Nmr powder lineshapes for 3¢ in
decainethyl-ferrocene. Top three are from
theoretical calculations assuming a) Wiz <X w3,
(b) W12 = Wi3, (c) Wiy >> Wp3, where W17 is the
probability of a Zﬂ/% jump o% the five-fold ring
and Wyz for a 4n/5 jump, (d) is the experimental
line. (XBL 7511-9418)
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sensitive to the symmetry of local potentials and
is being used to study short-range order and
hindering potentials in condensed phases.

Fig. 2. Possible jumps (2n/5 and 47/5) of
relevance in lineshapes of ferrocene.
{XBL 7512-9191)




8. PROTON DYNAMICS IN ICE

A. Pines, D. E. Wemmer and D. .J. Ruben

The nature of proton motion in ice-1 has been
intensively studied, since it is thought.to be
vesponsible for dictectric relaxation, diffusion
and spin-relaxation. We have been able to deter-
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Fig. 1.

lineshapes in heavy ice-I.
mental spectra obtained by decoupling the deuterium

through double-quantum transitions.

mine for the first time the exact nature of the
symnetry 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. Figilre 1 shows the
tenperature dependence of 1H spectra in heavy
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ice-1 obtained by decoupling the 99% deuterium
nuclei by double-quantum transitions. At right
are the theoretical spectra calculated fer a
mode] of proton motion in 2 tetrahedral potential.
The agreement is virtually perfect; it can be
explained by an effective rotation of the water
molecules (low 2nergy Slater configuratians) in
ice by migration of defects, &s in Fig. 2. A
possible defect causing this rotation is a
Bjerrum fault shown in Fig. 3.

{
.

Fig. 2. Pseudorotation of vater "molecules" (low
energy Slater configurations for protons in
hydrogen bonds) in ice-T. (XBL 759-8288)

(b}

Fig. 3.
in one hydrogen bond), a mechanism for water

Migration of a Bjerrum fault (two protons

reorientation in ice-I. (XBL 759-8287)

Other models of motional symmetry do not agree
with the experiments and diffusional motion of
protons has no effect. Thus, the technique is
niquely sensitive to reorientational motion.
activation barrier of ~ 4 kcal/mole for proton
motion derives from the use of impure samples.
Studies on pure heavy ice will be undertaken to
complement the work of Lowe and others.

The
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9. COMPOSITION AND STRUCTURE OF COAL AND OIL
SHALE

A. Pines and D. E. Wemmer

Coal and o0il shale are potentiaily important
fuel and petrochemical sources: One of the
principal problems in research on these materials
has been the lack of simple and straightforward
methads for their amalysis. The usually useful
informaticn provided by classical nmr for fluids
is handicapped by the low resolution obtained in
immobile solids such as coal and oil shale.

We have opened the way for a solution to this
problem by resolving with strong proton decoupling
at high magnetic field the aliphatic aromatic
carbon-13 signals, allowing for the first time a
direct in situ 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 1"C nmr
spectra of samples of Brucotion coal provided
by J. Larsen and E. ¥. Kuermerle in Tenncssee.
Figure 1 depicts spectra using our techniques which
show the first resclution of the fwp gross types
of carbon in the raw material, aliphatic and
ayomatic. The sample was subsequently treated by
the Tennessee group to enhance the aliphatic/

AROMATIC ALIPHATIC

BEFORE

TREATMENT

AFTER

TREATMENT
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. (X¥BB 761-86) & (XBL 761-2018)



arvomitic ratio and our lower spectrum indicates
directly and simply tliet the ratio has indeed
grown dramatically. Similar work is being cdone

on other swmples of coal and oil shale from various
sources including oil companies and the Pureau

of Mines.

W. are currently building a high speed sampie
rotor for magic-anglec spinning. This, together
with our radiofrequency techniques, will allow
much: higher resolution and a complete determination
of the carbon types and structure in these
materials. 1In addition, by relaxation and
diffusion mezzurements we will be able to study the
mobility of molecules in these phase.

10, HIGH FIELD NUCLEAR MAGNETIC DOURLE RESONANCE
SPECTROMETER

A. Pines, D. J. Ruben and D. Wilkinson

We have completed and have fully operational
a high field double resomance spectrometer. A

SmiTc
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schematic diagram is shown in Fig. 1. The device
operates at 185 M2 for protons and has
wunprecedented sensitivity for detection of low
frequency nuclei, It has been used for our novel
experiments un carbon-13 and deuterium.

The probe for this device is equipped with
high voltage components, with a goniometer for
studying anisotropic properties of crystals and
liguid crystals, and with accurate temperature
control for temperaturss between -160°C and 200°C.
It is designed for the geometry of a superconduct-
ing sclenoid.

Radiofrequency awplitude and phase is under
control of an on-line computer through a homebuilt
pulse programmer. The camputer also handles data
acquisition, complex Fourier transformation and
storage.

Amplifiers are commercial radio amateur
traasmitters for the low frequencies and a
homebuilt cavity tuned anode device for the 185 Miz.
The spectrometer is currently being fitted with
a high speed turbine rotor to allow high resolution
in polycrystaliine samples.
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Schematic diagram of high €ield nuclear magnetic double resonance spectrometer.

(XBL 755-4959)



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 ahsorption lines, kinetic
isotope effects inducing a change in the rate of
chemical processes due to the isotope mass
difference and isotope effects on transport
proverties. These phenomena have formed the
basis for most modern approaches to isotope
enrichment.

We have been interested in the fact that
isotopes differ not only in mass but also in nu-
clear spin and have asked whether the spin can have
a detect~vle 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.

We have investigated Ehis by studying_the
differential effect of l4C (spin 0) and 1°C (spin
1/2) on the recombinz “ion of radicals in the
following photochemicul reaction:

(1) R-C = N = Nt (11) R-C: (triplet)RCl

(ITT) R-HC+ *C=R'=s=-(IV) R-HC-(-R'

previously studied in great detail by Closs.
Figure 1 shows the nmr proton CIDNP (chemically
induced dynamic nuclear polarization) of IV from
p&otochemical decorposition of I enriched to 30%
+3C, The specErum sh?lgé absorption and emission
peaks due to *4C and in the product (IV) and
an enrichment of ~ 35% is calculated for --C.
This is shown by studying the theoretical spectra
calculated for no enrichment, 35% 13C, and a
ligher 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

1. Study of molecular ordering and motion in the
low temperature smectic 1liquid 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

| I | 1 L
4 3
o (ppm from TMS}

Fig. 1. Proton CIDNP spectrum obtained during
5200 A irradiation of 13C diphenyldiazomethane.
The left peak is a *“C satellite of the middle 2.
The absorption and emission lines tell us that
the reaction derives [rom a_triplet carbene and
allows us to determine the 13C toluene hyperfine
constant and enrichment. (XBlL. 7512-9221)

o {ppm from TMS)

Fig, 2. Theoretical proton CIDNP for the
reacgion in Fig. 1: (al 13C hyperfine = 0,

no 15C enrichment; () 13C hyperfine = 30 G, ~ 15%
enrichment from 30% to 35% 13C; (c) 13c hyperfine
> 30 G, > 15% enrichment. The best agreement with
experiment appears to be (b). (XBL 7512-9224)



and short range order will be studied in
molecular crystals and organometallic
compounds.

Direct detection of the nuclear magnetic
isotope effect by analytical chemical techni-
ques. Investigation of other photochemical
reactions in magnetic fields and evaluation
of their potential for magnetic isotope
discrimination.

Application of our new multiple-quantum “echni-
ques to the study of magnetic shielding of
deuterium. This will «lso be used to study
hydrogen bonding. Extension of the multiple-
quantun ideas to other nuclear isotopes.

Implementation of a new high speed rotor in
our probe to obtain high rerolution nmr
spectra in noncrystalline materials. These
will be used to study in detail the composition
and structure of coal and oil shale.

13. 1975 PUBLICATIONS AND REPORTS

Alexander Pines and Associates
Joumnals

1. J. J. Chang, R. G. Griffin and A. Pines,
Carbon-13 Chemical Shielding Teasors in Ammonium
Hydrogen Malonate, J. Chem. Phys. 62, 4923 (1975)
(LBL-3518).

2. J. J. Chang, A. Pines, J. J, Fripiat and

. A. Resing, Q\mlitat}gc Analysis of Chemisorbed
Mclecular Species via '°C NMR, Surface Science
47, 661 (1975) (LBL-3721),

3. R. G. Griffin, A. Pines, S. Pausak and

J. S. Waugh, 13C Chemical Shielding Tensors in
Oxalic Acid, Oxalic Acid Dihydrate and Diammonium
Oxalate, J. Chem. Phys. 63, 1267 (1975)

4. R, G. Criffin, '"'i Pines and J. S. Waugh,
Observation of C12-N14 Dipolar Couplings in Single
Crystals of Glycine, J. Chem. Phys. 63, 3676 (1975).

S. A. Pines, Applications of Novel N'R Techniques
to Solids and Liquid Crystals, Proceedings of the
Second Specialized Colloque Ampere, Budapest,
Hungary, August, 1975, invited talk (LBL-3505).

Lectures

1. A, Pines, N'R Studies of Macroscopic Structure
and Dynamics in Solid and L. juid Crystals, Gordon
Conference on Magnetic Resonance, loldemess School,
New Hampshire, June 1975, invited talk.
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2. A. Pines, N\R Studies of Ordered Fluids and
Disordered Solids, Third Intemnational Meeting on
NMR Spectroscopy, St. Andrews, Scotland, July 1975,
invited talk.

3. M. Mehring, G. Sinning and A, Pines, Spin-
Decoupling in Solids, Third Intemational Meeting
on NMR Spectroscopy, St. Andrews, Scotland,

July 1975, invited talk.

4. A, Pines, N\R Characterization of Partially
Ordered Materials, Gordon Conference on
Analytical Chem.-‘ry, New Hampton School,

New Hampshire, August 1975, invited talk.

5. M. Mehring, G. Sinning, A. Pines and T. W,
Shattuck, Dynamics of Heteronuclear Coupling and
Decoupling in Solids, Second Specialized Colloque
Ampere, Budapest, Hungary, August 1975.

6, Chemica) Physics Colloquium, California
Institute of Technology, Pasadena, Califomia,
January 1975,

7. IBM Research Laboratory, €
January 1975.

1 Jose, California,

8. Nuclear Magnetic Resonance Seminar, University
of Dortmmd, West Germany, March 1975.

9. Chemistry Department, University of New York,
Stony Brook, New York, March 1975.

10. Quantum Optics and Resomance Seminar,
University of Califomia, Berkeley, May 1975.

11, Chemistry Department, University of
Southampton, England, August 1975.

12. Institute Seminar, Weizmann Institute of
Science, Rehovot, September 1975.

13. PBiophysics Center, University of Basel,
Switzerland, October 1975.

14. Molecular Physice Division, Max Planck
Institute, Heidelberg. West Germany, October 1975.

15. Chemistry Department, University of California,
Berkeley, November 1975.

LBL Reports

1. A. Pines, D. J. Ruben, S. Vega and M. Mehring,
New Approach to High Resolution Protan MR in
Sclids: Deuterium Spin-Decoupling by Multiple-
Quantum Ti.mnsitions, LBL-4525.

2. M, Mehring, G. Sinning and A. Pines, N\R
Line-Broadening in Solids by Slowing Down of Spin
Fluctuations, LBL-4546.
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A. RADIATION AND SEPARATIONS RESEARCH

1. RADIAT'ON SCIENCES

P Tn

1 Loty

e Nitrate Free Radical (NO_)
nvelving Ninitrogen Fentoxtde

Richard Graham

coom lemperature under ordinary laboratary
ions, dinitsogen pentoxide is in rapi.

equilibrium with nitrogen dioxide and the
nitrate (ree radical
NZ\"S e NU: . j\‘ﬂs

binitrogen pentoxide is rapidly formed from ozone
and nitrogen dievide

SRR R
binitrogen pentoxide slowly vatalvies the
Jecomposition of ozone

and 1t rapidly reacts with nitric evide
NO o+ Ny - 3N
. 25 ?

Ultraviolet radiation Jdecomposcs
oxides of nitropen

Nyz to the lower

o

SANOL w0,

dinitrogen pentoxide undergoes a slow, irreversible

decomposition

2 X:"s = A NO, nz

The interactions of N0, N2, Oz, anu Na(g
involve seven clementary hcmu.il reactions (six
of which include NO5 as either reactint or product)
and several photochemical resctions. In a series
of studies Richard Graham re-determined the rate
constants for the six reactions invoning N3, and
he obtained preliminary results on the wave- lom,th
dependent photolysis of N0z, From the values of
these rate constants one cdn calewlate the rate
of interconversion of A and NaUs in the
stratosphere. At the low temperatures, low
partial pressures, and intense ultraviolet radia-
tion {icld of the middle stratosphere, the half
time for interconversion of NO; and Nalg is about
day or two. This rate is slower in”the low
atosphere and higher in the upper stratosphere.

Photochemistry of Malerials in the Stratosphere

Thus it happens that a substantial fraction of

NOy (N0 and NO7) is converted to X,05 during the
night and returned to the form N0z and NO during
the day. For the polar night and adjacent high
latatude winter conditions, virtually all NO and
Ny is vonverted to Ny0s. Thus on a global scale,
\3(\5 is an important, réversible, resemvoir for the
active oxides of nitrogen.

Supported in part by the Natiomal Science
Foundation.

b. Developent of a Grorud-Based Method to
VMonitor Stratospheric Tutrogen Dioxide *

Peter Connell and [avid lohnston
A. W. Brewer and co-workers (Nature 246, 129,
1973) and Noxon and vo-workers (Science 189, 517,

19751 have used spectroscopic methods baZed on
absorption of visible light, to measure the
concentration of nitrogen dioxide in the strato-
sphere and in the troposphere. We are developing
a related method that gives more detailed informa-
tion than these methods and may be able to follow
in more detail the reactions of NO1 im the strato-
sphere.  We collect light with an eight-inch
cassegrain telescope, use a small astronomicai
spectrograph, measure light intensity similtaneous-
1y in 500 wavelength channels with an optical
miltichannel analyzer, and analyze data with a
minicomputer. By measuring in quick succession
sunlight scattered from the zenith skv and directly
transmitted sunlight, one can, in principle, infer
the vertical distribution of NO; as a function of
tiné  The methad is being developed by theoreti-
cal, laboratory, und field tests,

Supported in palt by the National Sc.ence
Foundation.

v. Ab. arption Spectrum of Nitrous Oxide
gary Selwvn

The ultraviolet absorption spectnm of nitrous
oxide (N>0) was studied, with especial emphasis
on the long-wuvelength peak, which had been
reported in the literature. It was found that the
long -wavelength absorption (280-330 nm) did not
exist in pure N»0 at one atmosphere pressure and
at room temperature. Thus there is no photolysis
of nitrous oxide in the troposphere. This simple
measurement has fairly far-reaching atmospheric
implications. It tends to confimm Junge's
|.1. Geophys. Res. 76, 8143 (1871)) position that



nitrous oxide must have a short (10 year not 100
vear) atmospheric residence time, and thus therc
must be some large unknown source and some large
unknown sink for nitrous oxide 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
Qzone
Harold S. Johnston

In 1971-72 Boeing Aircraft Company spokeman
were quoted as saving: "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 (N>0) and
singlet oxygen atoms, stratospheric i1.itrous oxide
is transported from the troposphere by turbulent
dirfusion, 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 woulc
be expected to increase tropospheric nitrous oxide
and later reduce stratospheric ozone. At that
time, however, many people (including Boeing
authers) denied that the oxides of nitrogen
(natural or artificial) had any effect on strato-
spheric ozane.

During the period 1971-75, the Department of
Transportation conducted and coordinated an exten-
sive study of the stratosphere, stratospheric
ozone, ar-wspheric 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 [mpact Assessment Program
(I)T-TST-75-50), Washington, D.C., March 1975,
National Academy of Sciences - National Rescarch
Council, Washington, D.C., April I, 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,. Furthermore,
these studies agreed doubling stratospheric NOy
or N»(7 would reduce ozone by 20 percent. Although
this subject had been discussed from time to timc
by “rutzen (1972, 1974), the year 1974-75 was an
appropriate time to re-open the question about
the effect of nitrogen fertilizers on stratospheric
azone.

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 (movre
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 strutospheric ozone by about

20 percent. However, therc 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 fixaticn of nitrogen.
liowever, at the current ratc of growth of chemical
fertilizers, a factor of 10 is pickeé 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 1970

We plan to continue to «evelop a ground-l sed,
spectroscopic method to study the vertical d.stri-
bution »f nitrogen dioxide in the stratosphe =
and troposphere. The goal of this work is tu
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 arc ubtaining a high-intensaty, variable
wave-length, (lash-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 the
photelysis of ozone to produce singlet oxygen
atoms, and a molecular modulation study of the I100
free radical.

In collaboration with Professor Yuan lLee, we are
developing molecular beam sources that can be
used in Lee's apparatus to study certain radical-
radical reactions. Over a pcriod 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 2lso in problems of combustion.
Especially important examples are
HO + HOO ~ Ha0 + Oz and O + HOO + HO + Qp.
Mathematical modeling of both atmospheric reactions
and combustion systems is severely limited by
lack of satisflactory rate constants for these and
other related elementary reactions.

3. 1975 PUBLICATTONS AND REPORTS

Harold S. Johnston and As<ociates

Journals and Books
1. J. W. Birks, S. D. Gabelnick, and H. S.
Johnston, Chemiluminescence of TF in the Gas Phase

Reaction of I; with F;, Journal of Molecular
Spectroscopy 57, 23 (f97ﬁ) (LBL-3562) .



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 (hemical Research §, 289 (1975)
(LBL-3564).

4. H. S, Johnston, Pollution of the Stratosphere,
Annual Reviews of Physical Chemistry 26, 315
(1975) (LBL-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, “ew Cross
Sections for the Absorption of Near Ultraviolet
Radiation by Nitrous Oxide, (N;0), 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,
11linois, 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 I1linois at Chicago Circle, Chicago,
11linois, February 11, 1975.

S. H. S. Johnston, Pollution of the Stratosphere,
University of California-Santa Barbara, Santa
Barbara, California, February 19, 1975.

e

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, Cctober 27, 1975.

13. H. S. Johnston, Pollution of the Stratosphere,
The University of Northern Colorado, Greeley,
Colorado, October 28, 1875,

14. H. S. Johnston, Pollution of the Stratosphere,
Sandia Laboratory, Albuquerque New Mexico,
October 29, 1975.

15. H, S. Johnston, Pollution of the Stratosphere,
Sandia Laboratory, Livermore, California,
October 29, 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 Grzham, The Photochemistry of NOg
and the Kinetics of the N205-03, (Ph.D. “'1e51s)
LBL-4147, Nov. 1975



b. Radiation Chemistry

Aarren M. Garrison, Principal Investigatcr
1. RADIOLYSIS OF SOLIDS AND LIQUIDS WITH HEAVY -
ION BEAMS AT LOW FLUX DENSITIES*

M. E. Jayko, T.-L. Tung, G. P. Welch, and
\. M. Garrison

A modification of the extermal beam-optics of
the IBL 88-inch cyclotron now makes it practical
to use cyclotron radiations in the detailed study
of the effects of linear energy tramsfer (LET) in
the radiation chemistry of solid and liquid
systems at dosages and dose-rates comparable to
those employed in conventional x-ray studies. The
modification involves passing the focused beam
through a pair of "beam-sweeping” magnets so that
2 circular target area of up to 10 cm in diamcter
can be wniformly irradiated with beams in (he
nanoampere range. Beam current is measured in the
vacuum pipe with a secondary emission monitor that
consists of two aluminum foils 6.4 um thick at a
separation of 12,7 mm. The upstream foil is
maincained at -70 U while the downstream onc is
connected to a capacitor box and a feed-back type
electrometer. The monitor is calibrated against
a Faraday cup which is located in a magnetic
field of 500 gauss.

As a check on dosimetry we have measured Fe3*
production in Fricke chemical dosimeter (.01 NFel*
in 0.8 N4;S0;, air saturated) for scveral dif-
ferent beams. The data are summarized in Table 1.
With a 1-nA beam uniformly distributed over the
target area, the dose-rate to tlie irradiated
volume corresponds to ~ 5 x 10'° eV/g min.
these conditions no mechanical mixing of the
solution is required.

Under

Table 1. Ferric ion yields in the hecavy-particle
irradiation of the Fricke dosimeter.?
Radiation Energy G(Fe )P
He?* 3 8.3
34 3.3)°
et 9 6.5
et 10 5.2
102 (5.0)¢
nel0* 206 4.8

2,01 NFe2* in 0.8 NH, SO,, air saturated.

bG represents the number of product species formed
per 100 eV absorbed energy.

CNumbers in parenthesis are literature values ob-

tained at high flux densities with mechanical stir-
ring {e.g., J. Am. Chem. Soc. 79, 1565 (197S)).

—_—
Abstracted from Biochem. Biophys. Res. Commm.,
in press.

2. EFF S OF LINEAR ENERGY TRANSFE IN
'ﬂll Hh\\'\ 10N RADIOLYSTS OF SOLID CLYCIN
T.-L. Tung, G. P. Welch, . A. Sokol, ¥W. Bennett-

Corniea and W. M. Garrison
The low flux facility described above has been
used in the radiation- cnemull study of ol id
Ll\blnc using beams of 1P, He=*, Be™, P and
at energies of ~ 10 Mel/nucleon. lhc\o
particles have the same velocity and hence the
profile of the radial energy deposition hy
secondary electrons along each of the particle
tracks is essentially the same.!  However, the
linear cnergy transfer (LET) increases as a
function vf I- as defined by the Bethe formmlation.

solid glvcine was chosen for this preliminar
heavy-jon study because the chemical action of
y-rays {low 11T} on this svstem has been well
defined i previous work at this luboratory and
clsevhere= #ith y-rays, the radiation induced step

NGO <=~ NG00+ i s e (19

is followed by the dissociative electron-capture
reaction

e+ .\112014?00' > N+ (H,T00° (]
The long lived radicals produced in steps 1, 2
disproportionate on dissolution ef the irradiated
solid in 0z-free water to give acetic acid and
iminoacetic acid.
MELIC00™ + CH,0007 CHeoo”

.
3 LU0+ N, =

+ o0 (3

The latter then hydrolyzes spontancously to give
ammoniz and glvoxylic acid. The observed
stmchwmetr\ for y-rays corresponds to

G(NHz) =" G(CHOCOOI) + (, CONH) ;

o - G(CH3CO0H) = 2.5. Product yiclds
obtamed with the hcav,\'-ion beams are compared
in Figs. 1a and 1b with the y-ray data.

We find in Fig. la that the product yiclds
resulting from the charge-separation reactions
(1 - 3) decrease with increasing LET and then tend
to level off at LET values above ~ 10 oV/A.  ‘These
results are in good agreement with the theorctical
predictions that there is an equi-partition of
energy between knock-on cotlisions and pl: ancing
collisions 1n the interaction of the he:W\ ions
with clectrons along the track ¢f the primary
pﬂrtlc] We also find in Fig. lh that processes
in addition to reactions {1-3) become increasingly
important with incr-asing LET. These processes
are associated with chemistrv within the core and
are now being investigated in detail.
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Fig. 1. Product vields as a fimction of LET in

the heavy-ion radiolysis of solid glycine.
(XBL 7511-9506 & XBL 7511-9505}

3, RESEAF.H PLANS FOR CALENDAR YEAR 1976

Warren ’i. Garrison and Associates

Studir > of LET effects in the radiolysis of
bioche .ucal systems with heavy-ion beams from the
88-i:.ch cyciotron will continue. Both solid state
2.0 aqueous systems will be investigated. The
ciycine work will be extended to firmly establish
the radiation-chemical processes involved both in
the core and in the penumbra of heavy-ion tracks.
Other compounds such as the N-acyl amino acids and
the oligopeptides will also be investigated. Work
on the measurement of radical and molecular product
vields in water under heavy-ion radiolysis will be
expanded. We are hopeful that heavy-ion radiolysis
will be expanded, and we are hopeful that heavy-ion
beams from the Bevalac will soon be available at
sufficient intensities to permit radiation chemical
studies of the above systems at energies in the
1000 MeV/nucleon range.

4. 1975 PUBLICATIONS. AND REPORTS
Warren M. Garrison and Associates

LBL Reports

1. M. E. Jayh . -L. Tung, G. P. Welch and

W. M. Garrizon, Methodology in the Radiolysis of
Biochemical Compounds with Cyclotron Beams at Low
Flux Densities, LBL-4098, Aug. 1575.

—_—
Abstract of paper presented at the First Chemical
Congress of the North American Continent, Mexico
City, November 30 - December 5, 1975.

i. A. Chatterjee, H. D. Maccabee and C. A. Tobias,
Radiation Res. 54, 479 (1973).

2. W. M. Garrison, "Current Topics in Radiation
Research', Vol. TV (1968).
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B. CHEMICAL AND GEOPHYSICAL ENERGY

1. CHEMICAL ENERGY

a. Formation of Oxyacids of Sulfusr from 502
Fckert E. Connick, Principal Investigator

1, THE CHEMISTRY OF SULFUR DIOXIDE AND RELATED
COMPOUNDS

a. Aqueous Solutions of Sul fur Dioxide

Eckart von Deuster and Ron Chelsky

Since its inception in the summer of 1875 this
project has been mainly devoted to developing the
use of Raman spectra for detecting and measuring
quantvitatively the concentrations of sulfur-
containing species in aqueous solutions. Uonsider-
able difficulty has been experienced in petting
reproducible intensities, primarily because of
limitations in the construction of the Raman
spectrograph available to us. The first effort is
being directed to the measurement of the equili-
brium.

:nso; = L0+ 5,00

There are two widely differing valves in the liter-
aturc for this important equilibrium constant, one
published just this vear. The cquilibrium is
difficult to measurc because appreciuble amounts of
3.0z are formed only at ca. 1 M HS03 and higher.

It 15 hoped that the Raman spectra of the two
species will provide a more reliable measure of
their concentrations than the ultra-violet spectra
use@ in the previous measurements. [n addition to
the above species, Ramun spec’ra ¢ been obtaincd
for a number of other sulfur containing species of
importance in S5 solutions, Already they hawve
indicated gualitatively the disproportimation of
{iS)3 solutions standing at room temperature for a
numter of days in the abscnze of oxyvgen.

b.  The Reaction of 59 with Ammonia

Beat Mayer, Lyel Peter, .fnet McComber, and
William Milliken

Preliminary experiment . have been run on the
reaction of M3 with 802, a reaction which has
important environmental conscquences for the
atmosphere.1,2 Although 1 number of studies have
been made near room temperature and higher, it was
of interest to trap the r-actants together at low
tenperatures, and then let them react by slowly
warming the mixture. At room temperature, the gas
phase reaction yields a brown gas which quickly
condenses as a red-brown .o0lid> which is known to
contain a mixture of ill dentified species,
several of which probably contain S-N bonds. In
the presence of water, th: main product is
(NH4) 25905 or, (NH4) 2503, lepending on the ratio
of maferials.? We have « »served the reaction
under three different corlitions: a) in rare gas
matrices containing Niz:%)z in ratios between 1:10

and 10:1 and with corresponding matrix ratios of
0:1006. Furthermore, the influence of water and
D20 traces in the ratio 0-10 was studied. Matrices
were N> and Kr. b) Similar experiments were
conducted in solids condensed at 20°K or 76°K,
without matrix; and ¢} scaled pyrea cabes 0.8 ¢m
outer diameter and 10 om long, contaiuing SO and
NH3, wesn prepared by condensing the vapars at
To°K Tror i vacuum line in the desired sequence.
Highly purified ga s welloas artificially
moistened pases were used.  The course of the
reaction and the reaction products Jepend on
tenperature and pressure.  In all mutrix experi-
ments, o white so}id is formed which sublimes
below -5 in the high vacwe svstem without
leaviny traceable reaction products,  The same
holds for slowly codeposited w without matrix.
In sealcd tubes, o slow reastion is obsened at
about -30°C, i.e,, just below the melting puint
of the reactarts, Upon melting, the reaction
proceeds very rapidly,  [f exvess Ni3 is rresent,
a flaky white solid is formed which is partly
soluble in the excess liquid Nis. Divers and
Ogawa” prepared the same materisl by reacion in
organic scliwvents, and calied the product
(NIg180>N1>, smmoniun amido sulturous acid., If
excess SV s present, a red selid forms, which
is quite soluble 1n liquid SU~ forming a yellow
solution which Gochring® identificd as vellow
NI(SONH23 2, iwide disulfinic acid.  Above about
10°C, the fiaky white solid turns red, ‘This
material might cintain the anmonium salt of imlde
disulfonic acid, NN(SOaNHy ) 2 tJander ) the red
solid sublimes, but cventually reacts, forming an
orange crystalline substance which is stable under
dry Na. All the above mentioned N-S compounds
have been only identified by molecular weight and
clemental analysis, We have recorded Raman
spectra of all these substances and mixtures in
sity. Ranan spectra have been found useful for
foTTowing the reaction conditions and for Jeter-
mining the number of end products that are foimed.
It is our goal ta determine the identity of
products and to assign the various Raman trequen-
cies to the ~roper vibrational modes with the
help of 3y and 180, this work will also help
the interpretation of thermudynamic measurements®
which have been reported for solids of nknown
composition.
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2. RESEARQH PLANS FOR CALENDAR YEAR 1976

Robert E. Connick

The chemistry of sul fur dicxide is of critical
importance hecause of the large amounts presently
being releuased into the atmosphere from power
plants and the even larger amoun's that will have
to be dealt with in the future as more high-sulfur
coal and eil are consumed. Currently the most
effective way to remove S0, from stack gases is
the wet limestone process which involves the
absorprion of the SOz from the gas phase intc an
aqueous limestone slurry.
have been encauntered in the develenment of this

process (and others), in part because the chemistry

Considerable difficulties
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of the process is not clearly inderstood,  Sul#ur
dioxide sbso-bed in a golution of low acidity can
forn H303, Sy05 and 503 . (n addition it can
dispropervinate to higher and lower oxidation
states at a finite rate anl it car be oxidized by
oxygen to higher oxidation states. We propose to
study these reactions, both as regards equilibria
and rates, in order to luy a firm foundation for
furthe: proiess development by others. Studies
will be completed on the H303 - Sy equilibrium.
A completely uncharacterized yellov species formed
at high HSC: - SO, concentratiuns will be investi-
gated and ifs formila determined, The products and

the kinetics of the decompositiun of Sl); HS03 - 503
solutions will be studied. Oxidation of 50; >01u—
tions by oxygen will be investigated. Raran

spectra will be used in these studies, but, where
applicable, absorption spectroscopy and other
physical methods of measurement will also he
employed.

The reaction of N3 with S0; is ln'portant to the
fate of SC; released into the atmcsphere. The
infrared ard Raman data already cbtained at low
temperatures will be aralyzed and further experi-
ments performed to establish the course of the
reaction under these conditions.



Synthetic and Physical Chemistry
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*
1. X-RAY PROTOELECTRON SPECTROSCOPY

a. The Correlation of Vibrationmal Broadening of

ta

b. Evidence for Ilyperconjugation from an X-Rav
Photoelectron spectroscopic Study of Isoelectronic
Compounds®

Core Lines in X-Ray Photoelectron Spectra with
ialence Bond Resonance Structures?

William L. Jolly and Theodore F. Schaaf

Franck-Condon vibrational excitation contri-
butes importantly to core photo-liine broadening
in molecules. In general, the photoelectric
process yields a molecule-ion in which the nuclei
are not in their equilibrium positions. The more
strained geometry of the core-hole ion can be
represented as an ordinary chemical species by
applying the equivalent cores approximation. Then
sirple rules of classical valence bond theory
can be used to predict changes in the weighting
of resonance structures and corresponding changes
in bond orders. Thus qualitative changes in
relative linewidths can be predicted.

For example, the equivaient-cores representa-
tions of the fluorine 1s hole states of CFy and
CH;F are, respectively,

F H

' . l .
F — C — Ne and H— C Ne

| |

F H

In the case of CF3Ne*, one expects considerable
~ bonding in the C-F bonds, corresponding to
significant contributions from "no-bond' resonance
structures of the following type:

+

F
]
F—2¢C
|

F

Ne

Inasmuich as the CF3* ion would be expected to be
a planar triangular species with relatively short
C-F honds, one predicts that the tetrahedral core-
hole jon of CFy is formed in a highlv strained
state, yielding a broad line. In the case of
CH:sNe™ no 7 bonding can occur, and so the core-
hofe ion of (H3F is not formed in as strained a
configuration.

L

The X-ray photoeléectron spectroscopic work was
largely supported by a National Science Foundation
grant.

+l\bstracted from Chem. Phys. Letters 33, 254 (1975).

Steven C. Avanzino, William L. Jolly, Marc S.
lazarus, Winfield B, Perry, Richard R. Rietz,
and Theodore F. Schaaf

The shifts in core electron binding energies of
oxygen, chlorine, and carbon atoms in some gaseous
isoelectronic 1sostructural compounds can be
readily explained in terms of simple trends in
atomic charges. However the fluorine 1s 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 mumbers
of the atoms in a given series of compounds. A
core binding energy can be accurately represented
as a linear fimction of three quantities: the
atomic charge, the electrostatic potentiai due
to the other atoms of the molecule, and the
electronic relaxaticn 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 fcr estimating atomic
charges.

Consider the five series of isoelectrenic
compounds listed in Table i. 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 oi corpounds may be looked upon
as the compounds generated by the stepwise
transfer of protons from one of the fluorine
nuclei of SiFs to the silicon nucleus of that
molecule. We believe it is reasonable to assire
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, or 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



atom is probably responsible for the observed
correspunding increase in the oxygen, chlorine,
and carbon binding energies within each series.

Notice, however, that the fluorine ls binding
energies do not follow the simple predicted trend.
In both the fourth and fifth series, the fluorine
1s binding energies increase to a maximm value
and then decrease. We believe that the increase
between SiFy 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 SO;F;
and C10zF and between POFs and SNF3 is apparently
due to an increase in the negative charge of the
fluorine atoms. This increase in negztive
charge tends to decrease the binding energy;
clearly this eifect is greater than and opposed
to the effect of the increase in potential
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caused by the increase in positive charge on the
central atom.

We belicve that the increase in the negative
charge of the fluorine atoms is due to the
dominating effect cf a large increase in the
extent of hyperconjugation. Hyperconjugation
(sometimes called 'nc-bond resonance) corresponds
to the contribution of resonance structures of
the types shown below.

}l: F 0
| |
0m=p*—F o=s*—0 o=a® F
R . I
F F 0

JUS—
Abstracted from Tnorg. Chem. 14, 1595 (1975).

Table 1. Oxygen 1s, chlorine ZPS/Z’ carbon 1s, and fluorine 1s binding

energies.
EB’ eV
Compound 01s Ci ZPS/Z Cls Fls
TiCl4 205.77
vocl3 538.75) .16 205.53] o o0
Cro,C1, 538.89; o5y 206.011 008
MiO3C1 539,438 °- 207.28¢ 1-27
SiCly 206,77} 4. 39
POCl3 537.804 4 5y 207.16{ o3¢
S0,c1, §39.343 77 207.32¢
S1(Ciz)g 289.61
P(CHz}30 535.88} 1.79 290.57 1'01
5{C113)70, 537.57 291.58% °°
SiFy 694.56] ;g
POF3 538.9) 1.4 695.4 | o'g
50,73 540.3{ o5 695.4 ;"5
C10sF 541.1 694.2 177
SiFy 694.56
POF3 695.4 {gf}
695.0

N3
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<. An X-Ray Photoelectron Spectroscopic Study of
Charge Distributions in Tetracovalent Compounds of

Ritrogen and Phosphorus®
Theodore F. Schaaf, and

Winfield B. Perry,
William L. Jolly

The bonding in four-coordinate compounds of
nitrogen and phosphorus can be represented by
I. However, because

M

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, [I. When the central atom is phosphorus,
hovever, it is conceivable that the phosphorus 3d
orbitals

(imn

may significantiy participate in the bonding. In
this case, a resonance structure having no formal
charges, such as ITI, would be appropriate. The
latter structure implies pr-~dn bonding betwcen
the central phosphorus atom and the peripheral

X ligand.

I41%5) R—P =X
|

R

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(CHz}sBH3, N(CH3)30, P(CH3)3BH3, P(CH3z)3CHy,
P(QI3) 3N, P(Ci3)30, P(CHy)35, POClz, and P5Cl3.
We have also measured binglng energies for the
simpler compounds N(CHz)3, P(CH3)3, PClz, NHz,
and PH3. We have interpreted the chemical shifts
qualitatively using simple electronegativity con-
cepts and quantitatively using results from ex-
tended Hiickel theory (EHT) and CNDO/2 molecular
orbital calculations.

Although direct evidence for or against the
presence of multiple bonding in these compounds
was not obtained, certain conclusions may be
inferred from our data. If the phosphorus 3d
orbitals of the phosphorus compounds participate
in pn+dn 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, a1l of which neglecred or
minimized prw+dn interactions, the following
conclusion scems reasonable. Either the d
arbitals are of comparable importance in determin-
ing the cherge distributions of all of phosphorus
compoirds, including Pz, P{Clz)3, and PCl3, or
they do not strongly affect the Lharge Jdistribu-
tinns of any of the compounds stwiied. We believe
the latter hy-pothesis is correct.

Certain specific datz also argue against d
orbital bonding. The B 1s and U 1s binding
energies of the compounds M(LH_,);BH and M((H,)-U
are lower when M = P than when M =
result indicates that the BH; and 0 g.oup< have
a greater negative charge in "the phosphorus
compounds than in the nitrogen compounds, in
agreement with simple electronepativity predictions.
This behavior is inconsistent with the presence of
appreciable pm+dr bonding in the phosphorus
compounds .

—
Abstracted from J. Am. Chem. Soc. 97, 1839 (1975).
d. An X-Ray Photoelectron Spectroscopic Study of

Volatile Vanadium Cumpounds®

Richard R. Rietz, Theodore F. Schaaf, and
William L. Jolly

The CIELEQ electronegativity cqualization
rrocedure for calculating atomic charges has been
successfully used, in conjunction with the point-
charge potential equation, to correlate core
electron binding cnergies for a wide range of
simple organic and inorganic compounds. The
method has been parameterized for transition
metal compounds and has been used to a limited
extent for such compounds, but no systematic
study has been made of the applicability of the
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Fig. 1. Plot of experimental vanadium 2p3/;
blndmg energies versus binding energies calculated
by the "transition-state' point charge potential
cquation. Standard deviation, 0.46 eV; correlation
coefficient, 0.992. (XBL 755-6304)



method outside the main-group elements. In this
study we measuc.ed gas-phase core electron binding
cnergies for nine vanadium compounds and we drew
conclusions a%out the nature of the bonding in
these compounds from the data. This work was the
first gas-phase XPS study of a series of compounds
of a transition retal covering a wide range of
metal oxidation states.

Vanadium 2pz,, binding energies were correlated
using CHELEQ atomic charges and the "transition
state' point charge potential equation. Excellent
correlation was obtained for six compounds which
are well represented by single valence bond
structures. A plot of experimental vs calculated
binding energies for these compounds shown in
Fig. 1. In the case of the other three compounds
(i.e., (m-CgH5IV(CO)4, (m-C7H7)VICO)3, and V(CO)g),
information regarding the relative contributions
of various resomance structures and the importance
of back-bonding was obtained by camparison of
experimental and calculated binding energies.

The data indicate stronger back-bonding to the
€ ligands than to the CgHg and C7H7 ligands.

—
Abstracted from Inorg. Chem. 14, 2818 (1975).

e. An X-Ray Photoelectron Spectroscopy Study of
Volatile Tin Compounds®

Steven C. Avanzino and William L. Jolly

Core-level x-ray photoelectron spectra of
fifteen compounds of tin have been measured in the
gas phase. The measured binding energies are
given in Table 2. The tin binding erergies span
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Fig. 2. Plot of Ep(expt) vs Eg(calc) for tin

3dg/ binding energies for the following

compounds: (1) Sns(CHg)g, (2) (C4Hg) 3SNOCH3,

(3) Sn(CHz)y, (1) %CH]}_; nl, (5) (]13?3SnBr,

(6) (M3)3SnC1, (7) SnHa, {8) (CH3)25nC1z,

(9) Snlg,” (10) CHzSnClz, (11) SmBrg, (12) SnClg.
(XBL 755-6358)

Table 2. Experimental binding energies.
Eq(eV) AEp(eV)
Compound
Sn 3d5/2 Cls Cl ZpS/Z (Sn 3d5/2 ~ %n 4d5/2)

Sx‘l.H4 492.74 460.97
Sn(CH3)4 491.38 289.47 461,03
5"2((}13)6 491.01 289.27 460.85
(013]3SnC1 492.27 289.92 204.43 460.85
(CH:,’)zSnClz 493,21 290.42 204.96 460.84
CH4SnCl 4 494.06 290.98 205,52 460,92
SnClA 494.92 206.19 460.85
SnBl‘d 494.46 460.93
Sn14 493.75
(CH3) 7 SnBr 492.23 289.89 460.78
[CH3)35nI 492.02 289,81 460.80
(C4Hy) 5500CH 491.31
(CH;) ;5nMn (C0) 5 491.16 461.01
Sn(N05), 495.36
Sn(N[Sl(CHs)s]z)z 491.93 289.36




a range of 4.4 ¢V and are well correlated by the
“transition-state' point-charge potential model
equation using atomic charges calculated by the
CHELEQ electronegativity equalization method.

A plot of experimental vs calculated binding
energies is shown in Fig. 2. As expected, the
empirically determined parameter k for tin is
smaller than the k values obtained in previous
work for carbon, silicon, and germanium. For
Sn(NO3)4 and Sn{N{Si(CH3)3]2}2, the bonding can be
described as a weighted average of several
resonance structures. In these cases the binding
energy data were used in conjunction with the
CHELE]) method to determine the resonance structure
welghtings,

_—
A full description of this research will soon
appear in the Journal of Electron Spectroscopy
and Related Phenomena.

2, BORON HYDRIDE CHEMISTRY

a. Kinetics of the Reaction of Aimmonium Jon with
Hydroborate Ton in liguid Aimonia®

Thomas S. Briggs and William o. Jolly

e have studied the kinetics of the follomng
reaction in 1liquid ammonia from 25 to 45°

NH+

4 + B, > H +BH3N|—|3

4 2

In addition to obtaining rate constants and a
heat of activation, we have determined the effect
of ionic strength from u = 0.01 Mto u = 1.92 M
and have identified the principal product as
BHzNHs.

From 1logi(P=-P}/P=] vs time plots, the reaction
was found to be first order in both NHg* and BHs™.
The second order rate constants calculated from
the slopes of such plots for various temperatures
are given in Table 1. A log k vs 1/T plot of
the data gave a least-squares heat of activation
of 38.5 % 0.6 kcal/ml. Our data may be compared
with those of Gardiner and Collnt, who studied
the agueous Teaction of NHs* with BH, They
obtained a rate constant of 2.4 x 1044 M1 sec-1
at u = 1 and 25° and a heat of activation of
23 t 2 kcal/mol. at u = 0.5. The higher rate
constant and lower activation energy of the
aqueous reaction may be due to the participation,
in the aqueous reaction, of water molecules
hydrogen bonded .o the ammonium ion. A Grotthuss-
type proton transfer such as the following may
be involved:

HSN—-H-" ?—H HBH3 + HN H—? HZBH3
H H

Because hydrogen bonding is relatively unimportant
in liquid ammonia, the analogous mechanism in
liquid ammonia is unlikely.

Table 1. Rate constants in liquid ammonia at
p o= 0.9,
Temperature, °C k (I\_I_l sec™
25 5.88 x 107°
30 1.79 « 10°7°
3 5.0 x 107
a0 1.43 x 107
az 217 x 107
45 .40 x 107

The Bronsted- BJerrum method for Lorrelatmq rate
constants with ionic strength wus shown to be
consistent with our data.

[ —
Abstracted from Inorg. Chem. 14, 2267 (1975).

1. J. A. Gardirer and .J. W. Collat, .J. Amer.
Chem. Soc. 87, 1692 (1965).

b. A Study of the lydroxyhydroborate Ion

Janice W. Reed and William L. Jolly

We have shown that, in aqueous solution, BHzOH
is a more powerful reducmg reagent than Bl .
It will reduce organic_functional groups that
are not reduced by BHs . [Ethyl benzoate is nearly
quantitatively r(.duceg to benzyl alcohol by
BH30H under appropriate conditions. Several
orgaric co-solvents were used in the reaction
mixtures to improve the miscibility of the ester
and BH301 in the aqueous reaction mixtures. It
was found that by using CH3CN as co-solvent, the
best yield of benzyl alcohol, 91%, was achieved
in 43-48 hours_at 0° at a pH of 11.90. The molar
ratio of BHi0H to ethyl benzoate was 10:1.
Nitrobenzene was reduced to aniline in yields of
85% in 5 hours at 6° and pH 11.80. Again CHiCN
was used as co-solvent. The molar ratio of BHz0H'
to nitrobenzene was 4:1. Benzonitrile was
reduced to benzylamine producing yields of 85%
in 16 hours at 25° and between the pH's of 12.30
and 12.50. The molar ratio of BHzOH to
benzonitrile 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



acid‘:md acetate ion are very stable, GellsCOOM
and its conjugate base undergo the following
decomposition reactions:

. "

1
X (GcHZ)x

Gelttony 253d soln. 00+ 11,0

G _ _ hot neutral or 4
| ) .“’ “t e

c”JC(Z o mildly alkalinc l'bH4 * ('03

soln.
hot strongly

2- 3.
e SN PR
alkaline soln, ‘Hp * (e0y” * (03

Ccnscoz‘ + 301

In our study of this system during the last year,
we have shown that the first reaction follows the
rate law

-d{Gel,Co0) /dt. = kl(le’) (GeHCO0H]

and has an activation energy of 16 kcal/mol. We
have shown that_the third reaction is first order
in both (‘eH;;COZ and OH and has an activstion
energy of 22 kcal/mol. The third reaction
involves the formation of an intermediate brown
precipitate which may be Ge(0OH)2 or a polymer akin
to "(Gelh) ™.

4. RESEARCH PLANS FOR CALENDAR YEAR 1976
William L. Jolly

a. X-Ray Photoelectron Spectruscopy

The following projects are nearing completion,
and the results will soon be ready for publicatjon:
(i) a study of = bonding in cyclophosphazenes,

(ii) core bindiny energies of some metal
g-diketonates and «-diketones in the vapor phase,
and {iii) n-donor relaxation in the oxygen 1s
jonization of carbonyl compounds.

e have initiated a study of the relative
backbonding abilities of various metals in a
series of cyclopentadienyl compounds of formula
M(CgHg)2. So far, the data suggest that charge
transfer from the metal d orbitals is relatively
wnimportant in these compcunds. Our measurements
should be extended to other metals and to other
aromatic ligands. By studying compounds of the
type (n-CsHg) Ma(CO)3.x{L)y and
(m-CsH5}Co (CO) 2., (L)x, where L can be a backbonding
ligand such as PF3, P(OR)3, PR3, etc., it should
be possible to determine whether the Cgllg growp
actually engages in significant backbonding.

We plan to study the modes of coordination of
ligands (such as (0, C;iHg, C7H7, and CgHg) in
various complexes to elucidate the XPS spectra
of such molecules adsorbed on catalyst surfaces.

We propose that a four-parameter functionm,
aF + bR, be used to correlate core binding energy
shifts. The parameters a and b would be used to
characterize binding energy shifts in a particular
class of compounds, and the parameters F and R

would characterize substituent groups. We plan
to evaluate the parameters by a least-squares
analysis of binding energy data.

b. Boron ltydride Chemistry

A preliminary study indicates that the pyrolysis
of NizBlz in an ammonia atmosphere yields the new
compound BH(NHp)2. We plan to isolate the material
in pure form and to determine its physical and
chemical propertier.

The kinetics of the hydrolysis of aqueous
solutions of Rl30H will be studied. The results
will be significant with respect to the use of
such solutions in synthetic »»-uctions.

c. Germanium Chemistry

The structures of "Ge{OH)," (an amorphous
material precipitated from aqueous solution) is
unknown. It pay be a polymer containing Ge-H
bonds, and may be related to the amorphous material
"(GeHz) " formed in the decomposition of many
germaniun hydride species. We plan to investipate
the structures of compounds of this type.

We hope to prepare transition metal coordination
compounds containing the groups GeH3-, GeHs(O-,
and GeH3C0z- to permit comparison with the carbon
analogs.

d. Nitrogen Chemistry

Xitrosyl cyanide (ONCX) is a blue gas which,
according to our preliminary studies, decomposes
in the dark as follows:

30.\'(:(-—NZ¢N0+CGZ+ (CX)Z

2
We shall use !%N-labelled material (ONC!°N),
combined with mass spectrometry, to clarify the
mechanism of the decomposition reaction. The
compound has interest as a possible means fer
simultaneously adding NO and CX groups to a
transition metal complex.
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(LBL-3598).

3. S. Avanzino, W. L. Jolly, M. S. lazarus,
W. B. Perry, R. R. Rietz, and T. F. Schaaf,
Bvidence for Hyperconjugation from an X-Ray
Photoelectron Spectroscopic Study of Isoelectronic
Compounds, Inorg. Chem. 14, 1595 (1975)(LBL-3502).



1. W, B. Perry, T. F. Schaaf and W. L. Jolly,

An X-Ray Photoelectron Spectroscopic Study of
Charge Distributions in Tetracovalent Compounds

of Nitrogen and Phosphorus, J. Amer. Chem. Soc. 97,
4899 (1975) (LBL-351.).

5. S. Avanzino and W. L. Jolly, An X-Ray Photo-
electron Spectroscopy Study of Volatile Tin
Compounds, J. Electron Spectrosc. Relat. Phenom.
7, 000 (1975) (LBL-3931).

6. T. S. Briggs and W. L. Jolly, Kinetics of the
Reaction of Ammonium Ion with tlydroborate Ion in
Liquid Ammonia, Inorg. Chem. 14, 2267 (1975)
(LBL-3769).

7. R. R. Rietz, T. F. Schaaf and ¥. L. Jolly,

An X-Ray Photoelectron Spectroscopic Study of
Volatile Vanadium Compounds, Inorg. Chem. 14, 2818
(1975) (LBL-3918).

1. W. L. Jolly, An X-Ray Photoelectron Spectro-
scopic Study of Some Isoelectronic Compounds,
Sympositm on Photoelectron Spectroscopy, AUS Natl.
Mect.ng, April 1975, Phiiadelphia, Pa.

2, I, F. Schaaf and W. L. Jolly, Effects of
Chemical Structure on Reluxation Inergies in
X-Ray Photoclectron Spectroscopy, Sympasium at
Regional ACS Meeting, Hawaii, June 1975,
3. S. ¢, Avanzino and W. L. Jolly, X-Ray
Photoelectron Spectroscopy Study of T
Symposium at Regional ACS Meeting, Haw
1975.

4. W. L. Jolly, Core Electrons and Chemistry,
Calif. State lhiversity, long Beach, Calif.,
Nov. 1975,



¢. Electromechanical Systems
John Fewman, Principal nvestigater
1. ROTATING RING-DISK ELECTRODLS
Peter Pierini and John Newman

Rotating-ring-disk clectrodes are becoming
comaon rescarch tools. Thus computationai proce-
dures to expliin the behavior oi these devices were
developed for situations in which electrode kinelics
and concentration vgriations are important.] Methods
presented by Newman© for potential distributions and
conceatration variations were used. Data for the
ferro- ferri cvanide redox coupled+d taken on a
sectioned electrode operated potentiostatically
below the limiting current was well represented by
the theory and the kinetic_model developed by
Pierini, Appel and Newman.> Calculations were also
done explaining anomalows diffusion coefficients
measured with a ring electrode operated at the
limiting current and a zero net current to the disk,
by a current distribution on the disk. Collectiun
efficiencies for various modes of clectrode opera-
tion were also computed,

1. Peter Pierini and John Newman, LBL Report No.
LBL-4549 (Decers er 1975).
2. John Newman, The Fundamental Principles of
Current Distribution and Mass Transport in Electro-
chemical Cells, in Eiectroanalvtical Chemistry,
Vol. 6, A. .J. Bard, editor (Marcel Dckker, New
York, 1973), p. 187.
3. W. H. Smryl and J. Newman, .J, Flectrochem. Soc,
118, 212 (1972).

Sl)\', H. Smryl, private commmication {(Japuary
1975).
S. P. Pierini, P. Appel and .J. Newman, LBL Report
No. LBL-3715 (February 1975).

2. CURRENT DISTRIBUTION ON A MSK ELECTRODE FOR
REDOX REACTIONS

Peter Pierini, Peter Appel and John Newman

Current and concentration distributions on a
rotating disk electrc de were computed for a general
surface reaction wheie the product concentration
must be included in the analysis. The possibility
of muitiple or side reactions was cxcluded but the
results do apply to multi-component reactions.
Attention was further restricted to the case in
which the effects of migration on the reactants and
praducts could be suppressed by a supporting elec-
trolvte. Equations were developed and implemented
to determine the concentration variation of the
supporting electrolyte, extending Newman's orig_’l’nal
ema]ysis1 to an arbitrary mmber of components.=

1. J. Mewman, Electrochemical Systems, (Prentice-
Hall, 1973), pp. 359-364.

2. P. Picrini, P. Appel and J. Newman, LBL Report
No. LBL-3715 (February 1% 5},

3. THE DEPGSITION OF COPPER FROM AN AQUEOUS SALT
SOLUTTON CONTAINING TRON ANDY COPPER CHLORIDE
COMPLEX INNS

Ralph thite, Jim Traintam, and John Newman

A desive to limit the enyirunmental pollution
assocjated with the commonly practicec technique of
leaching copper from its ore with sulfuric acid has
interest in a little-used copper ore refining tech-
nique. The technigue uses a concentrated agueous
salt solution as a leaching agent. One stream that
exists in this process contains iron and copper
complexed with chloride. It may be economically
desirable to design an electrochemical cell to
remove the copper from this stream directly rather
than first removing the iron, as is often done now.
We are conducting a feasibility study to determine
if such an electrochemical cell could be designed.

4. THE FLUID MOTION GENERATED BY A ROTATING DISK:
A COMPARISON OF SOLUTION TECHNIQUES

Ralph White, Charles M. Mohr, Jr., Peter Fedkiw
and John Newman

The set ~f coupled, nonlinear, ordinary differ-
ential equations for the fluid motion of a rotating
disk which arise from von K&rmin's transformation
to the Navier-Stokes cquation were solved by an
extension of Cochran's method and by five diiferent
nimerical techniques.is?

The results of the extension of Cochran's
method are the most accurate values avaijable for
the characteristic parameters, a, b, A, B, and .
The values are:
= 0,51023262
= -{1,61592201 R
0,92486355
= 1.20221175 , and
= 0,88447411

[ R
»

The five mmerical techniques used to solve
the set of governing equations with appropriate
boundary conditions are:

1) Simultaneous solution, as a boumdarv-value
problem, of the coupled, linearizeg equations
by the method developed by Newman.”

2} Two techniques of extending the above
method to order accuracy h*, where h is the
mesh interval.

3} A decoupling by improper linearization.
in an iteration cycle, the equations are solved
one by one and not simultaneousiv.

4} A ''shoot-and-correct' method with Runge-
Kutta integration.
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This study indicates that Newman's method is
the most convenient, reliable, and direct solution
technique.

1. R. white, C. M. Mohr, Jr., P. Fedkiw and
J. Newman, LBL-3910 {1975).

2. R. White, C. M. Mohr, Jr., LBL-4161 (1975).
3. J. Newman, IEC Fund. 7, 514-517 (1968);
UCRL-17739 (August

S.  CREEPING FLOW THROUGH A PERIODICALLY

CONSTRICTED TUBE
Peter Fedkiw and John Newman

¥ork has begun on microscopically modeling tie
mass transfer characteristics in a porous packed
bed reactor with creeping flow. The flow channels
are envisioned as a grid of periodically constricte
tubes. This idea was develsped by Pavatakes, et al.
The Nusslet numbers for this geometry will he
calculated.

1. A. C. Payatakes, Chi Tien, R. M. Turian, AIChE

, Vol. 19, No. 1, 58-76 (19/3)

6.  MULTIPHASE EQUILIBRIA TN SYSTEMS CONTAINING
WATER, HYDROCARBONS AND VOLATILE WEAK ELECTROLYTES?

‘Thomas J. Edwards, Toshikatsu Hakuta, John Newman
and John M. Prausnitz

The vapor-liquid equilibria behavior of vola-
tile weak electrolytes plays an important part in
the proper design of poljution-abatement processes
in industrial complegxes.® A themmodynamic framework
has been formulated” which calculates the equilib-
rium compositions of aqueous systems containing one
or more of the volatile weak electrolytes — ammonia,
carbon dioxide, and hydrogen sulfide. The pr-sent
model is valid from 0 - 100°C and for low solute
concentrations. Projected processes (coal-gasifi-
cation and liquefaction), however, demand that the
present temperature and compos:iticn ranges must be
extended to higher values.

Due to the scarcity of available data, an
apparatus has been constructed allowing the sampling
and analysis of a three-phase system (vapor, hydro-
carbon, and aqueows) containing these weak electro-
lytes up to 175°C and 30 atmospheres. The results
of these experiments will be used in a new, improved
theoretical model of the system. Equations are used
to describe the activity of weak electrolytes in
concentrated golutions which are in agreement with
Pitzer's work? on strong electrolytes.

*This work supported by the National Science Found-
atijon. T.H. is supported by the Science and Tech-
nology Agency of Japan.

1. M. R. Beychok, Aqueous Wastes from Petroleum
and Petrochemical Plants, (John Wiley & Sons,
Tondon, 19673,

2. T, J. Edhards J. Newman and .J. M. Prausnitz,
AIChE J., 21, 248 (1975).
5. K. 5. Bitzer, J. of Phys. Chem. 77, 268 (1973).

7. MAXTMM EFFGCTIVE CAPACITY IN AN OHMICALLY
LIMITED #OROUS ELECTRODE*

William Tiedemann and John Newman

A model based on ohmic considerations was
developed1 for optimizing the performdnce of porous
electrodes. Fquations were developed which predict
the optimz electrode porosity and thickness as a
function of the solution and solid phase conductiv-
ities, specific charge capacity, separator conduc-
tivity and thickness, current density, and the
allowable ohmic loss. Treatment of the porous LiAl
electrode was presented as an example.

"Kork supported by Globe-Union, Inc., Corporate
Applied Research Group, Milwaukee, WI 53201,

1. J. Newman and V. Tiedemann, .J. Electrochem.
Soc. 122, 1482-1485 (1975).
8,  PRIMARY RESISTANCES FOR RING-DISK ELECTRODES

Joseph J. Miksis, Jr. and John Newman

A system consisting of a disk electrode, a
concentric ring electrode, and a large counterclec-
- -ode at infinity has threc independent resistance
values descrihing the primary potential difference
between any two electrodes when current is passed
between any two electrodes. These resistance
values were calculated and are presented as dimen-
sionless corrclations as functions of the ratios
of radii of the disk and ving in Figs. 1-3.

1. J. J. Miksis, Jr., M.S. Thesis,
{November 1975}.
2. J. J. Miksis,
(July 1975).

LBL-4537

Jr. and J. Newman, LBL-1106

9.  MASS TRANSIER TO A ROTATING DISK IN
TRANSITION FLOW

Charles M. Mohr, Jr. and John Newman

An experimental study of mass-transfer to a
rotatlng disk electrode has been employed to deter-
mine an empirical correlation for the mass-transfer
rate in the Reynolds wumber regime lying between
simple laminar and turbulent flows. This domain,
apparently characterized by a regular vortex pat-
temn. was found to extend f{rom a Rc\gmlds numher
of 2.0x%10°to approximately 3.0 > 10° The resultant
cortelation for the average transfer rate, in terms
of dimensionless husselt, Reynolds, and Schmidt

numbers, is
M = 0.89x10%Re” 2513 & 9.7 107 PReTse /3,
1. C. M. Mohr, Jr., Ph.D. Thesis, LBL-3913

(October 1975).
. C. M. Mohr, Jr. and J.
(August 1975).

Newman, LBL-4145
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10, THE EFFECT OF SURFACTANT ON THE INTERFACTAL
VELOCITY OF A BUBBLE OR DROP

M. Douglas LeVan and .lohn Newman

Stream finctions were derived for a spherical
droplet in creeping flow with an arbitrary surface
tensjon gradient at its interface., The stream
finctions are used to shaw that the interfacial
12locity is retarded near the rear of the droplet
when a trace of surfactant is present in the con-
tinuous phase and surface aging is contrelled by
diffusion. The effect on teminal velocity was
also evaluated.

11, ELECTROCHEMICAL REMOVAL OF SILVER IONS FROM
PHOTOGRAPHIU FINING SOLUTIONS USING A POROUS
FLOW- THROUGH ELICTRODE*

John Van Zee and .John Nowman

Silver ions wers removed from a simulated
pnotographic fixing solution by using a porous flow-
through electrode. A feed of 1000 mg/¢ of silver
was reduced to less than 1 mg/f€ in a 5.5 am thick
bed and to less than 10 mg/¢ in a 4.0_cm thick bed.
The fiow rate in both casgs was 22 am®/min across a
superficial arez of 61 em®, Side reactions reduced
the current efficiency to 45% at these low product
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concentrations. Cptimization of incremental power
costs and recovered silver suggests that further
reduction of silver concentration is cconomical.

*work supported by the University of California.

12, T AND POTENTTAL DISTRIBUTTONS IN
PLATING CORROSION SYSTEMS

William H. Smyrl and John Newman

The numerical determination of current and
potential distributions for plating corrosion sys-
tems has been accomplished. The distributions
depend on characteristic parameters for the disk
anode and surrounding plane cathode and also reveal
that each of the electrodes influence the other due
to their proximity. The results were applied to an
array of disks and it was found that the corrosion
potential of the system is a I<nezr function of the
area ratio of anode to cathode. This may be con-
trasted to the Ilogarithmic dependence found when
ohmic effects are neglected.

15, INTEGRAL TEST FOR CONSISTENCY OF VAPOR-LIQUID
SQUILEBRIUM DATA

John Newman

This test can be used over a restricted range
of composition, is essentially independent of the
values used for the vapor pressures of the pure
components, and avoids any differentiation of
experimental data.

1. .J. Newman, LBL-3934 (June 1975).
14.  ENGINEERING ANALYSIS OF SHAPLE CHANGE IN ZINC
SECONDARY ELECTRODES*

King W. Choi, Drannan Hamby, Douglas N. Benmnion,
and Joi: Newman

Shape change, the redistribution of active
material over the surface of the zinc electrode as
a result of cell cycling, is caused by convective
flows driven primarily by membrane pumping effects.
A mathematical model is formulated on the hasis of
the above hypothesis for the zinc-silver oxide
secondary cell, The model vields numerical predic-
tions of material redistribution and fluid flow
rates which can be compared to experiment. The
results suggest that shape change can be eliminated
if the convective flow in the zinc electrode com-
partment parallel to the electrode surface is

stopped.

Data on zinc-silver oxide secondary cells are
used to evaluate the convective flow hypothesis on
the cause of shape change in zinc electrodes. Two
cell designs have heen used. A cell with flooded,
vented clectrodes which allows normal convective
flow has been used to study fluid flow rates and
material redistribution under convective conditions.

v

A second cell, designed to minimize convective flow
in the zinc electrode compartment has been used to
study material redistribution wnder conditions of
limited convective flow. Experimental results are
presented which are supportive of the convective
[low hypothes

*Work supported hy the U.5. Air Force, Air Force
Systems Command

1S, REMOVAL OF HEAVY METALS IN VERY DIIMIE
SOLUTTON USING POROUS FLOW- THROUGH FLECTRODE
REACTURS

James A, Trainham and John Newman

Three mcml‘ions in particular are being
considered: Cd', Hg**, and Pb**. Preliminary
results on the removal of Hg** ion from brine solu-
tions has been quite successful. A [eed concentra-
tion of 3 mg/2 has been reduced to less than 10 pph.

Problems have been anticipated with hvdrogen
evolution in the removal of Ph** and Cd** ions and
suitable electrode materials which will reduce this
problem are being tried.

A criteria for determining the lowest attain-
able concentration in a porous clectrode reactor
has been developed and was discussed at the annual
mecting of the AIChE.

16.  CURRENT DISTRIBUTIONS BELOW THE LIMITING
CURRENT [N POROUS FLOW-TIROUGH FLECTRON,
REACTORS

James A, Trainham and .John Newman

A computer program is being developed which
models the behavior of a porous flow-through clec-
trode reactor operat.ng below the limiting current.
The program incorporates side reactions which will
allow an optimization of the curvent density versus
the current efficiency. The arogram forms the
basis for the design and optimization of single
and multiple reactor systems,

17, RESEAR(H PLANS FOR CALENDAR YEAR 1976

John Newman and Associates

The dissolution rate of cadeiim hydroxide from
cadmium will be measured by utili-iag a rotating
ring-disk clectrode. The nickel-cw'mium hattery
will be modeled.  Lxperimental inwc:tigations of
mass transfer in turbulent Flow with ring-disk
systems will he developed. [Fluid [low near the
cquator of & rotating spherc will he further inves-
tipated numerically. Modeling of thi seriodically
constricted tube will be continued,  oalysis of
an ivon rotating disk under passivatic: kinetics
will be initiated.

18, 1975 PUBLICATIONS AND REPORTS

John Newman and Associates
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*1. Hege A, Mas<aldi, Iehn Newman and €. Judson
Ring, “Maxisum Droplet Growth When Cooling a Sata-
rated solution”, Chem, Ing. Sci. 30, Sn3-Sab (1975,

2. Charles ML Mohr, Jr. and John Newman, “Miss
Tramsfer to an becentric Rotating Dish Flectrade”,
. Plectrochem, Soc, 112, w2R-931 {1075,
(1BL-2717)

*3. Jlohn Sewmun and Witliam liedesann, “Maximay

Fftective Capacity in an Ohmically Limi Poreus

Electrode', o Flectrocher. Soc. 122, HS2- IS5
(BRI -
A1, Thomas 1. Ldwards, John M. Prauspit:z and John

Newman, “Thermodynamics of Agueous Solu_jons
mul‘nmm, Volatile Weakh Llectrolytes", AlCht 1
21, 2d8-239 (19753,

“Porous
Althl

3, John Newman and William Ticdemann,
Electrode Theory with Battery Applic.iions",
G021, 25-41 (1975 (LAL-31T).

*v.  John Newman and William Tiedemann, "bouble
lavee acity Determination of Porous Electrodes™,
J. Blectrochem. Soc. 122, 70-71 (1975,

Fapers Presented

. “Ingineering Anmalvsis of Shape Change in Zinc
Secondary Blectrodes.” I, Ixperimental (with King
w. {hoi, Irannan Hamby and Douglas N. Bernnion,
Hamhy presenting the paper). General Session of
the Battery Division at the Iallas meeting of the
tlectrochemical Society, October &, 1975,

2. "Analysis of Furous Llectrodes with Sparingly
Saluble Reactants.” I11, Short Time Transients
twith fliram Gu and louglas X. Bennion, who presented
the paper). Geneval Session of the Battery Division
at the Imllas meeting of the Electrochemical Society,
Octoher 9, 1975,

3. "Removal of Lead Ions {rom Dilute Solutions
Using Porous Flow-Through Electrode Reactors™ (with
J. A, Trainham, wh> presented the paper), Symposium
on Electochemical Methods in Water Pollution Control
at the los Angeles meeting of the Amevican Institute
of Chemical Engineers, Noveber 20, 1975,

*Not funded by MMRD.

4, "Primary Resistances for Ring-Disk Electrodes,
Lecture at the Labaratoric Physigue des Liguides et
ilectrochemice, Yniv-reity of Paris \1, September
11, 1uma,

5. "™ass Transfer in the Transitional Region orn
a Rotating Disk," Lecture at the Technical Chemistry
Cotloquium, Swiss Federnl Institute of Technolopy,
Zurich, September 14, 1475,

v, "knginecring Analvsis of Shape Change in Zinc
Secondany Llectrodes.” 1, (with King . Choi,
Drinnan by, and Mouglas N, Bennion, who prescnted
the papeyy,  General Session of the Hattery Division
at the Dellas mecting of the Electrochemical Society,
fwtober ¢, 1975,

L. keports
1. Ralph White, Charles M. Mohr, Peter Fedkiw
amd John Newsan, “The Fluid Motion Generated by a
Rotating Disk: A Comparison of Solution Technigues™,
I BL-3910 (November 19750,

2. loueph John Miksis, Oy,
for Ring-bisk Flectrades™, M.S. Thesis,
tNovember 1

“Irimary Resist-
LR}~

3. Peter Pierini, Peter Appel and John Newman,
“Current Distribution on a Disk Electrode for Redox
Reactions™, LBL-3715 (Februarny 1975},

1. Peter W, Appel and Jchn Newman, “Application
of the Limiting-Current Method to Mass Transfer in
Packed Beds at Very Low Revnold: Numbers', LBL-1517
{November 9751,

5.  Chavles M, Mohr,
ing Flectrode Systems",
(October 19753,

Jr,, "Mass Transfer in Rotat-
Ph.D. Thesis, LBL-3913

6. HKalph White, Charles M. Mohr, Jr. and John
Newman, “The Fluid Motion Due to a Rotating Disk™,
LBL-4161 {August 1975y,

7. Charle< M. Mohr, Jr. and .John Newman, "Mass
Transfer to a Rotating Disk in Transition Flow”
LBL-4145 (August 19753,

8. Joseph J. Mik
tance for Ring-Disk Electrodes”,

sis, Jr. and John Newman. "Primary
LBL-4106 (July

%, Juhn Newman, "Intcgral Test for Consistency of
Vapor-Liguid Equilibrium Data", LBL-3864 {(June 1975).


file:///nulysis

d. High Energy Onidizers and Heavy Element Chemistry

Nell Bartiet:, Prineipe] Dwestiaror

P.  PREPARATION OF GRAPH!ITE FLUOROSULFATE AND RORON
NITRIDE FLUOROSULFATE

Neil Bartlett, Richard : argioni and Kevin Leary
Graphite and graphit: - boron nitride each
interact spontancously w:th high purity
peroxydisulfurridifiver: e, $206F2 at room tempera-
ture (~ 20°C}. The 520y, » is prepared in the hich
purity, desirable for th s synthesis, by the
sequence of reactions:  oF2 + 2HOSO.F - 2F +
\e(OSO»F)» Se(O§O-F]7 AR S'-ﬂ(,rv The
$205F2"is"in equilibriw with the $03F radical
which has a high electror affinity. “As SOz is
incorporated into the gr phite or boron mtrldo
there is an accompanying <welling which occurs
along the ¢y axis of eac of the hexagonal
svmmetry materials. The limiting composition at
ordinary temperatures apy cars to be Lp%ﬂ sF o (at
least for pyrolytic graphire) but for the BN,
case may be as high as (F\)4S0zF. These salts are
blue and are good conduc rs o clectricity.

The boron nitride sal*
example of such a deriva
nitride. Although many . raphite salts have been
described over the vears few claims have heen
advanced for intercalatic . Lom;l)(nmds of BN and
those few have been conte-ted.! Thix difference
in behavior of graphite a.d BN could have significd
a difference in the bondi: ; in the two materials.
Indeed it has heen argued that the hondmz in the
BN sheet involves only si-ple BN bonds.:

represents the first
:ve of graphitic horon

X-ray powder photograp s indicate that the
graphite and boron nitride salt analogues are
isomorphous and are hexagcnal. It appears that
the interatomic distances within the graphite or
boron nitride sheets do not change since ag is ip
each case a simple numerical relative of a, for
the parent material. The ¢ is considerable expan-
sion a]ong cg- For Cy,S0sF and its boron nitride
analogue tie X-ray powaer photographs indicate
that ¢, is ~ 6 A or a simple multiple of that
vajve. This is in hammon: with the intercalation
»f a single layer of appr. ximately tetrahedral
SO3F-~ ions between each pair of adjacent graphite
or boron nitride sheets. The inter-sheet spacing
for graphite is 3.35 A an. for BN is 3.33 A,

Some observations whic. we nave made indicate
that the oxidation of the :\ and the graphite
occurs in stages as pchi- 1sly described for
other graphite salts.

1. W. Rudorff, Advances in Inorganic and
Radiochemistry 1, 261 (1958).

2. “Comprehensive inorganic Chemistry',
J. C. Bailar et al. eds., Pergamon Press, Oxford
1973, Vol. 1, n. 918.

+

20 INTERACTION OF o, Wi <1,

Neil Barriett and Richard Biargieni

The carlier findings of Richardson! have been
confirmed but no Jv:g;lsi\'v characterization of the
purple adduct of V2" and Cl, has yet been achieved.

1. T. .. Richavdson, 'h.Dv.
1973, LRL-3183,

Thesis, U0, Rerbeley,

3.0 SUBSTEIUTED UF(‘ COMPOUNDS

Ronrad Seppelt and Meil Rartiett

the compound Uii*Tet 51y, has been prf.‘,n.'lred] by
the following routes:

U« 2Bpalel. i, o+ thoilely o+ 28,
6 RI) Ely 3

L SR T T U I R G I R o £
o N R 2L

4

It is a vellow cr 1lline solid, m.p. 160°C, which
sublimes in vacuo to vield well formed crystals,

A crystal Strscture has been completed” and this
shews the solid to be a close packed assembly of
U(Melg)y units.  The U atom in U(0TeF35)e is
OLt’thjrdll\ coordinated in oxygen atoms mnd cach
Te atoms has an approximately octahedral coordina-
tion in the five F ligands and the oxvgen atom.
The U-C-Te angle is 170°,  In spite of the ligard
crowding about the U atom the compound hvdrolyses
readily in moist air.

Efforts to isolate other pure compounds in the
series FU(0TeFg)g.x always resulted in mixtures, i
our hands. ¥ MR spectra of the orange ligquids
produced by mixing UFg with less of the Olef,
containing reagent than necessary to bring ugout
full substitution of the UFg F-ligands always
gave evidence of mixtures. The 0TeFg groups are
identified hy their characteristic AB; spectrum
which are secn ~ 50 ppm from CFClz as standard.
The F ligands bound to uranium are located between
750 and -820 ppm (CFC13 standard} and such a
region is shown in Fig. 1. In all cases, 12 lines

3

e on,

“F NMR of RUOTR), .

1. 19 chemical shifts (relative to (ﬂl 3) for
onded to uranium in the series Fy U0l
?\{m /h Rnlu)

;e
g
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TABLF 1. F MR data of the compounds FU(OTeFe) . Only uranium
bonding fluorine dtoms are listed, Sﬁ.i EI.Z, CFC13 standard.
ppm JAB (Hz)
U'F‘3 -764.0
FSU- OTeI-'S AB_: -759.5; B4: -785.7 9
cis - F(0TeF,), ARy Ay 77255 Byr -T86.4 14
trans - FJUlOTcFS], -802.4 --
-778.3 -

SV - FSU(O’I'OFS):;

asym - I-SU[[)’;"QE‘S)3 .-\B2
cis - 1:111(01'ch)4
trans - F:U(OTCY-SEJ
1-'[](0']'(‘1:5)5
U(OT(‘FSlb

Byt -8U6.2 g

were observed in this region. The strong line at
=764 ppm is due to Uk, The other lines are
assigned as indicated in Fig. 1. On the basis of
these assignments, which are tabulated in Table 1,
the correlation shown in Fig. 2, of chemical shift
of ¥ bonded to U, against tne total mumber of

prm (PO trans
T Q trene
-82g
Joey | A X
SN
-9490 RUOTeRY -
-950 | FURTRY 3. X MR, 00TeF,
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) _."x P‘U(O'h?); trans
-970 . V_X;y:'u(o‘hr,y-yn
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-990
fluorine atoms
1 e 3 4 5 6 ’
Fig. 2. Carrelation of the chemical shift of the

uranium bonded fluorine against the total number of
uranium bonded fluorine atoms. The resonances are
found o two lines: fluorine atoms standing trans
to another fluorine atom are on the lower line,

fluorine atoms in trans prsition to an OTeFg groups
are found on the upper line. (XBL 753-6000)

uranium - bonded F atoms, was derived. Evidently
all compounds FyU(OTeFg)g.yx ogcur. Moreover,
the line intensiries in the 19F NMR spectra
indiceted that the occurrence of cis and trans
isomers of FyU(OTiFg),, symmetric and asymetric
FU(UTeFg )5 and cis™and trans Fyui(QTeFsly is
cssenria?ly as anticipated on the basis of chance
replacement of the UFg F ligands.

i. K. Sejpelt, Covalent Compounds of Uranium,
(hemische Berichte, in press. LBL-3991.

2. K. Seppelt, L. K. Templeton, D. H. Templeton
and N. Bartlett, to be published.

4, RESEARCH PLANS FOR CALENDAR YEAR 1976
Neil Bartlett

Delocalized-Electron Solids. Graphite and
boron nitride salts will be further investigated.
Special attention will be given to the oxidation of
well eriented graphite and BN samples. The depen-
dence of the properties upon the composition and
structure will be studied. The oxidation of anthra-
cene, borazires, carboranes and other aromatics to
vield salts of the aromatic cations, Aromaric*X™,
(with X=50;F", AsF() will alsc be attempted since
the electron distribution in such cations should
provide insight into the electron delocalization
in the more extended systems.

Electrochemistry. The anodic oxidaticn of SO4F”
and Rty will be studied. Simultaneously an effort
will be made to exploit graphite salts such as

C[3505F" as anode materials.

Further Studiss of O Salts. The 0;'. Cl, adduct
will be tur-her studicd. This probably” involves a

novel Lewis acid-lewis base interaction in which r*



electrons of cll-l are qengted to the empty n* orbival

of 0;. The 0,F radical molecule may exist at
ordifiary températures and eiforts will be made to
generate it in ponderable amounts. Coordination
of 0} salts by crown ethers may provide for dissol-
utiofl of the O, salts in ether solvents.

5. 1975 PUBLICATIONS AND REPORTS
Neil Bartlett and Associates
Journals and Books

1. A, H. Cockett, K. C. Smith, N. Bartlett and
F. O. Sladky, The Chemistry of the Monztomic
Gases", Pergamon Press, Oxford (1975), 330 pages.

2. Neil Bartlett, Argo, "Enciclopedia della
Chirica™, USES Edizioni Scientifiche Firunze,
{19 ) veol. II, pp. 127-131.

3. Neil Bartlett, Cripto, "Enciclopedia della
Chimica", USES Edizioni Scientifiche Fircnze,
(19 ) Vol. IV, pp. 128-132.

LBL Reports

1. Neil Bartlett and Kevin Leary, Qrinquevalent
Gold Salts, LBL-4166. (Accepted for publi-ation in
the issue of "Revue de Chimie Minérale", .edicared
to Professor Wilhelm Klemm,)

2. Neil Bartlett, Boris Zemva and Lionell Graham,
1BL-4195. (Accepted for publication 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 Pailadium, (Ph.D. Thesis), LBL-3746,
(May 1975).

Invited Lectures

1. "The Chemistry of OE", at tie University of
Victoria, Victoria, B.C., Canada, on February 7,
1975; and Simon Fraser University, Bumaby, B.C.,
Canada, on April 30, 1975.

2. "A New MF4 (M=Rh, Ir, Pd, Pt) Structure Type
and Its Relationship to Mg, MFy and MF, Structures”,
at the Symposium on Solid-State”Chemist¥y of Fluo-
rides and Oxyfluorides at the 169th American €hem.
Soc. Meeting in Philadelphia, April 9, 1975.

3. '"Noble-Gas Chemistry and Its Significance",
Phi Lambda Upsilon Award Address, the University of
Nebraska, Lincoin, Nebraska, October 16, 1975.

4. "Superoxidizers — From O; Salts to C(’F4L Salts',
Chemistry Department, University of Nebraska,
Lincoln, Nebraska, October 17, 1975,



C. MOLECULAR AND ATOMIC SCIENCES

L.CHEMICAL PHYSICS

a. Energy Transler Processes in Organic Solids

Churles Harris, :wincipal Investizator

1. BMISSION AND REFL JTANCE SPECTROSCOPY OF
AROMATIC IIYDROCARBONS \MSORBED ON CATALYTIC METAL
SURIFACIS *

Antonio R. Gallo, Charles B. Harris and Mary Jane
Shultz

The study of surface phenomena and the
interaction of molecules adsorhed on surfaces
has received much attention. \arious tools have
been developed to probe surface properties. These
include low Energy Electron Diffraction (LEED),.
Auger Electron Spectroscopy (AES), Photoelectron
Emission Spectroscopy, and Multiple Reflection
Infrared Absorption Spectroscopy. Areas of
interest include the mechanism of adsorption, 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 ycar we have developed a UHV system
that incorporates LEED, AES and quadrupole mass
spectroscopy that is capable of operating over
a large temperature range. The system will be
used to develop phosphorescence and reflecrion
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 monclayers
(or less) on a variety of transition metal and
alloy surfaces; (Z) to develop optically detccted
magnetic resonance (OMMR) as a technique for
studying the molecular and clectrenic structure
of these molecules adsorbed on catalytic
surfaces; and (3) to apply the powerful methods
of phosphorescence crowave doible resonance
(PMDR) to surface « lies to determine what expli-
cit changes in the . 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 LEF and AES. The investiga-
tion will start with th (111} and (100) surfaces
of nickel and the nickel iligh 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 meta) 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 it 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 108 molecules per mpé. Monolayer covgrage for
these molecules is 1011 molecules per mé. We
expect that measurements of a 0.1% coverage will
yield a good signal-to-noise ratio.

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 liguid helium cooled sample tip
(cf. Figs. 1 and 2) to be used in these studies.
We should be able to achieve a base pressure of
10"11 Torr over a sarple 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 light, 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 first order at the surface. This is

>

UHV
Chomber
Variable
Temperature
Cold Tip

I (reflected)

4
1 (incidence)

Fig. 1. Schematic of cold tip and sample
orientation relative to plane of incident light.
(XBL 762-6381)
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Fig. 3. Schematic of the model system used to
calculate relative absorption of adlaver on a
metal substrate showing clectric field amplitudes
Fig. 2. Cold tip assembly with a nickel crystal and optical constants of the isotropic layers.
sample. (XBB 764-3531) {XBL 761-6323)

due to a 180° phase shift of the incident wave
upon reflection. As a consequence, it would scem

that molecules absorbed on the surface would be media shown in Fig. 3. The E's are mathematical
difficult to detect by optical methods. Such sums of a1l waves which are traveling in the
is not the case when grazing incidence geometries directions shown in each medium. By imposing
are considered. boundary conditions on hoth E and Il in the wave
equations, one obtains a set of coupled equations
This can be seen by writing expressions for in the I''s in terms of two parameters, o and B.
propagating electromagnetic waves in the isotropic These ar~ as follows:

(1) (cosd)) (] + E]) = [(ope0sb,)/ (ny - iky)1(E; + Ej)
@) nl(EI - E]) = (ny - ikz)(E; - Ej)
(3) {E; expl(-21D/x) (8, + ia,c084,)] + E; exp[(ZnD/A) (8, + foycosp,) ]}
x [{m,c050, - 18,)/(n, - ik,)] =
{E; expl(-21D/A) (B + i0;c0505) 1} (azc0ses - B3)/(ny - ikg)]
(4) {exp[(-2nD/A) (8, + iazcos¢2]]Ez - exp[(2nD/A) (B, + ia2c05¢2)]E£}

x (n2 - ikz) = exp[(-ZﬂD/A)(Bs + iascos%)]E;(n.’ - ik3)

where
. - . .22 2,2
a; = n151n¢1/51n¢j (G =2,3): of - 8] = n; kj,
. = n.k./a.coss. .
By = njkj/ogeos;



b 1:42004

e 13-000
8l- A3z 14i-253 -1
HICKEL BULK)
6~

P
1

ABSORPTION COEFFICIENT (xi03)

™

1 1 1 N I 1 by i
0 20 40 60 80
¢, (deg)

n
2]

~n
H
T

N
3
H

[
1

X =54,000 A
fiz= 1.3-0.0 ¢
3=492-12.4 i (NICKEL BULK}

N
F

@
@

ABSORPTION COEFFICIENT (xi04)
® 8 8 85 @
T T T T T

Jlacn

Fig. 5. C(alculated relative absorption versus
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Fig. 4. Calculated relative absorption versus
angle of incidence for a weakly allowed electronic
transition. {XBL. 761-6325)

The important quantities are not the amplitudes
but rather the ratio of the intensity of the
reflected beam versus the incident beam. This is
given by the ratio gf the mydulus square of the
E's, i.e., R = [E1]%/[E{|2. A convenient fom is
the absorption factor A= (RY - R)/’RO, where R
is the reflectance of the svstem when the organic
layer is not ahsorbing, i.e., k2 = 0, Although
the cquations are complex, they arr easily solved
by computer iteration pracedures for a given set
of optical parameters.

The results of these calculations are important
insofar as thev define the experimental geometry
for any particular experiment. Typical plots of
absorption factor versus angle of incidence are
showri in Figs. 4 and 5 for a nickel metal
substrate with an absorbed organic laver having
optical <onstants typical of weakly allowed
electronic triunsition (Fig. d) and/or mederately
strong infrared transition (Fig. 5). We note
that there is a marked change of optimum angle
of incidence for the two wavelengths.

[
Partially supported by NSF.

2. THE USE OF THERMAL MODULATION SPECTROSCOPY 1N
T STUDY OF ENERGY TRANSFER PROCESSES IN CRYSTALS

Alan R. Bums, Charles B. Harris and Marc E.
Tarrasch

By utilizing che technique of controlled heat
pulses in molecular solids, the phenomena of
phonon-induced trap-to-trap excitation migration
and spin-lattice relaxation processes in eicited
states are being studied. tHeat pulses have long
been used *n investigations dealing with second
sound propagation in liquid and solid helium.

‘The distinct advantage of the pulse method over
conventional steady state temperaturc experiments
lies in the temporal and spatial resolution of the
detected thermal modulatien.

Small single ¢rystal samples are placed in
thermal contact with a thin film nichrome resistor
that has been vacuum evaporated on a polished
quarts substrate (cf. Fig. 1), Short duration
useC to msec) current pulses are applied to the
resistor, resulting in the generation of a wide
band of high frequency phonons centered ar und
kTy/h, where T} is the temperature of the thin
film. The theoretical basis for the experiments
hss been derived starting from the Stephan-
Boltzmann cqustion for blackbody radiation:

Prya = @ %Yshchad - M

from which the temperature of the thin film can
be calculated. In the above equation, ! is the
current through the thin film resistance Ry having
an effective area A, € is the velority of sound
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EXPERIMENTAL APPARATUS FOR
MICROWAVE-HEAT PULSE MULTIPLE RESONAN_ c

X~
o™
-
—

—F

A Quortz substrote E Crysiai
B Cu leods F 50 n microwove line
C  Gold {thin fiim) G Slow wave helix
D SO0a Nichrome H Support
(thin tilm)

Fig, 1. Apparztus for heat pulse experiment.
(XBL 761-6347)

in the thin film, and T is the ambient bath
temperature.

When the product of the phonon Bose-Einstein
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 cbtains an expression for the net flux of
phonons of frequency v propagating into the crystal
sample:

Ny = A@m /CHT expthv/kT) + 117
eV A U B ©3)

Th phonon transmission coefficient T 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 T;. When Eq. (2) is
integrated over all frequencies greater than
that required to delocalize a "trap" state, 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 temperature,
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
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HEAT PULSE POWER (WATTS)

Fig. 2, The calculated phonon flux vs heat pulse
power {’or phonons having energies greater than
22 ant. (XBL 761-6204)

flux for the range between 22 cm™} and 307 em”!
(the cutoff for nickel films) is shown in Fig. 2.

a. Thermal Modulation of Trap and Exciton
Phosphorescence

At temperatures below the A point of liquid
helium (2.17°K), there exists a non-Boltzmann
distribution of excited states partitioned among
the erciton band and the multiple traps in a
crystal of d3-TCB. At temperaturcs above the A
point, the partitioning approaches a koltzmann
distribution. It is expected that the thermal
modulation of the two differcnt relative
population distributions of the trap and the
exciton states will induce different changes in
the respective phosphorescence intensities. This
can be seen in 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 photonultiplier 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 subscquent
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 in
the non-Boltzmann region (Fig. S5) and the
Boltzmann region (Fig. 6}. It is evident that the
nature and the extent of the heat pulse-induced
delocalization of trap states can be controlled
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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.ount of input power, and hencc one can
extract relative phonon cross-sections for
promotion to the exciton band.

h. Thermal Modulation of Triplet State Spimn-
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. In 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 modulati?n of
the h;-TCB trap state which lies 1456 cm™~ below
the band states of durene. The population
redistribution n€ the spin sublevels upon
application of a heat pulse can be analyzed in
temms of the rapid increase in the rate of
phonon-assisted spin lattice relaxation.

c. Kinetics of leat Pulse Induced Energy
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 ir. delocalization and wmigration., These
experiments involve the application of a heat
pulse at a specific time during the course of
the microwave pulse sequences. Since the phonon
flux through the crystal is a function of the
heat pulse power, it 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 hy-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 lifetime 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 1073 sec, since
phonon-electron interactions in metals are very

rapid. llowever, the thermal response time of
{
i PHGSPHORESCENCE RESPONSES
TO A 03 msec, 208 W HEAT PULSE
006 % Hy, 50%HD IN D,TCB
BATH TEMPERATURE =3 3°k
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Fig. 4. ‘fhe 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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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)
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Fig. 7. Phase-detected thermal modulation and

microwave-induced changss (PMDR) in phosphores-
cence intemsity for hz-TCB in durene. The

initial non-Boltzmann spin distribution of the
hy-TCR 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 1, sublevel (by,) and a
concurrent increase in the emissidn from the 1.
sublevel (ag). The microwave field simply inverts
the 1, and T, populations (mw pulse), so the
phosp?;omscence changes differ quantitatively

but not qualitatively from the thermally modulated
spectrum. (XBL 761-6214)

the :rystal 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 is umpertant therefore that

s
[

HEAT PULSE INDUCED ODELAYED PHOSPHORESCENCE
1,2,4,5 - TETRACHLOROBENZENE IN DURENE
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Fig. 8. Measurement of the lifetime of the long-
lived or "dark' T, 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 thuii tumed off; thus cne
sees a rapid decay of light emitted from the
“*fast 1, sublevel and the much slower decay from
the 1« shblevel. At delay times corresponding
to mitiple lifetimes of the 1y sublevel, a heat
pulse is triggered. The amoun¥ of populaticn
left in the slow T, sublevel is then rapidly
equalized among a1f three sublevels, resulting
in a jump in the emission intensity (A1) from the
Ty sublevel, The insert shows that the jump in
1ight intensity vs the heat pulse delay time
yields the lifetime (T,} of the 1, sublevel.

(XBL 761-6203)

some of these features be experimentally deter-
mined. To this <ad, work is now in progress
using a fast (< 107° 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 modilation process.

The rapidity of the bolometer response time and
the locotion of the bolometer with respect to
the crystal surface opposite that in contact with
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the heater film will provide a different temporal
resolution of the modulction 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 TPANSFER IN SOL1DS:
DETERMINATION OF AVERAGE COHERENCE LENGTH ON ONE-
DIMENSIONAL SYSTEMS USING TUNABLE DYE IASERS*

Charles B. Harris, Robert M. Shelby and
#hmed H. Zewail

The coherent nature of energy propagation in
molecular crystals at low temperatures was
studied via the time-resolved phosphorescence
respcuse of the cristal 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
techniques to two systems, 1,2,4,5-
tet*rachlorobenzene (TCB) and 1,4-
dibromonsiphthalene (DBN), which exhibit one-
dimensicnal triplet exciton band structure.
the DBN system the presence of miltiple
localized states helped in exploring the many
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KINEYICS OF BAND-TRAP INTERACTIONS.
TCB CRYSTAL

T i
7 / / Exculon Band
Ki Ko a
K, K
CJ t
So
Fig. 1. Kinetic model for a ccupled system of

one trap and a onc-dimensional triplet exciton
band. K;j and K, are the trapping and detrapping
rate constants respectively, while K, and K¢ are
rate constants for decay to the ground state of
the exciton and trap levels respectively,

(XBL 757-6633)

routes of commmication between the band and traps
which must be understood in order to further
elucidate the nature of cohcrence in this system.
liowever, the complexity of this system does not
allow an unequivocal demonstration of coherence
at this time. Such is not the casec, however,
with the simpler TCB system. In this case, only
one trap is mteractmg with the band, and the
bandwidth (~1 coml) is small compared to the trap
depth (21.3 cm1).  This allows the dynamics to
be described by a slmplc kinetic model, and a
minimm 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 Fips. 2 and 3 at two different
temperatures. By fitting the kinetic cquations
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.
data and fit to the theoretical model is shown
in Figs. 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 minimm coherence length for

The
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EXCITON AND TRAP PHOSPHORESCENCE RESPONSE TO
LASER PULSES {Snsec
1CH NEAT CRYSTAL

T=i25K

Phosphorescence (O=bpg! Intensity

E€rcitan
Kl 3 L 1 { i ! !
[ 25 50 75 00 125 150 175
Time {msec)
Fig. 2. Thosphorescence response of ncat TCB to

pulscd laser excitation in the low temperature/
slow detrapping regime. Note that the exciton
decay and trap build-up rates are similar.

{XBL. 757-663%)
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Fig. 3. Phosphorescence response of neat TCR to
puised laser excitation in the high temperature/
fast detrapping regime. Note that the exciton and
trap decay at the same rate and no trap population
build-up is observed. {XEL 757-6640)
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Fig. 4. Temperature dependence of steady state

phosphorescence emission of the x-trap oripin of
neat TCB crystal. The solid curves were
calculated for different values of the exciton
chain length by assuming a Boltzmann distribution
of population among the band and trap states,

The bandwidth was taken as 1 cm-) and trap depth
as 21,3 em 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 trap
population build-up rate constant, a_. _The solid
curve corresponds to the best fit for X, /No, and
gives the values of Ky vs 1,'T shown in Fig. 6.
The dotted curve corresponds to values of Ky
obtained from the plot of a_ vs 1/T (see Fig. 7).
(XBL 757-6641)
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Fig. 6. Detrapping rate constanc vs 1/T obtained
from the solid curve in Fig. 5 and calculations
based on the kinetic model. AE represents the
energy difference between the trap level and the
intermediate which is assumed to be active in
mediating phonon-assisted detrapping.

(XBL 757-6642)

excitons in molecular crystals at low tempera-
tures: fpjp > 700 A = 186 molecules. This value
of the mezsured 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 BETWEEN MULTIPLE LOCALIZED
STATES IN MOLECULAR SCLIDS STUDIED BY ZEROFIELD
OPTICALLY DETECTED MAGNETIC RESONANCE

Charles B. Harris, Alan . 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.d
by their respective zero point energies and
charge distributions, in addition to their

T T T T T T
EXPERIMENTAL VALUES AND CALCUL ATED CURVES|
FOR a.vs I/T
TCB CRYSTAL
0o00H 4 -
\
) —aE 20cm!
v
'IVAR!
2 4Ex \“ Kg* 80 sac™!
‘:!' 5emd \ 1 Ky 223 sec”!
1000}~ -
K= 250 sec”!
e
100 L 1 1 L L 1
oz 03 04 05 [o1-3 o7 o8 09

Fig. 7. Calculated fits to the data for o_, the
trap pepulation build-up rate vs 1/T. The solid
curves were calculated from the model equation
using the values of Ky vs 1/T from Fig. 6. The
curve for Kj = 125 sec™l corresponds to

K¢ = Ko = 23 sec™® rather than the values shown
in the figure. The dotted curve is the best fit
to a_, and the corresponding values of Ky vs 1/T
were used to calculate the dotted curve in

Fig. 5. These latter calculations give a value
of AE of 20 cm 1. (XBL 757-6643)

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 mclecule, 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 geometrics
of the molecules in the lattice.

In an attempt to understand the rather complex
processes of molecular enzrgy transfer, one would
like to choose as simple a system as possible.
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Fig. 1. Zero field microwave transitions of

1,4-dibromonaphthalene traps and exciton. The
exciton resonances together with the error are
represented by the dashed areas. The two points
represented by solid triangles are the monomer
and dimer frequencies. B represents bipheuyl,
I} represents dichlorobenzene, and XN represents
naphthalene. (XBL T45-6407A)

In view of the strong influences of geometry on
energy transfer. various investigators have
naturally gravitated to the study of one-
dimensional host bands with the intent that this
would be the simplest of systems that contains
all of the phenomena of interest. Using the
knowledge gained from this situation, onc could
then apply it to understand the dynamics of
multidimensional energy migration in hoth the
coherent and incoherent limits. Further, the
manifestations of these migration processes in
both optical and EPR spectra could answer many
auestions pertaining to the dynamics of spin
interactions between traps and excitons. The
triplet band of 1,4-dibromonaphthalenc (PBN) has
heen shown to approximate @ one-dimensional
s¢stem quite well. In addition, the pair
structure in isotopically mixed crystals has been
identified from both optical and EPR spectra.
For these reasons, a systematic studv by double
resonance spectroscopy of the localized states
of DBN, both as a dilute guest in host crystal
and as a trap in the neat crystal, was umdertaken.

The kinetic parameters associaied with the
various “localized" triplet states have been
determined. 7These include the relative inter-
system trossing rates, the relative radiative
rates from the spin states to the electronic and
vibronic origins, and the total depletion rates
from the individual spin sublevels. The results
of these studies indicate that the correlation
of the magnetic structure of trap states and the
energy difference between traps and a host band is
not straightforward, even for onc-dimensional
systems (see Fig. 1)}. Moreuver, these results
imply that spin exchange and equilibrium between
traps and band states can severely influence the
dynamics of energy migration and must be
incorporated into any temperature dependent line
shape analysis of the exciton transitioms,

particularly for DBN because of the similarity in
trap and exciton iR frequencies.

5, DIRECT ANI' INPURECT ENERGY TRANSFER IN ONE-
IHMENSTONAL SOLIDS

Charles B. Harris, Mark T. lewellyn and Atmed h.
Zewail

A full understanding of the mechanisms and
pathways for cnergy transport in real molecular
crvstals can only be obtained by considering the
important effects of lattice imperfections such
as dislocaticns, impurities, and other types of
eneryy traps. Both optical and magnetic resonance
studies have shown that excitations are transferred
among different trap sites by at least two
distinct processes. The first involves the direct
exchange of energy between trap sites via a
virtual coupling with the host states while the
second is an indirect pathway involving the decay
inta delocalized host states [exciton band),
migration in the band, and retrapping. These
processes are illustrated in Fig. 1 for the
excited triplet state of an one-dimensional,
isotopically mixed 1,2,3,5-tetrachlorobenzene
(ICB) crystal.

BAND-TRAP AND TRAP-~TRAP INTERACTIONS
IN TCB MIXED CRYSTAL

e A
%// Tk x/clll,t.gg/Band 7

'f

i H
| ! A{HD)
! 1
! |
HDA.’TJﬁJQ’\J\M’
A{Hy)
F=F
53
=
1
ct Ll He
c (
X=H,D

So

Fig, 1. A schematic for the structure of the
excited triplet state of isotopic TCB crystals.
A is the trap depth, and Hz or iD refer to the
different isotopic species. The solid arrows
represent emission to the ground state or
trapping to trap sites; emission of the exciton
to the ground state is not shown. The dotted
arrows represent detrapping processes to the
band and the wiggly double-arrowed line represents
the communication between traps via a "direct”
wmechanism. (XBL 75,-1397)
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Fig. 2. (A) A schematic for the spin locking

pulse sequence and the hypothetical phosphores-
cence responsc. (B) A typical decay of a spin
locked triplet statc spin ensemble of the 0.06% h>
crystal. (C) and (D) show plots of the promotion
rate constant vs 1/T for the 0.06% and 5% crystals,
respectively. The AE values associated with the
promotion processes approximate the h; (22 cm™')
and hd (11 cm™*) trap depths. (XBL 755-1405)

Details of trap-to-trap energy transfer in
isotopically mixed crystals of TCB have been
studied using a variety of techniques including
pulsed electron spin coherence experiments and
steady state luminescence studies. These
experimental tools were utilized to investigate
the effects of temperature and trap concentration
on excitation transfer between monoprotonated (hd)
and perprotonated (hz) traps in perdeuterated TCB
host crystals at low temperatures (< 2.2°K).
Optically detected spin locking experiments
vielded kinetic information on the absolute promo-
tion rates of excited state population nut of the
h; traps to higher energy hd traps and host dz
states.

By examining the temperature dependence of the
promotion rate constants (see Fig. 2), it has
been determined that in crystals containing low
hy trap concentrations (0.06%) promotion is
predominantly to the band states of the host,
favoring an indirect exchange mechanism, while
in crystals containing higher hy trap concentra-
tions (5%) promotion is predominantly to hd trap
states, indicating a direct exchange mechanism.

Application of these cxperimental techniques
to other one-dimensional systems is currently
being investigated.

6. ENERGY TRANSFER DYNAMICS IN SUBSTITUTTONALLY
DISORDERED SOLIDS USING A TUNABLE DYE LASER

Charles B. Harris and Dirk A. Zwemer
Many solids are characterized by structural

and/or substitutional Jdisorder on the molecular
level. Energy transport in these systems is

248

particularty dependent on such disorder and often
shows sharp discontinuities in the region of a
criisesl i v concentration, intermolecular
spacing, or temperature. wh Ttugh, 2 example
wotild be electricil conduction in amorphous semi-
conductors at the limits of theoretical tracta-
bility. Our approach has been to investigate the
details of the migration of electronic excitation
in disordered molecular soiids, where advantage
can be taken of thc "one-dimensional conduction'
nroperties of certain organic compounds.

One system studivd was a mixture of perproto(h;)-
and perdeutero(ds)-1,2,4,5-tetrachiorobenzene (TCB)
with an additional low concentration impurity,
pyrazine. In such an isotopic mixture the
crystal structure and chemical properties remain
constant along the molecutar chains and only the
differences in energy of the first cxcited triplet
electronic states of the three randomly dis-
tributed species (see Fig. 1) define a disordered
potential surface. 'The energy partitioning
between hp-TCR and pyrazine, which are energy
“traps' with respect to the dz-TCB exciton band,
reflects the abiiicv of the triplet exciton to
migrate between hz-FUR traps.

Briefly, the triplet exciton can either be
localized on a h2-TCB molecule, or travel to
another such molecule, by two procasses:

(i) thermally activated promotion into the
delocalized energy levels of neighboring dp-T1CB
molecules, or (ii) by direct quantun-mechanical
tunneling through intervening molecuies to another
trap. After some average number of these jumps,
the triplet exciton will firally reach a pyrazine
molecule, which being at much lower energy traps
it completely until it decays back to the ground
state. If the migration is sufficiently rapid
that most of the excitation reaches a pyrazine
mclecule within the triplet state lifetime, the
phesphorescent emission observed will be pre-
dominantly that of pyrazine, ev:n though the
pyrazine concentration is orders of magnitude
smaller than that of h;-TCB. The experimentally
adjustable parameter is the average distance be-
tween hz-TCB localized wave-functions, which is

i J@
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Fig. 1. Energy levels of first excited triplet

states in three component mixed crystals.
(XBL 761-6327)



RELATIVE PYRAZINE PHOSPHORESCENCE INTENSITY
vs ho~-TCB CONCENTRATION AT 1.7 °K

T T T T
1O~
3
T o8-
P
+
c;.' o6
<
i 041
OZF
OJ\ Lo
(o) 20 40 60 80 100
PERCENT hp - TCB
Fig. 2. [Experimental dependence of relative

supertrap phosphorescence on h>-TCB concentration.
phosphorescent states excited directly with dye

laser tuned to hy-TCB triplet origin. Intensities
of h;-TC# and pyrazine were integrated over first
150 A of spectra. (XBL 761-6326)

Tunneling Times

Barrier Size Bn T

(# dy- TCB molecules) cm™) (sec)
[ 3.9x1072 2.14x107°
2 5.1x107% 184%10°7
3 67x10°7 1.24x107°

- g(By L

B,= B (4 YR
B = neorest neighbor interoction energy
A = borrier height

Fig. 3. Interaction energies and exciton timneling
+imes between localized h2-TCB bands assuming
resonant _transfer, FExciton lifetime is

23 - 1073 sec. (¥BL 761-6340)

controlled by varying the concentration of hp- and
dy-TCB in a series of mixed crystals.

The excited triplet state is prepared with a
nitrogen-pumped na.row line tunable dye laser.
This has scv-ral adventages over conventional
wroadband illumination. First, a single energy
level can be selectively excited so that energy
transfer pathways can be unequivocally identified.
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Relative Pyrozene Phosphorescence at
1.6°K Following 10 ns Pulse into the
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Fig. 4, Experimental dependence of relative

supertrap phosphorescence on h2-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 1low
the molecule to be excited directly into the
triplet state in spite of the iow transition moment.
Consequently, effects from migration within the
singlet band 2ve eliminated along with high local
exciton densities which can lcad to vrap satura-
tion, biexcitonic annihilation, and othker non-
linear effects. Third, the ten narosecond
duration of the dye laser pulses allows additional
information on the exciton migraticn 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 eg:ipment.

In order to separate thermally-uctivated proces-
ses from direct trapnsfer, tne first experiments
were done at 1.7°K, In a classical nne-dimensional
conductor, appreciable pyrazine phosphorescence
shouid not appear until h-TCB concentration
reaches the limit of 100%. Experimentally, a
stesp rise between 90% and 100% (see Fig. o)
indicates that barriers of two or three d-[C3
molecules are the rate-determining features of
the substitutionally disordered one-dimensional
system for a 23 msec triplet lifetime. Figure 3
lists the appropriate tunneling times for a given
barrier in these systems. At these high hp-TCB
concentrations, we must consider long-range
intermolecular tunneling interactions tc explain
the data. The data also permits us to set upper
limits on the translational inequivalent
interartion between molecules on different linear
chains.



Energy transfer in the triplet manifold is
consicerably different than in the singlet. This
can i~ 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 concentration in the
h> species.

STUDIES OF NONRADIATIVE DECAY OF ENERGY FROM
IMPURTTY STATES INTO DELOCALIZED BAND STATES IN
SOLIDS USING OPTICALLY DETECTED ELECTRON SPiN
COHER:NCE™®

fienry C. Brenner, John C. Brock and Charles B.
tiarris

The efficiency of energy transfer im 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
exciton bard where it can decay to the ground
state, "'retrap” at the same impurity site, or
delocalize and migrate to another impurity site.
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 lattice temperature.

Quantitatively, the probability per unit time
of a localized state |1 interacting with a

single phonon P(e) of energy ¢ and decaying into
a specific band state |k) via an intermediate
state |rj ) having energy Tj is given to the
second order by

i
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2
The term (a(e)p|(eP) [HplTiPle - Ej)|T gives
the probability for creating the ‘ntermediate ty.
ne) ¥y is the average mumber of phonons having
energy ¢ at temperaturc T given by the Planck
distribtion function times p(e), 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 cnergy [ above
the localized state is given by

[¢v;Ple - E i lkPee - M To(E) (2)

where o(Ej) is the exciton density of states
function evaluated at Fj.

The total probability per unit time for the
phonon-assisted promotion of a localized state
to che exciton band, Ky, is obtained by summing
over all phonons with cnergy ¢ = Lj and then

DECAY OF LOCALIZED STATES INTO DELOCALIZED BAND STATES
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Dependence of the Exciton "Quontum Yield" on the Host Density of Stotes
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Fig. 2. Quantum features of the vuantum yield
for excitation delocalization upon thermal promo-
tion of localized impurity states as a function
of temperature and impurity concentiation. The
ordinates for 0.003% and 6% crystals are not the
same. (XPL 76T-6328)

summing over all intermediate states [rj) which
have energies Ej equal to the energies of the
band k states, i.e.,

Koom 2 X Ko ®

k e>E.
1
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Fig, 3, Experimentally measured values of the
rate constants for promotion of h2-TCB iocalized
trap states in d2-TCB to the d7-TCB exciton band
(solid circles), and for hz-TCB trap-to-trap
migration {open circles). The rate constants
Kp and Ky were measured versus temperature by
means of optically detected spin locking and
adiabatic demagnetization in the rotating frame,
respectively. {XBL 745-64101
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Fig. 4. Quantum vield for hy-TCB trap-to-trap
migration in d7-TCB. The quantum yield given
by the ratio of the migratiun rate constant to
the promotion rate constant represer:ts the
fraction of trap spins which migrate to other
traps after promotion to the exciton band.

(XBL 745-6409)

At low temperatures, however, the phonon distribu-
tion function will weight the values of Ky so
that X, will effectively represent detrapping to
a relagively 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 berween
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) )y by ofe) exp(-e/kT}. Figure 1 shows the
calculated values for Eq. (3) in the narrow band
limit for two diffecent bands. 1t is seen that
to a good approximation the data is in substantial
agreement with theory (cf. Fig. 1).

Using optically detected spin locking, we have
measured the rate constant for thermal promotion
of localized states as a function of temperature
and imurity 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 ky for trap-to-



trap energy migration, to determine a quantum
yield for the delocalization of excitations upon
thermal promotion.

The qualitative features of the dependence of
the quantum yield on temperature aad concentration
have been determined and are presented in Fig. 2.
A more quantitative investigation of the concen-
tration dependence is currently in progress, a
study requiring a more detailed interpretation of
both the spin locking and adiabatic demagnetiza-
tion experiments. Results for a single concentra-
ticn, based on a simplified interpretation of the
data are presented in Figs. 3 and 4. From this
data we can conclude that as the remperature
increases, the retrapping of the exciton to the
same lattice site increuses, because the coherence
of the exciton is rapidly destroyed.

—_—
Partially supprrted by NSF.

8. ENERGY EXCHANGE BETWEEN MOLECULES 1IN COHERENT
STATES*

Henry C. Brenner, John C. Brock and Charles B,
Harris

A theoretical treatment of the effect of
energy exchange between molecules in non-equivalent
orientations (cf. Fig. 1) has been undertaken in
order to study the effect of such excitation
transfer on the properties of an ensemble of
coherently coupled multilevel systems. The

4 -

“— — NON EQUIVALENT EXCHANGE
df=—fp EQUIVALENT EXCHANGE

Fig. 1. Resonant energy exchange routes between
coherently coupled molecules. (XBL 761-6329)
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development has revealed that the magnitude of
the effect on the censcmble's coherent component
depends not only on the relative orientations
of the molecules involved in the transfer, hut
also on the phase of the coherent superposition
state, a result of some importance if the
exchange rate is large compared to the inverse
coherence time.

Application of this treatment to the problem
of exchange among excited triplet states in
substitutionally disordered moleculur crystals
has led to a prediction ot the additional loss
of the optically detected coherent component
produced in spin locking, free induction decay,
and spin echoes due to non-equivalent transfer
of triplet excitations.

This work not only permits a more yuwantitative
interpretation of spin coherence in excited triplet
states cxperiments, but also provides a basis for
wnderstanding the effect of various relaxation
phenomena on the induced coherent component in a
laser media.

9, ENERGY MIGRATION IN ONE-DIMENSTONAL MOLECULAR
SOLTOS

Charles B. liarris and Mark T. Lewellyn

Optical and pulsed microwave--aptical double
resonance spectroscopic techniques have been used
to great advantage in detailing the nature of
energy migration in one-dimensional, isotopically
mixed crystal systems such as 1,2,4,5-
tetrachlorobenzene. 1These techniques are heing
extended to other one-dimensional systems.

Structural parameters for one-dimensional

Fig. 1.
{XBL 762-6380)

organic exciton conductors.



tahle 1. One dimensional exciton systems,

d 2 @
1,2,4,5 tetrachlorohenzene  3.86 3.53 66°
1,2,4,5 tetrabromobenzene 4,02 3. 66 66°
1,3,5 trichlorobenzene 3.82 3.45 65°
1,3,5 tribromobenzenc 4.08 3.58 62°
1,4 dichlorobenzene 3.99 3.60 65°
1,4 dibromobenzene 4,10 3.56 59°
1,4 dibremonaphthalene 4.09 3.70 65°

3.82 3.03 e
pyrimidine 3.81 3.58 70°
1,3,5 triaziae 3.69 3.6 9n°

In Tuble 1 we list some of the systems which
shouid exhibit ane-dimensional exciton conduction.
In Fig. 1, the one-dimensional structure of
1,2,1,5-tetrachlorobenzene is illustrated along
with parameters ussociated with the structural
homologues in Table 1. Pyrimidine is particularly
interesting because of the large one-dimensional
exchange interaction between the translationally
equivalent molecules. Studies of this system are
of special interesi since the crystal structure
rimidire lcads to the formation of two
distinct, one-dimensional, excitonic syvstems.

The experimental aspects of this project, which
are still in the initial stage, have involved the
synthetic preparation of isotopicaily mixed
prrimidine crystals as well as the spectroscopic
studies mentioned above.

10.  sTub OF EXEF g S AND
PLFCTRON-TOLE PATR RECOMBINAT N SOLIDS
AN SIMPCONIRICTORS USENG PG TROSCOPY
Charles B, Harris, Robert M, Shelby and

Ahmed H. Zewail

The study of muny aspects of energy transfer,
in particular those related to radiationless
transitions or in\’ol\'i.n;, vibrational energy trans-
fer and relaxation, b: comp]uatod by the
extremely short (1077 to 19° 12 sec) time scales
involved. The technique of picosecond laser
speciroscopy, although presenting considerable
instrumental difflicnlties, circimvents the
poorer time resolution of more conventional
techniques through the use of mode-locked lasers
as sources of ultra-short pulses of high
intensity, coherent light. These pulses are used
to excite thc- system, and then to spcctroscoplcal-
1y monitor the state of the system at some time
following excitation, thus reflecting the time
evolution of the system in the interim.

Specifically, it has been shown that it is
possible to prodice coherent vibrational
excitation of organic molecules in the liquid

phase using the phenomenon of stimulated Raman
scattering. The decay of both the coherence and
the vibrationally excited populatian itself can
then be monitored via the intensity of the
coherent and incoherent anti-stokes scattering,
respectively, of probing pulses of light. We
have constructed a mode-locked Nd-glass laser,
and using pulse selection and laser amplification
techniques, are initiating a series of experiments
with two basic goals in mind: (i) to study
vibrational encrgy relaxation and vibrational
energy transfer in solids, and (ii} to study the
dvnamics of electyon-hole pair recombination in
large band gap semiconductors. The aim of the
latter experiments is to understand the relation-
ship of surface band bending and electron-hole
pair recombination rates to the physics of the
photoelectrolysis of 1120 at semiconductor
surfaces.

11, RESEARCH PLANS FGR CALEADAR YEAR 1976

Charles B. Harris

a4, lnergy Transfer from Organic Monolavers to
Netal and Semiconductor Surfaces

The objectives of this program are to determine
the mechanisms for redistributing the energy in
phatoexcited molecules into the surface states
of metals and semiconductors, with the ultimate
goal of understanding and developing materials
useful in the surface photoelectrolysis and for
obtaining high conversion of photoeneryy into
carriers in semiconductors.

b. The Use of Triplet States in Organic Solids
as_a Probe of the Molecular and Electronic
Structure of ~Wdsorbed Molecules on surfaces

It is the purpase of this program to continue
to develop and adapt the methods of emission and
reflectance spectroscopy to aromatic and
azaaromatic hydrocarbons adsorbed on transition
metal, alloy, and organic surfaces, and to
develop optically detected magnetic resonance
as a technique for characterizing change induced
in the molecular and electronic structure of
these molecules by physi- and chemiadsorption.

In particular, we are initiating a series of
experiments to clucidate the bonding of a variety
of aromatic hydrocarbons to the Ni(111) and Pt{111)
surface. It is our intent to develop reflectance
spectroscopy as a tool (i) to measure chemiadsorp-
tion bond energies on specific sites of the metal
surfaces, (il) to determine which molecular
orbitals of the aromatic hydrocarbon participate
in bonding to the surface, and (iii} to determine
what the orientation of the adsorbed molecule is
relative to the surface plane. It shonld be
noted that we are six months ahead of schedule at
this time. Last vear we anticipated completion
of the instnmentation late in 1976 and had not
planned on simultaneously initiating the
theoretical program.

c. Picosecond Studies of the Photoelectrolysis
of Hp0 on_Semiconductor Surfaces
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We are initiating a series of combined laser-
surface experiments to elucidate the mechanism
for the photoelectrolysis of Hy0 to Hy on 02 on
TiO; surfaces. In particular, we want (i) to
deterrune the role of band bending present at
different single crystal TiOp surfaces to the
photoelectrolysis process, (ii) to locate the
active site for photoelectrolysis of W0, 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 0 and Hz
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
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Detection of Coherence in Excited States and Its
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(LBL-2739).

2.
Electronically Excited Dimers.
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be Nuclear Magnetic Resonance Studies

Zobert E.

Jonnick, Frineipal Investd

1. NUCLEAR MARETIC RESONANCE STURIES OF HYDRATED

METAL TONS

a. Effect on Water lability of Partial Complexing
of Xickel Ton by Tminodiacetate lon

Thomis V. Rowland

The nickel iminodiacetate complex has two
geometrically different

c
|
¢
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~
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H,0

a
™~ o1,

HZO

types of water, i,e., one type trans to the nitro-
gen and the other cis to the nitrogen, with the
latter twice as abundant as the formmer. Nuclear
magnetic resonance linewidth and chemical shift
measurements of oxypen-17 in the bulk water were
made from 0° to 140°C in order to determine the
rutes of exchunge of the boind waters. Tiwo

distinct rates were jound: one slow exchange site
with kag® = 5,3 » 10 sec™] and two equivalent
fast exchanging sites with kxg® = 2.4 ¥ 10° sec”!

Consideration of the duia and comparison with
water exchange rates for other systems leads to
the conclusion that bond strain about the
coordinated nitrogen, which is partially relieved
by the elimination of one of the two waters cis to
the nitrogen, is the most important factor in
producing the greater rate of cxchange from the cis
positions, These results are in agreement with
carlier studies on the water exchange from the
nickel nitrilotriacetate complex and serve to
establish the importance of bond strain of coordi-
nated ligands in labilizing neighboring positions
on metal jons. The studies were extended to the
bis iminodiacetate complex of nickel ion to yield
appreximate values for the fraction of the time
one accetate amm is dissociaced and the vate of
water exchange at such a "dissociated" position.

b. The Rate of Lxchange of Water Molecules from
the Second Coordination Spnete of Chromic fon

William L. Earl

Although estimates and limits have been set on
the rate at which waters in the second coordination
sphere of metal ions exchange with waters further
out, now actual measurcments have been made. In
the present study the values of the longitudinal
and transverse relaxation times and the chemical
shift of oxygen-17 in aqueous solutions of chromic
ion were determined {rom ca. 10° to 100°C. From

the data was calculated an average lifetime of
1.0 = 10710 sec for a water molecule in the second
coordination sphere of chromic ion. This lifetime
is appreciably longer than the calculated lifetime
for self diffusion in pure water and consequently
wust reflect the electrostatic attraction between
the charge on the Cr3* and the dipole moment of
the water molecules.

¢, The Lifetime of Water Molecules in the First
Coordination Sphere of LCuropous Jon

Professor Thomas H. Norris of Oregon State Univ.

In a continuing program to determine lifetimes
of water in the first coordination sphere of metal
ions, the rare carth bivalent ion EuZ* was invest-
ipated. While most rare carth jons are not
amenable to such studies by nuclear magnetic
resonance because of their extremely short
electronic relaxation times, gadolinium in the +3
oxidation state is an exception since its half
filled f orbitals vield no eclectronic orbital
angular momentum. Europous ion, with the same
clectronic structure, therefore scemed a Jogical
candidate. After considerable difficulties with
the absolute exclusion of oxygen from the system
and the establishment of acidity conditions where
the oxidation by hvdrogen ion was not too serious,
measurements were made of line widths and chemical
shifts from, ¢, 0° to 80°C, Using unpublished ESR
data for Lu®* obtained by Mvers and Pratt, it
appears that scalar coupling interrupted by chemi-
cal exchange is the principal mechanism of NMR
relaxation of oxvgen-17 of the water. The data are
still heing calculated but it is cvident that the
water exchange on Euc* is extremely rapid.

d. Computer Modeling of Exchange Reactions on
Metal Tons

Robert E. Connick and Berni Alder of the Lawrence
Livermore lLaboratory

Attention has been focused on establishing in
two dimensions the rigor of the method being used
to sample rare events Statistically. Since ex-
change with a high activation energy becomes very
improbable, it is not possible to have the computer
track the particles until a significant number of
events occurs. Instead one particle is held in a
ring around the center particle and allowed to
cquilibrate, when it is suddenly released and
followed forward and backward in time. If the
particle is near the activated complex, it has a
reasonable chance of making a net crossing of the
reaction barrier, The detailed motiens of all
particles cun be followed for such an cvent on the
computer. ln addition the ratico of collision< on
the outer wall to imner wall of the particle con-
fined in the ring can be obtained for a series of
just touching rings ranging from the central
particle to the position of the activated corplex.
The continued product of these ratios gives the
probability of finding the particle at the position
of the activated complex. Runs are being made at
relatively low activation energy to make sure that




the data obtained from the ring calculations agree
with those from straighforward tracking of the
particles with no rings present.

2. RESEARCH PLANS FOR CALENDAR YEAR 1976

Robert E. Connick

This research is directed toward the understand-
ing of reactions of metal ions in solution where a
ligand attached to the metal ion is replaced by
another ligand. Such reactions commonly occur in
chemical processes and are frequently of importance
in biological systems. The iminodiacetate complex
of nickel ion has been investigared in sufficient
detail to yield the rates of water exchange for the
two geometrically different water sites, with the
conclusion that bond strain in ... amino acid
ligand labilizes the waters cis to the nitrogen.
Studies of the bis complex gave rough values for
the fraction of the time an acetate am is dissoc-
iated from the nickel and for the lifetime of
waters coordinated at such sites. An attempt will
be made to measure the rate at which the two
oxygens of a carboxylate group of the bis complex
interchange their positions from nickel coordinated
to noncoordinated. In addition it is hoped that
the present controversy in the literature over the
identification of the N\R spectra of the two bis-
isomers can be resolved and the rate of isomeriza-
tion measured. Nuclear magnetic resonance measure-
ments of oxygen-17 on water exchange rates will be

S6

made on the symmetrical and unsymmetrical ethylene-
diamine diacetate complex of nickel ion to yield
further information on the bond strain effects and
carboxylate labilizing effect since the data
presently aveilable cannot be used to resolve
these effects unambiguously.

Work on the computer simlation of ligand
exchange reactions will be continued. Once the
method for sampling rare events is proven, the
computations will be extended to three dimensions.
One of the biggest problems in such calculations
is knowing what data to ask the computer to record.
khile this was adequately resolved in two
dimensions, going to the next higher dimension
raises many new questions which will have to be
answered.

3. 1975 PUBLICATIONS AND RETORTS

Robert E, Connick and Associates

LBL Reports

1. Thomas V, Rowland, Oxygen-17 NMR Studies of
the Rate of Water Exchange from Partially Complexed
Nickel Ion, Ph.D. Thesis, l.BL-3122, October 1975.

2. William L. Earl, Oxygen-17 Nuclear Magnetic
Resonance Studies of the Second Coordination Sphere
of Chromium (III) in Aqueous Solution, Ph.D. Thesis,
LBL-3712, November 1975,



¢. Electron Paramagnetic Resonance
Aollie J. Myers, Frincipal Investigator

1. MAGEETIC INTERACTIONS FOR Cu®*-Cu™ and

Ni2*-NiZ* PAIRS IN ZnSe0 61,0
Michael R. St. .John and Rellic J. Mvers

In our previous studies we determined the
magnetic Jexchange interactions between the
\x(HZO)(, +7mn~. 1n7x--\1'~»(\4 o6H20 and other ions
such“as Cus* and V*
Since cach 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 \.l[l\f(k[or]l\ solve, i'or the
net cxc)-.m;_e 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 larpest
exchange interactions come from hvdrogen honded
nearest neighbors. In order to check this
assumppon we have substituted sufficient Cu°*
and Ni<* into the isostructural I Sc-h 6111 2
give a reasonabic mumber of Cu=*-Cu* and Ni=*-xi2*
pairs.

The resulting clectron paramagnetic resonance
spectra arc quite complex. In addition to various
types of weak pair spectra there are also intense
single jon 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, cach with its own set of
coordinutes relative to the magnetic field axis.
Nespite these difficulties we have solved for the
isotropic exchange parameter for both pairs. OCur
values do indicate that next neurest ncighbor
exchange is only about 20% of nearest neighhor
exchange. liovever, 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-NiSOs¢ 6120 than our simple molecular
field model would indicate.

Recently, inorganic chemists have synthesized
a mmber of transition metal complexes which
contain closely coordinated metal pairs. The
techniques that we have developed for the piirs
in ZnSe0y- 61,0 should “e directly applicable to
these pair complexes which are model compounds
for homogeneous catalysis.

2. MAGNETIC RESONANCE STUDIES OF CATALYTIC
COORDINATION SITLS 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 an Fe(I11) 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. Wg have
succeeded in replacing the iron with Cu’* and VOZ*

substituted 1nto this lattice.

in probe the structure of the site.
groper pH and in the presence
of imidazole, tn~ Cul* EPR spectrum shows
splittings du= t. nitrogenous ligands. Computer
simulation of vhis spectrum reveals that there are
four nitrogen nuzle. of the coordination sphere
of the copper ion. A study of the copper content
of the protein as a fu ction of pH and the
knowledge that the \-tverminal amino acid is
‘lated shows the copper to be bound by
histidine residues, as well as coordinating one,
or two imidazole molccu]es. The spectrum of Vo?
bound to the apoprotein is also ¢5sistent with
bonding by wo or three histidine residues. A
study of M0* binding to apoferritin indicates
tlnt while there are two Jifferent sites on the
protein where this ion binds, neither of them
binds it very strongly and from the number of such
~ites available, ncxther of these can be
identified with the Cu* binding site.

in an atroup
Under conairiurs of

We have been attempting to study the kinetics
of iron mobilization in the presence of_’Cu’+ ion
order to confirm the lgcation of the Cu®* binding
site relative to an Fe?* binding site.

JTRON PARWAGNETIC RESONANCE SPECTRA OF
AR FULVALENE COMPLEXES

BINUCLE

Michael R. St. John and Roilie J. Myers

Professor James C. Smart, a s;nthetic 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 (O with Hj.

The samples supplied had the general formulae

of Nia(Cyghlg )-; , where z was 00, 1 and 2. Since
the ful\a?ene is best represented as a dianion
this corre ponds for $he nlskel to (3d)8- (3d)8
(‘Sd) »(‘Sd) and (3d)7-(3d)’ pairs. We examined

powders of thcse matevials near room temperature
at ?7K and if necessary at 4.2K. The most dis-
tinct electron paramagnetic resonance spectrum in
these samples was observed at 4.2K for the

(.sd)s (ad)' material., A very s%mllar spectrum
was observed at 77K in the {3d) [3d) 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

nOLARIZATION MEASURB\IFNF FOR
AQUEQUS SOLUTTONS 7, and Wt

v Cu*
Randall B. Wilson and Rollie J. Myers
During this past year we have assembled a

dynamic nuclear polarization spectrometer to
operate at 9 Gz, Tt is a flow design similar to
our previous 3 Gz apparatus. With this
spectrometer and with 20 watts of microwave power
we have been able to observe a 50% polarization

of the proton resonance of a dilute solution of
VOZ+ in water.
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The purpose of this apparatus is to measure the
spin-lattice relaxation sites for CuZ* in aqueous
solution at the higher field. Our previous work
on Cu?* at 3 Ghiz indicated that Ty was quite a
bit longer than Tz 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 Cu’* is still uncertain.

S. RESEARCH FLANS FOR CALENDAR YEAR 1976
Rollie J. Myers

A mmber of transition metal-containing com-
plexes have been found to be important in homo-
geneous catalysis. During this vear we plan to
spend most of our effort in 2 study of recently
synthesized complexes that show promise as catalvsts
for reactions of CC with Mz. Particular attention
will be paid to biruclrar complexes containing two
transition metals per 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 resonanrce of transition metal pairs should
be directly applicahle to these complexes. A
series of bis(fulvalene)dimetal complexes have
been prepared in Berkeley with a variety of
axidation 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
appruach, 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:

20+ 24, CHSOH

2

3C0 + Z“ZO - Cll}OH + ZC()Z .

The first recaction can be catalyzed fairly ecasily
although efficient homogenccus catalysts have not
yet been found, The second reaction s 1ar nure
difficult, although the starting reactants are
much more reasonablc from the encergy viewpoint.
The final product, methanol, has been predicted
ta be a very use{ul fuel ind it is volatile enough
to be directly used in ordinary gasoline engines.

We also plan to finish cur work on the iron
storage protein, ferritin. Our primary ingerest is
in the Jocation and coordination of the Fe* at_the
"active site"” where a catalvzed oxidation to Fe?*
is presumed to occur. In addition, we plan to
make some dynmamic nuclear Qolari:ntinn measurement s
in aqueous solutions of (ué* and establish its
spin-lattice relaxation times in solution.

6. 1975 PUBLICATIONS AND REPORTS

Rollie .J. Mvers and Associates
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d. Physical Chemistiy with Emphasis on Thermodynamic Properties

Yerneth O, Itaer, Frineipas Investi;:iter
1. QUANTUM (HEMISTRY FOR HEAYY ATOMS
Kenneth S, fitzer and Yoon S, lee

Considerable progress was made in the develop-
ment of a sound vet feasible quuntim mechanical
theory far heavy atoms, ions, und molecules
containing such atoms. In progressing from light
atoms to heivy atoms one confronts not only the
great increase in mmber of imner clectrons
but also the need to use relativistic quantwa
theory at lecast for electronic motion near the
mcleus of & hemy atom.  In buildine a foudation
for a quantum chemistry for heavy atoms we obtained
results which were reported in three short papers.

In order to help elucidate the effect of the
4f shell of electrons, iartree-Fock (HF) calcula-
tions were made for the pscudo-atoms corresponding
to Hf, Re, \w, Hg, I, Pb, and Bi without if
electrons and with atomic mumbers reduced by 14.
The orbital encraics for these pseudo-atoms arc
compared with those from I and relctivistic (DF)
calculations for the same atoms. It is found that
the relativisite effect and that of the 4f shell
are of comparable magnitude and both are larger
for 6s than for 5d or Op clectrons. (Paul S.
Bagus, of 1BM Research Laboratory, San .Jase,
participated in this portion of the rescarch.)

In order to determine the effectiveness of a
Pirac orbital for honding in either a metal or a
covalent compound, onc may examine the angular
function for each large component and its
capacity to overlap the corresponding function on
adjacent atoms. Alternatively, one mas determine
the appropriate functions for the very strong
clectric fields arising in bonding situations.
Bethe and Salpeterl show that for strong electric
fields mg and mg replace j and m a° the good
quantum numbers. From the more detailed considera-
tion of the angular functions,’s3 one finds that
relativistic s orbitals are appropriate for
bonding. But a molecular orbital based on pj/»
atomic orbitals is 1/3 o bonding and 2/3 =
antibonding on the basis of the large components.
‘lo obtain full o-bonding character the combination
(1/3 pyy2 + 2/3 p3s;) must be taken. The best
simple approximation for chemical bonding with p
orbitals is to adopt valence states with weighted
average (1/3 m{‘z + 2/3 pysp) energies. Similarly
for bonding with d orbitals the (2/5d /2t
3/5 ds/p) average energics arc appropriate while
for s electrons the relativistic orbital energies
may be used directly. These cnergies ari best
taken from the calculations of Desclaux.

On the basis just described it was found that
elements 112 and 114 should be volatile and
relatively inert chemically., Specific estimates
are made for the free energies of formation of
various compounds. Our results arg generally
similar to those of Keller, et al,” for 114 but
differ sharply from any earlier estimates for 112.
These estimates should be vseful in efforts to
separate these elements should they be produced
or be thought to exist naturally.

Another applicetion of rhese concepts of
bonding orbitals and promot.on energies was made
to the fluorides of radon and element 112. It
was shown that these might well be ionic M~
compounds rather than molecular compounds
analogous to XeF2. The very limited data® con-
cerning radon flucride contrasts with the proper-
ties of xen fiuoride and scems to support the
ionic picture.

1. H. A, Bethe and E. L.
Mechanics of One and Two-

Sulpeter, Quantiun
lection Atoms (Academic,

New York, 19577,

2. R. E. Powell, .J. Chem. Educ. 45, 558 (1968).
3. J. Oreg and G. Malli, J. Chem. Thys. 61, 4349
(1974).

4. 3. P, Desclaux, At. Data XNucl. Data Tables 12,
311 (1973).

5. 0, L. Keller, Jr., J. L, Bumett, T. A,
Carison, and €. ¥. Nestor, Jr., ). Thys. Chem. 71,

1127 (19703,
6. L. Stein, Science 168, 362 (1970).
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OXYGEN-CATALYZED NUCLEAR-SIIN-SPECIES EFFECTS
IN THE HEAT CAPACITY OF Qi
Cerald J. Vogt and Kenneth S. Pitzer

The marked anomaly in the heat capacity of Ciy
shown in Fig. 1 near 0.8K has been found to be

1.2
i1
1.0
0.9
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0.7
086
Q.5
0.4
03
0.2
ol

o . L L

Q [ 2 3
Temperaturs  {°K)

CHy+ 0.8% 0,

C (cal/deg-mole)

Fig. 1.
for spin-species conversion.

The heat capacity of methane catalyzed
{XPL 755-06533)

quite consistent with the thcory proposed by
Kataoka, Okada, and Yamamoto, On this basis
three-fourths of the iy molecules are on sites
of symmetry Daq and are strongly ordered with
respect to rotation. The lowest state for spin-



species T is expected to be ahout 1.9K in energy
above the ground stare ‘hich is for specics A.

We find this separation to be 1.951K on the basis
of the heat capacity below 1.5K. The remaining
one fourth of the molecules are orientationally
disordered on sites of symmetry Oy 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 1K in terms of
the appropriate array of levels is progressing
and should be completed soci-.

Y

1. Y. KRataoka, K. Okada, and Y. Yauuamoto, ther:,
Phys. letters 1_9_. 365 (1973).

3. THEORY OF MOLECULAR OXYGEN IN A METHAN:
LATTICE AND THE SPIN-SPEN INTERACTION

Janice J. Kim and Kenneth 5. Pitzer

In order to help interpret the experimental
results for soiid (Hg with O impurity, a
theoretical investigation was carricd ont con-
cerning the quantum cnerpy levels of an U2
molecule placed in a vacancy in a CHy lattice.
The oxygen molecule was Jescribed as undergoing
hindercd rotation in a cubic f{ield. 'The Kramers
dipole-dipole interaction between the twa unpairved
clectrons in Oy was included. Also considered
was the mechanism of spin-species conversion of
Qi4 by interactior with oxygen. The probability
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of various transitions was calculated approximately.

4. SOLUTIONS OF ELECTROLYTES: TTIERMAL PROPERTTES

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 ar osmotic
coefficients) is nearly complete. The resulting
equations fit the very extensive array of
experimental data of 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 sadium
chloride, these results are of great interest in
dealing with geothermal power systems hased on
liquid brin.s. A report appropriate for this area
of application is nearly completed. (This
activity was also supported hy the geothermal
energy and geoscience programs at LBL.)

5. SOLUTIONS OF ELECTROLYTES:  WEAK FLECTROLYTES

Renneth S, Pitzer and leonard ¥ Silvester
Equations previously developed and widely

applied to the themmodynamic properries of strony

clectrolytes ars extended to solutions involving

a dissociation equilibrium.  ixcellent agreement

is ohtained with the Jata for pure phosphoric

acid to 6M and for phosphate buf fer salutions.

The parameters of rhe strong electrolvie components

of the buffer solutions are taken from other work,

and the remaining parameters for 1%, WPty

H3P0y are evaluated inchikding o pRoof 2 116,

present method avoids anhiguities which formerly

arose in treating weak acids with as small pK oas

this.

6, RESIARA PLASS FOR CALISDAR 1EAR 1976

Kenpeth S. Pitzer

1w development of a gquantum chemistyy for
heavy atoms will proceed toward more detailed amd
quantitative calculations. [t is expecred, at
this point, that the best approach will folimg
the pscudopotential pattern. This approach has
been particulzrly fruitful for solid state
cialculations on a nonrelativistic basis The
chemically fundamental calculations of hond
energies in molecules (or lattice eneryies in
crystals) are somewhat more demanding than many
calculations of solid-state interest, but the
pseudopotential approach <till scems most
promising. Relativistic effects will reflect
themselves in a different pscudopotential for
P1/2 as cempared to that for P/ orbitals (and
for d3/2 vs dgz2, ctc.), as \\‘cli as in the
absolute magnitude of the potentials in all cases.
Initial applications will include cases where
anomalous species appear for heavy clements such
as Hg3', BiY, UO3*, cte.

The work on the thermedynamics of clectrolytes
will emphasize high temperaturc propertics and he
directed to mixed electrolytes as well as to the
pure electrolytes, other than NaCl, which are
important in genchemical and gcothermal brines.

7. 1973 PUBLICATIONS AND 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 (1975) (LBL-3105).

2. Llawrence S, Bernstecin and Kenneth S. Pitzer,
Electric Field Deflection of Molccules with
Large Amplitude Motions, J. Chem. Phys. 62, 2530
(1975) (LBL-3526).

3. Paul S, Bagus, Yoon S, lece and Kenneth S.
Pitzer, Effects of Relativity and of the Lanthanide
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. henneth S, Pitzer, Pluorides of Radon amd
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of Phosphorus Pentafluoride, .J. Chem. Phys. 62,
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o. Chemical Dynamic Studies
Srice H. Makan, Principal Investigator

1. MICROSCSPTC REVERSIBILITY AND DETAILED
BALANCE®*

In this paper it is shown hcw the time reversal
invariance »f the laws of classical m:chanics leads
to a simple relation between the cross scction of
a collision process and its microscopic revers:.
Assumption of a Boltzmann distribution of transla-
tional energies, and averaging of the microscopic
collision rate over this distribution then
produces the relation

L 3/2
Kip = kg (;;) exp(-4E, /KT)

between the rate constant k), of a forward process,
and the rate constant for its reverse. Here i3
and up are the reduced masses of reactants and
products. If the intemal states of the reactants
and products are also populated according to the
Boitzmann distribution, tuern one obtains

k - T
for (_22 o

- e = K(T)
rev &

That is, the ratio of the conventional rate con-
stants for the forward and re.erse reactions is
equal to the ratio of the partition functions

end Oy 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 - Hy REACTION

Bruce H. Mahan and Walter E. Ruska

In previous work,]'z the dynamics of the rcac-
tion N*(Nz,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 comects to the
deep potential well associated with the stable Ni*
molecule ion. Experimental evidence was obtained
in support of this prediction. The correlation
diagrams also indicated that at high enmergies, the
reaction should proceed diabatically on a ~A;
surface, and that this surface should be essen-
tially flat, with no deep wells or prominent
tarriers. Since the N*(Hz,H)NH* reaction is very
nearly thermoneutral, its dynamics at high energy
should regemble those found for the O*(Hz,H)0H*
reaction.
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We have measured the energy and angular distri-
butions of the products of collisions of N* with
Hy, HD, @nd D; at initial relative energies above
7°eV. The findings are consistent with our
predictions as outlined above. The K* - I 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 exclusivelv scattered at
large angles. In the N* - Dp reaction, the
spectator stripping peak disappeavs entirely when
product at .his velocity is unstable with respect
to dissociatiun, and does not move to @ higher
velocity in the su.:l1 angle reaction. On the
basis of these findin»s, it appears that the
retention of small anyle reactive sc:ttering at
high initial relative energies occurs only when
the reaction is exoergic, snd the potential energy
surface displays product repu!sion.

E. A. Gislason, C. W. Tsao, B. ', Mahan, and
S. Werner, .J. Chem. Phys. 54, 3897 {(1971).

J. A. Fair and B. H. Mahan, J. Chem. Phys.
2, 515 (1975).

K. T. Gillen, B. H. Mahan, and J. S$. Winn,
J. Chem. Phys. 59, 6380 (1973).
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3. SPECTROSCOPY OF GASEQUS TONS
Richard Davis, Frederick Grieman, Bruce {l. Mahan,
and Ralph Terkowitz

We have completed construction of an apparatus
designed to obtain thc clectronin spectra of
gaseous ions by a laser induced fluorescence
method. luns are trapped in a mass selective
manner by combined radiofrequency and static
potentials applied to the electrodes of a three-
dimensional quadrupole trap. tThe ions are then
irradiated with a pulsc 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 mumber 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 jmportant 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 resoiution 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, {luorescence of stable molecules
and electron impact induced emission of ions has
been observed, but no ion {luorescence has been
detected.



4., 10W ENERGY 10N BEAM APPARATUS
Jumes A. Farrar and Bruce H. Mahan

¥e have nearly completed construction of a new
crosacd 10n-neutral beam apparatus which is intended
for investigations of ion-muiccile reaction dymamics
at laboratory cnergies below 10 eV, The ion source
is designed to be flexible so as to be able to
produce a variety of jons conveniently. Mass analy-
sis of the proiectile ions is performed magnetically
with the jons at higher energies, and is followed
by a retarding lens chain which brings the ions to
the desired lshoratory energy. The whole ion source
and analvsis chain can be miintained at a high
tenperature so as to prorote clean surfaces and
minimize loss of intensity due to stray surface
charges. The neutral beam source is a version of
the :-personic nozzle which leads to an intense
neutral beam of well defined energy. The detection
train employs a 90° electrostatic jon energy analy-
o1 i’ cuadrupole mass filter enclosed in a ~bhamber
that is separately pumied. The path in the -rtec-
tion train is short so that losses of product signal
by extrancous scattering are minimized.

5.  RESFEAR(H PLANS FOR CALENDAR YEAR 1976

Bruce H. Hahan
Our immediate plans are to continue to estab-

lish the comnection between the nature of potential
energy sur{aces and reaction dynamics by completmg,
the study of the N*-H. reactmn, and examining the

C*-H, reaction at high energies. When the low
energy beam apparatus comes into operaticn. we
shall investigate the dynamics of reactions which
are impertant in the ionosphere, such as

0"+ N, - N+ N

2

N-0, - N +0 .

2

The high energy beam apparatus will esentually be
used to study energy loss processes in the colli-
sions of protons and deuterons with azmospheric
molecules. During 1874, it sheuld be possible to
make the first attempts to obtain the spectra of
gaseous ions with our jaser induced fluorescence
apparatus. I1f thuse experiments sre successful,
we shall concentrate on obtaining infcmmatiun
conceming the electronic, vibrational, and rota-
tionul enerpy levels of small molecular ions.

o, 1975 PURLICATIONS AND REPORTS

Bruce L. Mahan and Associates
Journals and Books

1. Bruce H.

Detailed Balance,
(LBL-3197},

\Ia.han Microscopic Reversibility and
. Chem. Ed. 52, 29¢ (1975)

2. Bruce A. Mazhan, An Analysis of Direct Ton-
Molecale Reactions, in “'Interactions Between lons
and Molecules", P. Ausloos, editor (Pienum Publish-
ing Co., New York, 1975} (LBL-3155).

3. Bruce M. Mahan, Electronic Structure and
Chemical Dynamics, Accounts Chem. Res. 8, 55
(1975) (LBL-3525).

4, James A. Fair and Bruce H. Mahan, Dynamics of
the Reaction of N* with Hp. Il1. Reactive Scat-
tering at Relative ELnergies Below 3 eV, J. Chem.
Phys. 62, 515 (1975) (LBL-3501).

5. Bruce H. Mahan, University Chemistry, 3rd

edition (Addison- hes ey Pub. Co., 1575).
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f. Theory of Low Energy Atomic and Molecular Collisions

William H. Miller, Principal Investigator
1. QUANTUM MECHANICAL TRANSITION STATE TAGORY*

Saily 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 trajectorv calculation [the exact
result within the realm of classical mechanics)
for the H + Hy + Hy + H reaction in threc
dimensional space. The agreement is almost exact
for energies up to 0.4 eV above the barrier
height and is only 10% 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
quantun mechaniczl 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 thiory one must apply transition
state theory quintum mechanically and witiout
approximating the Hamiltonian by a separable one.

A formal definition of such a quantum mechanicaj
version of transition state theory has been given,l
and its evaluation has been carried ouv using
semiclassical approximations. The rate constant
for reaction is given in this semiclassical limit
of the theory by

! |
0.4 0.6 1.0

Eqor ~ Vgp (eV)

0.2 0.8

Fig. 1. Microcanonical cross section for the three-
dimensional H + Hy + li3 + H reaction from a
{microcancnical) classical trajectory calculation
(CL DYN) and (microcanonical) classical transition
state theory (CL TST), as a function of total
energy above the saddle point of the potential
energy surface. (XBL 7410-7518)

k= (zmqa)'lj; dEe e, )

where Qa'is the usi:l partition function for
reactants; the function N(E} is given by

NEY 5 2 ""’IT_T )
n=0 “c“e En ’

where En is defined as the root of the equation

By = B - (e phulE) . 3)

The functions 8(E) and «(E) 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 (requency cf the "activated complex"
which appear in conventional transition state
theory.

Figure 2 show. the [unction N(E) given by
Enq. (2), compared to the exact result of quantum
scattering theory, for a collinear version of the
H + Hy 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. 2. NK(E) as a function of initial transla-

tional energy . i
E, (E = By * g,00) - (XBL 751-5660)
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Abstracted from J. Am. Chem. Soc. 97, 892 (1975); Figure 1 shows u comparison of the semiclassical
J. Chem. Phys, 62, 1899 (1975}; and J. them. Phys. and exact quantun mechanical eigenvalues for the
03, 2710 11975). (Supported in part by the lowest three states, as a function of the non-
Sational Science Foundation.) separable strength parameters. One sces that the
agreement is quite good, even when the cigenvalue
1. W. H. Miller, .J. Chem. Phys. 61, 1823 (1874}, is very ncar the dissuciation limit {shown by the

dotted lines).
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2. SEMICLASSICAL EICENVAIMES FOR MULTT-DIMENSTONAL " H
SYSTEMS® 2.28} : -
(0,1 {
Sally Chapman, Bruce C. Garrett, and William H. 2.26} 1
Miller 224} : .
We have shown that the semiclassics] quantum 222 - : -

condition resulting from periodic orbit theory is

N
N

1170 ]

f-1
e . Lo L
SE) - o' (k) 1;—1 hwg(B1 (n +5) = 2ah (v 30, (1) .68 -
g 166 -
where ©{k) is the classical action along the c |64 N
periudic orbit with energy k, {wj} are the -1 L 162 .
stability freguencies [or the system with { degrees .
of freedom, and {nj}, 1=1,..., f are integers. 160 =
Although this clurifies and corrects some carlier d
inconsistencies in periodic orkit theory, the 4 19
approach itself is limited in that it implicitly 1.00 s
assumes that most of the energy is in just one . H
degree of freedom, 0.98 :
Apore satisfactory approach is Born's 0.96
formulation! that considers the classical 0.94 | |
lamiltonian first in terms of some "zeroth order” . 0 0.1 0.2

action-angle variables n and g,

A

I(n,q) = H_(n} + V(0,4 2
(a.q) 0(‘} L 2 Fig. 1. Semiclassical (dashed line} and exact

. . yuantum (solid line) eigenvalues for the three
vhere Hy is a reference (i.e., separable) lowest states of the system specified by kg (41,
Himiltonian and V is a nonscparable interaction with w, = 0.7, w2 = 1,3, and n = -x. The dotied
which prccludes the action variables p = {n,g} line i} the position of a saddle point of the
from being constants of the motion. The task is potential surfacu as a function of A.
then to construct a canonical transformation {rom (XBL 757-6717)

the variables (n,q} to the ''good" action-angle

variables (N,Q) such that the total Hamiltonian

depends onl¥ on the action variables {Njl,
F————

e . Abstracted from J. Chem. 63, 996 (1975} and

HG,Q) = B - (3 LBL-3990. (Supported in part by the National

Scicnce Foundation.)

The actions {Nj} are then constants of the motion :

and semiclassical eigenvalucs arz given by Eq. (2) '1\'.Y ‘“‘lgggn’ The Mechanics of the Atom, Ungar,

with the {Nj} required to be integers. Sl ‘

We have found a way actually to carry out Born's
canonical transformation non-perturbatively

(i.e., numerically) and have applicd the relavant 3. COOLING OF THE 6 M AND 2 M DOUBLETS OF
equations to the following two-dimensional system: INTERSTELLAR H,CO BY COLLISION*

1 5 » 1 2 2 7 5 B. J. Garrison, . A, Lester, .Ir.,.r ana Y. H,
WPy xs¥) = 3 m(p, " +p,7) * 5 Ml X7+ 0y Miller

3 5 The 11] = 1]¢ transition of formaldehyde is
+ axf{y” 4 nx) , (43 seen in absorption agains: the 2.7°K cosmic
background radiation in cool interstellar dust
clouds, indicating that the lower state {1y;) has
where A »nd n constants, a population greater than would be expected if



the system were 1? gquilibrium with the_back-
grownd radiation. Townes and Che mgb have noted
that since the 2)» state spontancously decays

{viz a dipole-allowed transition) to the 1)) state,
vollisional excitation which favors the 2j; over
the 2;; state could produce the observed ‘Cooling"”
{i.e., enhancement of the population of the 111
state). They further argue3 that since the 2);
state corresponds to the rotational angular
momentum being predominantly about the axis
perperdicular to the plane of the moiecule,
coilisicnal excitation of farmaldehyde from a j=1
state to a j=2 state should indecd be preferentiui-
1y to the 2)> state.

To test this hypothesis of a "collisional
pump”’, a completely ab initio calculation has been
carried out. A petential energy surface,
including C]CL[m"l carrelation, was calculated for
H>CO-He, rotational cross stctions were deter-
nined by solving the coupled channel Schrédinger
cquation.s, and steady-state populations of the
various rotational levels of H3(Q were computed
by solving the appropriate kinctic equations
(:mcludxrg radiative processes). The b:u.kuotmd
radiation temperature was assumed to be 2.7°K,
and the kinetic (i.e., translational) temperature
was varied between 3°K and 20°K.

Excitation temperatures for the 1j3-11q (Tyz)
and 21-.-_1] (T39) levels are shown in Fig. 1.
(The ‘excitation temperature’ Ty, for example,
is simply the temperaturc which, inserted irto the
Boltzmann e\prcssion. gives the steady state
population ratio uf the Iy and 11p levels.) in
the limit of no collisicns (i.c., nolle, n ~» 01,
the excitation temperatures approach that of the
backgromnd radiation, 2.7°K, while in the limit
of high density (rapid collisions) they approach
the kinetic temperature Tg. For intermediate
densities, however, cne does sce the cooling
effect, excitation temperatines below that of the
background radiation.

2 T T T T T T T
V)F Ty 5K »

T3
st o P

[P gy

wgf- Te® 10K L
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nfem3)

’ 1. Excitation temperatures for the 1yy-110
(Ty2) and 212-2)1(T34) levels as a function of He
density at selected kinetic temperatures fy.

(XBL, "68-10076)

Gur results, therefore, support the collisional
mechanism as the source ol the cooling.

Abstracted from Astrophys. J. Lett. 200, L17S
(1975). (Supported in part by the National Science

Foundation and by the Office of Naval Rescarch.)
1.Non-LBl. personnel .

1. P. Palmer, B. Zuckerman, U. Buhl, and I. ¥,
Synder, Astrophys. .J, 156, LI47 (1969}.

2. N. J. Bvans, G. Morris, 1. Sato, and

B. Zuckerman, in preparation.

5. U. H. Townes and A, €. theung, Astrophys. .J.
157, L1053 (19691,

4.7 B. J. Garrison, k. A. lester, Jr., and H. [F.

Schaeler 111, .J. Chem. Phys. 03, 1449 (1975).

3.0 SIMICIASSTCAL DLSCRIPTTON o DIFFRATION 1N
EIASTIC SCATTERING
Georpe B. Zahr and William i, Miller
sSemiciassical theory has had netable success
in describing many of the quantum effects in
clastiv seattering--interference effects, the
rainbow cffect, glory oscillations, etc.
Diffraction from a purely repulsive potential had
been thought to lic outside the reailm of a semi-
vlassical description, but the present work shows
this not to be the case.

In the usual semiclassical approximation to the
partial wave sum for the scattering amplitude,

{28+ P, (cost) ¢ ,

ree) =
7k =0
the values of ¢ which vontribute within the
stationary phasc approximition are those which
satisfy *he classical relation

() =+ 2, (&3}

where 0£) £ 2n'(4) is the classical deflection
function. If the potential is purely repulsive,
the 0(2) is ;)O<1t1\0 for all & so that there is
only vne value of ¢ which satisfies Fq. (2);
i.e., there is no value of £ which satisfics

o(L) = -6 . (3)

With only one value of & contributing to the
partial wave sum there is no interference structure
in the cross section

= jew)? . )

On more thoughtful analysis, however, onc finds
that By. (3) does have solutlons for Lomplcx
values of &. When this is taken into account the
amplitude has two terms--from the two stationary
phase values of &, one real and onc complex--so
that there is now an interference structure
predicted by Iy. (1).



Figure 1 shows how our theory works for a simple
test case. The 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.
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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 linel. (XLB 7412-7810)

—_—
Abstracted from Mol. Phys, 30, 951 (1975).
(Supported in part by the National Science
Foundation.)

5. SEMICLASSICAL THEORY OF ATOMIC SCATTERING
FROM S0LID SURFACES*

R. I. Masel,’ R. P. Merrill,” and W. H. Miller

Diffraction of atoms (or molecules) from
crystal surfaces is ideally described hy
“classical S-matrix'" theory, a general semi-
classical approach that combines classical dynamics
and quantum mechanical superposition in a
consictent theory. We have used it to analy:ze
measurements of helium atom diffraction from the
tungsten 112 surface and thus determinc the
potential function which characterizes the
He-W(112) 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 alse calculated the exact
quantum mechanical results for the problem. If
z is the direction perpendicular to the surface,

267

the model is defined explicitly by the potential
function

V{x,v,2} = 0, z > Dfx)
+wo, 2 < D), (1)
where

D(x) = aH sin(x/a) ;

H is the "'roughness' of the surface and "a" a
length parameter.
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Fig. 1. Helium atom diffraction from tungsten
112, solid Iine is the calculated (theoretical)
result and the dots are the experimental
measurement. 1 (XBL 768-10078)

A number of semiclassical and quantum mochani-
cal results have been calculated for the model
defined by Eq. (1), and there is in general
excellent agreement between the two. Tigure
for example, shows the intemsity of the specular
diffraction peak as a function 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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*Abstracted from J. Chem. Phys. 63, 996 (1975)
and Phys. Rev. B. 12, 5545 (1975). (Supported in
part by the National Science Foundation.)

“Non-LBL personnel.

6. RESEARCH PLANS FOR CALENDAR YEAR 1976.
William H. Miller

We have recently made considerable progress
toward solving an old, classic problem--determining
the semiclassical eigenvaiues of a non-separable,
dimensional system. The most direct
tion of this is to the vibrational spectrum
of simple polyatomic molecules. Since the simpie
normal mode approximation breaks down for highly
excited states--which are probed nowadays with
intense laser sources--this theory may provide
the framework for analyzing highly excited vibra-
tional states. Initial application is planned for
the vibrational spectrum of H,0.

A topic closely related to that above is
unimolecular isomerization or decomposition of
molecules highly excited either by collisions
(i.e., thermally) or by light 7i.e., photochemical-
ly). The semiclassical eigenvalue analysis that
we have developed can provide a great deal of
insight into unimolecular dynamics. One of the
applications of some current interest is the
isomerization of hydrogen isocyanide

HWE +» HCN .
HNC is not stable under laboratory conditions--but
has Deen observed in interstellar space--and une
would like to understand this on the basis of
its unimolecular dynamics.

Fer several years we have been interested in
Penning ionization by metastable helium

*® + -
He +A-He+A +e¢

+ HeA® v e,

where A is an atom with an jonization potential
less than the excitation energy (~ 20 ¢V} of He*.
Work is planned to study in some detail collisional
ionization of a diatomic molecule, for which a
greater variety of products is possible:

* +
He +AB-tle+AB +¢
+
+ HeAR  +
+ -
+Hed +B+e
+ -
-~ HeB + A+ e
e+ A"+ BT
+
>te+ A+ R o+e
Plans are to compute the potential energy surface
and autoionization rate for the He  -A-B system
and then to carry out the scoattering caleulation
using classical rrajectories (along which

autoionization is allowed to take place with the
appropriate probability)
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@- Photoelectron Speciroscopy
David A. Shirley, Prinecipal Imveastigator

Introduction. This program transferred from
Nuciear 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 1n several general interest areas.

A. Band Structure and Surrace Physics
(Reports 1 - 5)
Many-Electron and Correlaticn Effects
(Reports 6 - 12)

C. Electronic Binding Energies of Elements

1 - 30.

(Report 13)

Molecular Orbital Studies

(Reports 14 - 17)

E. Hyperfine Structure
{Reports 18 - 21)

1. CROSS SECTION AND SURFACE EFFECTS IN SOFT
X-RAY PHOTOEMISSION FROM Cu AND Ag VALENCE RANDS

J. Stohr, F. R. McFeely, G. Apai, P. Wehner, and
D. A. Shirlev

Photoelectren spectroscopy is the technique
of choice to study the total electronic vzlence-
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
pruvide such a source. In the United States the
Stanford Synchrotron Radiation Project (SSRP},
on the SPEAR ring at SLAC, is umiquely capable
of producing variable-energy pho* n beams in the
entire 50 - 250 eV 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 ¢V. Experiments were carried out on

lycrystalline samples that were produced by
in situ cvaporation of the metals under a2 vacuum
of ~10"7 Torr. The photoelectrons were detected
by a cylindrical mirror analyzer 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 mnst
distinct changes in the shape of the VB specira
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 spectrym
observed with Al Ka (hv = 1486 eV) radiatiom, !

60 eV

65 eV

70 eV

90 eV

Intensity [arbitrary units)

10 ¢V

120 ev

150 eV

-
175 eV

Ee

L Lo i
8 6 4 2

Binding energy [eV)

Fig. 1. Photoemission from the 3d valence band
of polycrystalline Cu as a function of photon
energy. (XBL 701-2005}

Figure 2 shows the photoelectron energy distri-
hution (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 vetween 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 valence band of
polyvcrystalline Ag as a function of photon energy.
{XBL 761-2006)

in the shape of the PED's of Cu by the following
model of photoemission. The calculation of the
PED's consists of a k-space integration over all
initial and final states between which a transi-
tion can occur (conservation of energy and
momentunt} where each transition is weighted by
the square of the transition matrix element. The
initial statc eigenvalues and cigenfunctions were
abtained from a linear combination of atomi;z‘
orbitals {LCAO) band structure calculation.® The
final state was described by an orthogonalized
plane wave (OPW) and the eigenvalues wete
calculated from a free electron model.

The results of such a calculation are displayed
in Fig. 3a, When compared to the experimental
PED's in Fig. 3b, it is seen that reasonable

agreement exists for hv < 70 eV and hv > 120 eV.
The observed PED's are not reproduced well around
hv = 90 eV. It should be pointed out, however,
that our calculation predicts essentially constant
line positions (3 peak structure) over the entire
cnergy range, in complete agreement with experi-
ment. In Fig. 3c we show the results of a
calculation that assumes momentum broadening in
the final state. The listed values for the
paramcter B revresent a measure of the broadening
in pergent; i.e., B = 100 sq;/13] (i= x,v,‘]

where q is the final state momentum. The PED's
calculated with this model show good agreement
with experiment. The peak structure, which is seen
to be too pronounced in our calculated spectra,
arises entirely from the initial state band
structure rather than from the transition matrix
clements,

- - e e e
o4 {6} Al ]
i § i g:5 \/\
| hy=50ey | !
R VA | A~
- ' —_ ~ / ~—
/‘ . 60 ev /\ 8-s /«/J
i \
,_//n/[ l“_. _ \\‘ // ..
'E I 70 ev \ ' B:=5 /\ \
\ /
g Y S
& _J e A e o

Pho!ogvcn
Z/—/
k
\\ o
{,’-

) l .

. s 4\%_,,_‘*‘_;_;5]

4 2 € © 4 2 g6 4 2 E
Binding energy (eV}

rBLTE-2i G

Fig. 3. a) PED calculation for Cu assuming
k-conservation (direct transitions), b) Experi-
mental results for Cu. The original data shown
in Fig. 1 were corrected for their inelastic
backgrotnd. «c¢) PED calculation for Cu assuming
k-broadening in the final state. The broadening
factors B are discussed in the text.

(XBL 761-2110)

Momentum bmadening in the final state may
arise from a minimm 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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photocurrent near the surface, results in an
uncertainty or spread of the final-state momentum
component perpendicular to the surface. The
magnitude of the broadening factors in Fig. 3c
indicates that the region of highest surface
sensitivity occurs around hv = 90 eV or at a
kinetic energy (Eyjn = hv - work finction - binding
energy) of about 80 eV, which agrees remarkably
well with the minimm of the curve in Fig, 4.

On the other hand, the observed changes in the
PED's for hv < 70 eV are predicted correctly by
the direct transition model. The observed
changes in peak intensities in this region can
therefore be attributed to cross-section effects.
In the case of Cu, the radial part of the
transition matrix eilement Is a monotenically
decreasing function of energy (Fig. 5) and can
therefore not be responsible for the observed
changes. The angular part, however, is
sensitively depenSent on which final state can he
reached at a given photon energy. We helieve
that this part of the matrix element gives rise
to the observed effects.

The case of Ag is more complex. The inversion
of the peak intensities in the range 110 - 130 eV
may be attributed in part to the increasing
inelastic high BE tail in this energy range. The
broad additional peak at ~9 eV BE, which slowly
develops in the region 110 - 120 eV, is thought
to arise from plasmons. Its ahsence in all other
spectra seems to point to a raximm in the
electron - plasmon scattering in this energy
range. Because of the high surface sensitivity
in this photen energy region, surface plasmon
excitation is thought to be mainly responsible
for the enchanced inelastic background. At 130 eV
one deduces a value of 3.8 £ 0.5 eV for the
separation of the broad peak at ~9 eV from the
middle of the 4d structure. This value is in
good agreement with the values 3.6 eV and 3.9 eV
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Fig. 5. Square of the radial transition matrix
element

2
(!tfj[ )
for Cu (3d) and Ag (4d) as a function of the
kinetic energy of the photoelectron. P means
plane wave, OPW means orthogonalized plane wave
final state. (XBL 761-21006)

which were previously found for the surface and
hulk plasmon frequencies.’ Finally, we point out
anothier possible reason why the high BE peak in
Ag is more pronounced in the 110 - 130 eV range
than is the low BE peak. From Fig. 5 it is seen
that for Ag the radial dipole clement varics much
more strongly with energy than it does for Cu
and has a minimm at about 140 cV. At first, the
minimm in 4d cross sectiop tends to emphasize
the 1elative intensity in the inelastic t»il.
Secondly, the slope of the curve in Fig. 5 is
steepest for Egjp > 100 eV; and in this range
there is a conslaerable change in cross section
even over an epergy interval of 3 eV, which
corresponds to the peak separation in the Ag
valence band. Thus in this range the high BE
peak will always have a slightly larger cross
section than the low BE peax. Although this is
also true for Lkjp < 100 eV there are effects

of the angular matrix element in this regime
(e.g., In %ui which might compensate for the
radial matrix element effect. On the other

hand Tor Eyjp > 130 eV the radial dipole matrix
element favors the low BE peak.

In conclusion, photoemission experiments ip
the range 50 - 200 oV reveal several new
phenomena which are not observed in conventional
ultraviolet (hv < 40 eV) or x-ray (hv ~ 1 keV)
spectroscopy. For Cu, we have pointed out a close
connection between surface effects and effects
that arise from the ang;lar dipole matrix element.
For Ag, cross-section effects deriving from the
radial matrix element are found to be important.
Tndependently, +he high surface sensitivity in



the region studied allows us to observe inelastic
electron loss structure that is not seen at other
photon energies.
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2. DIRECTIONAL AX{SOTROPY IN PHOTOEMISSION FROM
VALENCE BANDS OF Cu AND Au CRYSTALS USING 32-28C eV
SYNCHROTRON RADIATION

J. Stéhr, F. R. McFeely, G. Apai, P. Wehner,
R. S. Williams, and D. A. Shirley

Angle-resolved photoemission from single
crystals had not been observed wntil recently
when fpgctra were reported in the ultraviolet
@PS)Ls< and x-ray (XP$)3 range of photoemission.
We have made the first investipation of this kind
in the intermediate cnergy range 32 eV - 280 eV.

Using the first six 8-hour shifts dedicated te
synchrotron radiation on the SPFAR ring at SLAC
(as contrasted to running in a parasitic mede
on high-energy physics experiments), we have
stidiced the valence bands of copper and gold
single crystals, obtaining angle-tesolved photo-
emission energy distributicns (PED) of electrons
emitted along the [100] and [111] directions.
Dramatic differences were found between the two
directions and strung variaticns with energy were
observed even at photon energies above 100 eV.

In copper (Fig. 1), several distinct trends
were apparent. The 4s bands, between the Fermi
energy and 2 eV binding energy, are strongest
at hv = 65 eV in the [111] direction but at
hv = 110 eV in the [100] direction. A 3d band
feature at 4 eV binding energy in the [100]
spectrun shows a broad resomance in intensity,
peaking near hv = 110 eV.

Gold showed similayr behavior. Maximal 6s band
intensity wa- observed at hv = 40 ¢V in the [111]
direction with a possible broad maximum at higher
energy in the {100] direction (Fig. 2). A Sd-band
feature at 6 eV binding energy in the [100]
spectrum shows a resonance in intensity at
hv = 100 eV. In the [111] spectrum, a peak at
this energy (6 eV) is very intense at hv = 130 eV,
the highest photon energy studied.

The spectra obtained here in an angle-resolved
mode from single crystals exhibit considerably
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Fig. 1. Valence-bard photoemission
copper single crystal in the [100] and [111]
directions, using variable-emergy synchrotron
radiation from the SPEAR storage ring. Only 30%
of the spectra taken are shown. (XBL 761-2111)
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more stTuctire 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 sing%e 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 we 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-emergy [111] spectra
may be a surface state. (XBL 751-2112)

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 (BZ)} of the crystal is allowed (energy and
momentum conservation) it can be assumed that the
photoelectron is detected. The PED is then
determined by all possible excitations (sum over
the BZ) and the detection process does not need
to be considered explicitly. The spectrun
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 sapled, but only those where the photo-
clectron momentum vector points into the detector.
As a result, a much smaller fraction of initiul
and final states in the BI is sampled, which leads
to more structure in the PED's, The spectral
changes with photon energy sre wore pronounced
for ARP for the same rcason.
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Because our ARP studies are very sensitive to
the initial and final state band structure, they
can in a sense be compared 1o photoemission
studies in the UPS regime, lere the mumber of
available final states is so small that strong
modulation effects in the spectral shapes are
ohserved even for polycrystalline samples.
However, at the photon energies studied in this
investigation, additional! information may be
abtained as compared to the UPS regime, a fact
which has already been mentioned in the previous
naper? dealing with photoemission from polycrystal-
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 exceptizn
see Ref. 3) one ray use the tumability of sym-
chrotron radiation to excite photoelectrons from
core levels into .“e same final state region. In
this way, final stat. 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 FHOTOEMISSION FROM SILVER
AND GOLD

F. R. McFeely, J. Stohr, G. Apai, P. S. Wehner,
and D. A. Shirley

A new angular distribution effect in photlo-
electron spectroscopy, completely overlooked
until now, nas 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: tj, (T25°) and eg(Ty2). By
sclecting photoelectron§ emitted along the (100)
axis or the (111) axis cf a single crystal, it
is possible to observed photoemission separately
from eg Or ty, states, respectively.

To develop a physical understanding of the
effect, consider the ligand-field-theory limit,
in which the crystal momentum is neglected.
Photoemission is governed by a matrix element
of the approximate form

o
TR wid)y,
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where ¢(d) is the initial-state, onc-electron

wave function, eia.;

represents the final continmm state of the
photoelectron, end B is the one-clectron momentum
operator. ‘This matrix element vanishes for

¢{d) = dy, dyz, cr dzx (the ty, orbitals) and
clectron emission in the {100) §nd crystal-
lographically equivalent directions, as can be
shown by direct calculation. Thus photoemission
in the (100) direction selects the ¢, states,
which have nonzero matrix elements. “The opposite
is true for the (111) direction, along which the
eg clements vanish and the tag states are selected.

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 uscd as experimental test cases.
The effect still persists, as can be shown by

expanding the initial band state wave functions
in the tight-binding formalism; i.e., in a tjg,
basis.] Provided that the photon energy is LM
latively high, so that the k-conservation is
rzadily 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 e, and tzo projections
of the total valence bands, Integratéd over the
entire Brillouin Zone.

Results far gold and silver are shown in Fig, i.
In each case the fop panel shows the valence-band
(100} photoemission spectrum obtained from a
single cR;stal specimen in ultrahigh vacuum
{8 x 10"+ Torr), using monochromatized Al Ko
radiation. The corresponding e, projection of the
d bards is shown as the third pinel. The second
and fourth panels show the (111) spectrum and the
correspending tap, projection. The fifth panel
ShowWws }hs valence bands on a common energy
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Two obvious anisotropy effects are present in
both metals: (1) the higher binding-energy (Ep)
peak is relatively less intense in the {(i00)
spectrum, because of less eg character; and
{2) the lower-Ep peak has relatively less
intensity on the low-Eg side. This follows
because the top occupied band has t3; character
at the L, K, and X points in the Brillouin Zone.
The existence of this anisotropy and the close
correspondence with theory establish d-orbital
directed photoemission as a real effect, previously
overlooked.

This effect should be ubiquitous in d-orbital
photoemission. It should be present in the valence
bands of other transition metals, and in some
{e.g., platinum) it may be more pronounced than in
silver or gold. Because it is a symmetry effect,
it should appear at all photon energies.
Remeasurement of XPS spectra of all transition
metals studied to date using oriented single
crystals may therefore be expected to yield useful
new information about the valence bands. Even
more distinctive effects are predicted in
transition-metal complexes, for which the t;

orbitals are resoived in energy. There h§11
a%so be diagnostic applications to orientational
problems in absorbates on single crystals of cata-
lytically active metals. It may be possible to
determine the eg vs. tpg nature ci adsorbate-
substrate bonding in catalytic systems through
d-orbital directed photoemission. Further work
is under way.

1. H. Ehrenreich and L. Hodges, Methods in
Canputatmnal Physics 8, 149 (1968).

N. V. Smith, Phys. Rev B3, 1862 (1971).

4. THE EFFECT OF SPIN-ORBIT COUPLING ON THE
VALENCE BAND DENSITY OF STATES OF LEAD

F. R. McFcely, L. Ley, S. P. Kowalczyk, and
D. A. Shirley

The electronic structure of metallic lead has
been the subject of mumerous experimental studies,
mostly concerned with the elucidation of the
Fermi surface. Naturally, the ultimate aim of
these experiments is to provide the information
necessary to construct a band structure which
will explain the Fermi surface, optical spectra,
photoemission spectra, an¢ other electronic
properties. Unfortunately, the difficulties
involved in the calculation ¢f & full relativistic
band structurc have appurently served to deter
extensive first-principles calculations of the
lead band structure and densjty of states. In
zn earlier paper, Ley et al.! reported z high-
resolution x-ray photoemission (XPS) spectrum
of the lead valence hands, and tentatively
interpreted the two-peak structure at the top of
the valence band as the result of spin-orbit
splitting of the p bands. Recently, however,
Breeze“ has asserted, on the basis of a non-
relativistic LCAO calculation, that the XPS
splitting is instcad sirply the result of a
crystal-field interaction. . have rcexamined the
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origins of this feature of the XPS spectrum by
means of parameterized, tight-binding, band-
structure calculations; spin-orbit coupling was
systematically included and excluded. We have
shown that the inclusion of spin-orbit coupling
is essential to the understanding of the XIS,
optical, and Fermi surface measurcments.

Figure } shows the XPS spectrum obtained by
Ley et al.’ using a tlewlett-Packard 59507
electron spectrometer that empioyed monochromatized
Al Ko radiation (1486.6 cV). We note again the
important featurcs in the spectrum: s-1ike a-d
p-like bands split by ~2.5 &V, a splitting of
1.8 eV in the p-lixe bands, and a total occupicd

p-bandwidth of ~3.% eV,
T T T
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Fig. 1. X ray photoemission spectrum of the Pb

valence band region from Ref. 1.  (¥KL 752-2325)

The tight-binding band structure calculations
used to similate the XP'S spectrum are quite simple.
The mcthod consists of using tighe-binding Bloch
functions of thc form

Nt

/Z

1!\1

ex(r) e - 0

as basis fimctions, when U“(r - %) is an atomic
function centered at site £. In these calculations
a basis of cne s- and three p-functions (py,Dy,pPz)
for each spin werc used. All nearest-neighbor
interactions were included, and two second-

nearest -neighbor interactions of the form s-s

and p-p were treated. Mixing between s and p
basis functions was treated only in ncirest neigh-
bors. The largest sccond-nearest-neighhor integral
in the final paramecterization was a factor of

6 smaller than the smallest nearest-neiphbor term;
thus the inclusion of third-nearest-neighbor
interactions would have only a negligible elfect.
The neglect of s-center terms was undoubtedly of
greater importance. Using this method, the
spin-orbit iateraction is cxpressed in terms of




the atomic spin-crbit matrix elements. We
performed two sets of calculations, one with the
atomic value of the spin orbit ccupling constant
(£ = 0.905) and one neglecting this term in the
Hamiltonian. The XPS spectra were simulated by
calculating the density of states below the Fermi
level, and broadening the resulting fimction with
a 0.7 eV FalM Gaussian instrumental response

function. The importance of the spin-orbit term
in the XPS spectrum is evident in Fig. 2, where
LR D
™ "
3 3
~ v (a)

S

intensity (arbitrary units)

(b)
{c)
N T | I 11 1 1 \
12 11109 87 6 54 32 | Eg
Binding energy
-2 {4) X5 valence band spectrum;
Cita d spectrum with spin-orbit coup:ing;

caleu. ad <pectna without spin-ortit
coupling. (XRL 752-2324)

it leads to a perior fit to the exper mment.

In comparing ©.e wo band structures w "h the re-
sults of Fermi surface® and optical?s5 ‘axa the
band structure with 5 = 0.905 eV gave r» - able
agrecment with cxperiment while the band .1 vucture
with £ = 0 did not.

I. L. ley, R. A, Pollak, S. P. howalczyk, and

D. A. shirley, Phys. Lett. 414, 129 (1972},

2. A, Breeze, Solid State Comm., 14, 595 (1974).
3. J. P Anderson and A. V. Gold, Phys. Rev, 139,
A1459 (1905),

4. W, G. Liljenvall, A. G. Mathewson, and
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5. A HIGH-USOLUTION X-RAY PHOTORMISSION STUDY
OF THE TOTAL VALENCE-BAND DENSITIES OF STATES OF
GaSe AND Bif 3

S. P, Kowalczyk, L.
D. A. Shirley

Ley, F. R. McFeely, and

The phvsical properties of layered-structure
conpounds exhibit considerable anisotropy; this
anisotropy is attributcd to the strong intra-layer
bonding as compared to the relatively weak van der
Waals-type bonding between adjacent lavers. These
interesting properties have led to much interest
in these materials because of their many possible
applications such as in switching and memory
devices. We have recently used high resolution
x-ray photoelectron spect:oscopy (XPS) tc obtain
the total valence-band density of states spectra
for two semiconducting layered cempounds, GaSe
and BiT3. In an earlier comprehensive study of
the valence band spectra of III-V, 1I-VI, and
alkali halide compounds, we demonstrated that
XPS yieids direct and detailed information about
the occupied densities of states in solids.

Thz experimental spectra for CaSe and Bilz,
obtained under ultra-high vacuum conditions from
freshly cleaved single crystals, are shown in
Figs. 1 and 2, respectively. Both spectra
cxhibit a characteristic three-peak structure.

From previous work on other materials,! we know
that the lowest peak (feature G in GaSe and D in
Bil3) has essentially anion ''s" character, the
middle peak (E in GaSe and B in Bilz) cation "s”
character, and that the uppermost peak (features
C, B, and A in GaSe and A’ and A in Bil3) is
mostly "p-like”. There have been several band
structure calculatiois for GaSe. Both a
calculation based op a *wo-dimensional tight-
binding scheme (TB}Z and a three-dimensicnal _
empirical pseudopotential method (EPM) calculation®
show qualitative agreement with our experimentat
results, but both leave much to be desired in
terms of peah positions and bandwidths (see
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Fig, 1. Valence-band XP$S spectrum of GaSe.

(XBL 752-2404)
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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 scalc of ionicity,” 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 cail-
culations for GaSe

Theory
Festure xps? b 1"
A £.56110) {-0.5} —
x 2.89(10) 0.8 1.4
c 4.38(10} 2.1 N
b 5.0{1) 2.3 2.8
o 0(1) 3.0 3.2
E 7.23010) 6.4 -5.5
F 9.0(2) 6.7 6.5
3 14.15(15) -13.0 -13.0
H 16.004) 136 13.6

Ca “3/2‘5/.' 19.33(10) -

Se "s/z 54.19(10) -_—

Se 3dq,,f 54.82(10) _

*Ihis wors (relative to the top uf the valence band).
PReference 3
“Reference 2

2Ihis peak exhibits cheracterintic energy losses at 7.2()) and 16.0(2)eV.

For Bil3, neither band structure calculations
nor any previous measurement of the valence band
density of states exist. Our results for Bilz
are summarized in Takle 2, Comparison of these
results with EPM calculaticns for the layered
compoind PbI»5, which should have some similarities
to Bilsz, 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 Bilg
is more ionic than in GaSe.

Table 2. Conmparison of energies (cV) of character-
istic features in the XPS valence band
spectrum of Bi[3

Feature Energy”
A‘ 1.68(8)
A 2.018)
¥ 357014y
c 5.63(8)
c 6.54(8Y
D 12,1170
£ 1412040}
b1 sa, b 24.99¢8)
Bt 5dy,,° 28.9(6)
[RTI 48.43¢8)
1ady,® 50.11¢8;

Ahis vork (relative to the Eop of the valence band).

‘This peak exhibits characteristic energy losses at 6.0(2)
and 15.6(2)ev,

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.
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6. THEORY OF THE NEON 1s CORRELATION PEAK
INTENSITIES

R. L. Martin and D. A. Shirley

Photoelectron sp.-troscopy (PES) is now a well-
established techniqu for studying the electrenic
structure of atoms, mulecules, and solids. Thus
far, its advantage over other spectroscopic
methods has been due to the fact that the most
intense peaks in a PES spoctrum generally have
a one-to-one correspondence with the primary
ionic states of the system and hence, via
Koopmans' Thecrem, the orbital structure of the
ground state.

Associated with eack strang peak thcre are
satellite peaks
which arise through excitation of higher-energy
final states of the ion. Farlier work in our
laboratory on the HF moleculr suggested that
electron correlation in th. ground state played
an important role in detennining satellite
intensities. With this in mind, we decided to
examine a better characte.ized experimental case
{and a somcwhat more traciable theoretical one):
the Ne Is orbital satellite spectrum.
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The most intense peaks in the \1 1s spectnm
are based on the configurations ls ;szgpb,
1512532;153p, 1512522p§4p, and 15125~2p-“'5p. There
are seven staces of <S8 symmetry which arise {rom
these configurations --_the last three vonfigura-
tions give rist to two =S fumctions apiece due to
the presence of three wmpaired spins; thatr is:
2 3 2
.;,l(np] = (Zs'Zpsnp("S], 15} °S

2

o,(mp) = (25720°np(s), 181 7S (a3

The actual excited states can be written as a
iinear combination of such “configvraticn state
fimetions™; that is:

¥ (1) = § €395 1ND)- {2)

A similar "CI'" oxpansion can be used for the
ground state, and typical configuration state
functions which c;\a_vvmig with the Hartree-F.ck
configuration 1§“Z§"Zg will have the form
1s22s22p53p, 1s22s22pd3pl, etc.

For our purposes, a good approximation of the
effective intensity of a given ionic state is
given by
e R ey s 8o )P (3)
J J 1

‘The notation \P'ils(?\'--l) refers to the fact that we
must delete the colum containing the 1s electron
and the row centaining electron N from every
Slater determinant in the initial-state expansion.
The intensity is thus determined by the projection
of a “frozer-orbital"-1ike primary hule state onte
the cxact 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; onc arises from configuration
mixing in the ionic manifold, and one from CI in
the initial state. To make this clearer, let us
imagine we could suppress the exchange interaction
between the Ne 1s electron and the valence
elecEro s in_the Ne* 1s hole states; the two
1s2s42p°np [ZS) states would be replaced by
(2p5np) 1S and 35 statgs. Tgrei fomer would be
very similar to the 1s 2522p p (1S) excited
state in atomic neon{the 35 state also has an
analog in atomic neon, but it is not admixed into
the ground state). Similar 1:1 correspondence
would obtain between the other configurations
in the Ne and Ne'(1s hole) manifolds with the 1s
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 cigenstates by coefficients as
shown, and note that these have magnitudes

ay, a'o, I)('). ver ™1

ap, a:'[, h'l, Lol ~001

There are four contributicns to the intensity-
determining overlap integrals. Path A (Fig. 1)
is the largest term, and is of effective
intensity

where, for this example, we take the overlap
integrals to be onc or zrro. It coanects the
main configuration in th round state and the
primary hole state. Pat: connects the ground
state with the correlatic. tates. If the ground
state were wot correlated ..e., ap = 0 for all
n = 0}, then R would be the only mechanism for
reaching correlation states and their intensities
would be

o ;12
]F, {aobl‘ 0.01 .
Initial-stare configuration interaction provides
a new avepue for populating fin-? states: it
introduces path C. It also prc des a mechanism
for populating satellites that . not have the
correct svimetty to mix with the sain hole state

(although this is not obvious ir 1T example).
The sateilites arising in this c have been the
subject of experimental study in ¢ group and

will be discussed elsewhere.

Within a purely corputational vein, our prohlem
is now to obtain wavefunctions for the ground
state and all ionic states of imterest. A full
description of the techniques used is available in
the original report;! here we simply note that
we first determined a CI wavefunction for the final
states and computed the relative intensities aof
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. Thesg 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(IS) L-shell correlation energy (0.33 au), it
did not improve the intensities. Therefore, in
Calculation 3 we included alsc single and double
excitations into Rydberg-like 3s and 3p orbitals.
As Fig. 2 shows, the results were dramatic; the
intensities of the 3p(upper) and 3p(lower) peaks
were more than doubled to near the experimental
values. The remainder of Fig. Z 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 given 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. 2. Bar diagram of the 2p-+np peak intensities
for eight correlation states of Net (Is hole). As
in text, calculation 1 is Hartree-Fock in the
initial state. Calculation 2 includes correlation,
but with no double-electron excitation into the
Rydberg orbitals. Calculations 3, 4, and 5 include
dowble excitation into the (3s,3p), (3s,3p,4s,4p),
and (3s,3p,d4s,4p,5s,5p,6p) orbitals, respectively.
The calculated energies have been shifted upward
by 0.8 eV to facilitate ccmparison with experiment.



This prototype calculstion os neon has shown
for the first time that quantitative satellite
intensities are accessil {¢ within the framework
of the overlap upprosinst n embodied in iy. 1.
We should point ocut that aaile the relative
intensities of the satel.ites in neon arc only a
few percent, certain transition etal complexes
(e.g¢. Loll2) exhibit core-level satellites which
are ca. 40% of the main peak. The "spontancous
interconfiguration fluctuation’ of recent interest
in mixed-valence rare-earth compounds is another
example of the breakdown of simple one-electron
models and points to the need for a more general
description of the initial state. Clearly,
photoclectron spectra can be very sensitive probes
ol the details of electron correlation in the
ground state, and such spectra possess the
potential of yielding rather direct information
about the electronic structure and reactivity
of many chemically interesting systems.

1. R. L. sartin and 1. A, Shirley,
submitted to Phys. Rev. Al

2. L. Gelius, J. Electr. Spectr. and Rel.
Phenomena 5, 985 (1974).
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T, NEORETICAL NEON PIOTOIONIZATION CROSS-SECTIONS
R, 5. Williams and D. A. Shirley

In sceking to understand the relationship be-
tween the clectronic structure of free atoms and
experimental photoelectron spectra, several
theoretical models of the photoemission process
were investigated. The photoelectron cross
sections of the Ne 1s, 25, and 2p shells were
cvaluated for photon energivs ranging from thres-
hold for the different levels to 2000 eV. These
calculated cross sections were then conpared to
experimental determinations of Ne photoemission
cross sections. The models used may be divided
into one-electron and many-electron pictures,

The one-electron models assume that in photo-
emission ar electron in a bound state of an
atom absorbs a photon and is raised to the
continuuwn without disturbing the remaining
electrons of the system. This is essentially
equivalent to the Koopman's Theorem assumption
that the ionizatiorn energy of an atomic shell
is equal to the Hartree-Fock energy for the shell.
The photoemission cross sections were calculated
using plane waves, orthogonalized plane wave and
numerically generated Hartree-Fock continuum
functions (calculated in the field of the
Koopman's Theorem or unrelaxed ion) as successive
approximations to the continum state of the
photoemitted electron.

The many-electron models reccgnize that
creating a hole in an electronic shell of an
atom by a photoemission process perturbs the
remaining bound electrons of the system. These
remaining electrons relax to shieid the hole
from the atomic nucleus, thus altering the form

of the bound one-electron orbitals. Since the
bound one-clectron orbitals of the initial and
final states no longer belong to the same
orthonormal set. additional terms appear in tbe
transition matrix element which are not present ia
the one-electron picture. The initial and final
states used for these calculations were_the
single-configuration Lround state ‘57252:.[;6 1g

for the Ne atom and single- Lon ig ratwn states

for the Ne* + e- syste sl2siy :pP
15“7<17p€'rp 11’ l>-7sg§p£rs )I"’ and
]sz’s—7p5rd P. The continum functions utilized
were plane waves, orthogonalized plane waves, and
numerical Hartree-Fock continuum functions
generated in the field of the relaxed ion.

The calculations proved to be very sensitive
to the continuum funictions., [lane waves and
orthogonalized plane waves yielded very poor
results in both the one-electron and many-electron
pictures. The Hartree-Fock continuum functions
viclded nearly identical results for Ne 2s and Ip
photoionization in the one electron and many
electron pictures; this is expected since relaxa-
tion due to ionization from the 2s and 2p ovbitals
is quite small. The agreement with experimental
results was within 15% except for values at thresh-
hold. For Ne 1s ionization, relaxatiom is much
greater and this is reflected in the calculated
cross sections. The many-clectron model with
a Hartree-Fock continuum function agrees with
experimental determinations within 5%, while the
onc-clectron model yields cross sections about 12%
too high.

8. SATELLITE STRUCTURE 1IN THE UV PHOTOEMISSION
SPECTRA OF ATCMIC Zn, Cd, Hg, Ca, 5r, and Ba
S. Siizer, S.-T. lee, and D. A. Shirley
Phiotoelectron spectra of atomic Zn, Cd, Hg, Ca,
Sr, and Bz were observed using Hel radiation at
21.21 eV (except in the case of Ba where Nel was
used). The spectra were taken at high temperatures
and are shown in Figs. 1 and Z. Figure 1 also
shows the 2D lines of Zn, Cd, and Hg taken with
Hell radiation (40.8 eV). The ground states of
these Group II-A ?.nd Group II-B atoms have
configurations ns‘, and a considerable amount of
configuration mlxmg i3 expected between this and
the negr- degenerate np?, (n-1)d¢ and for Ba the
n-2)f conflguratlons. Upon photoelectron emis-
sion there is no further mixing of the resultant
configurations nH etc., with the primary final
ionic state {ns 2); hence we might expect_to
see sgtellites correspond;.ng to (np “P172.372)s
(n'd Dz/2,5/2) and (n"f “Fg2 7/2) states)
and other less intense higher final <tates.
We have observed these satellites in intensities
up to 22% of the main line in the photoemission
spectra. They were attributed to configuration
mixing in the initial statesof these atoms. Thus
photoelectron spectroscopy provides a unique new
thod of studying electron correlation by direct
observation of configuration interaction.
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Fig. 1. Photoemission spectra of a} Zn vapor at 380°C, b} Cd
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9. RELATIVISTIC AND CORRELATION EFFECTS IN THE
21.2 eV RIIONISSTON SPECTRUM OF ATOMIC LEAD*

S. Siizer, M. 5. Bwma, and D. A. Shirley

Photoelectron spoctra of atomic 1lead in the
700 - B0G°C range we.u uobtained, using Hel
radiation (21.21 eV) and a special high-temperature
cell. large rel ti);iigi': effects force the P
ground state (6s°6p~;~Py) to be mostly 6s- 6p1/,,
as opposed to the 1:2 ratio of -

2 2
fpy2 0 P

expected in L-S coupling. Thi§ is observed in the
line intengities of Pb*(6s26p; P1s2) and
Pb+(6sz6p;2P3/2) final states wh1cﬁ give the
ratio as 1.000: 0.071, a figure in very good
agreement with the RHF calculated ratio of
1.000: 0.081. Figure 1 shows the spectra and
Table 1 summarizes the results. Several other
final states with intensities ot zhout 5% were
OESSWed which would be inaccessible from the

p“ configuration. Their presence is attributed
to the ground state of Ib being agmixed with

6d.

configurations of 6s6d“ and 6s6p
4 2
PB* (Hel) Fee
2 I
2 e ‘P ‘P e e
2 ; :
= . !
8 ! e
. or Hi, | I | &)
L n
R Mv‘v*‘*wﬁw e
e N .
20 18 16 14 12 10 8
Binding energy (ev)
Fig. 1. Photoemission spectrum of Pb vapor at

715°C using 21.21 eV Hel radiation. Lines marked
HI and OI arise from HI 10.199 eV and OI 9.493
tadiation, respectively. (XBL 754-2733)

Table 1. States of Pb+ observed in photoemission
from Pb vapor
Relacive Bioding Energy from
Final states tnteontry® energy, eV’ optical data, ev®
so%sp :"uz 1.000 742015 7,415
2,
P’IZ 0.071(5) 9.16(1) 9.160
6l6p2 LP]IZ 0.075{5) 14.5%(1) 14,593
&
L. 0.024(5) 15.61(1) 15.611
4
P52 0.040¢5) 16.57(1) 16.576
eabp? 1rm 0.110(5) 18.3501) 18.353
2., 2
Ga°6d D5/2 0.022(5) 15.97(1) 15.963
2
By2 0.019(5) 16.06(1) 16,059
o 0.014(5) 9.85(1) —

“gelarive areas divided by thetr kinetic energies to correct for Cthe spectromerer

efficiency.
®Inis work. Values given are aversges of three runs. Errora In last place sre

Eiven parevthetically. The Xe 1ines at 12.130 eV and 13.436 ¢V and the Ar lines

st 15.759 eV and 15.937 eV are used for cas *hration.
Raference 1.
Yot 1gentifted.

When the Pb spectrum was taken at 765°C several
strong inclastic loss peuaks appeared; Table 2
sumarizes the results. All of the five peaks
observed are interpreted to result from electron
impact excitation of neugral Pb by photoelectrons
emitted in exciting the “Py,> 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. Inclastic loss peaks observed in neutral Pb
Traesitlon Relative Excitstion Energy trom
P from the ground state  fnenmity’  energviet®  oprical dnta.ev
o AR o oo o
2, 23
1 ealep® p, ! a.97(0) 0.080
223
H onlun” ’p, 0.3 120 1320
3 h-zap(zr”.,m ’pf 410.5 PRI PR
3.0
& n.’op(zrln)ea 1 st0.5 5.1y #7909
To? 5.710
.
5 blbpz 162

10.5242) -

%Areas d1vtded by thelr kinetic euergics, relative to peak |.

Values given are averages nf tvo runs. The Pb Itner from Table | are umed for
energy calipratton,

“Reference 1.

2ero loss line (l.e., the catn peak).

Asslgoment 1y tentative an explafued ' - the Eext.

10.  AUTOTONTZATION IN THE PHOTOELECTRON SPECTRUM
OF Ba

S.-T. Lee, S. Siizer, E. Matthias, and D. A, Shirley

The photoclectron spectrum of Ba vapor was
measured using both llel and Nel radiation. The
spectra are displayed in Fig. 1, with the peak
assignments_iabelled. Our Hel 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 thresho!d of Ba (15.215 eV), three
intense peaks were detected. By contrast, in the
NeI 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 ctserved excited Ba* states are forbidden,
and above the Ba** threshold discrete peaks are
not to be expected. The satcllite structure in
the Nel spectrum can be attributed to configura-
tion interaction in the initial state. However,
the rich satellite structure in the Hel spectrum
is due to autoionization, which constitutes the
major source for the single and double ionization.
It appears that a h&gh;y excited state of Ba
e.g., one of the 5p”6s2 (nd or ns) lp states,
absorbs the llel (21.22 eV) radiation resonantly.
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Fig. 1. (a) Hel photoelectron spectrum of Ba. (b} Nel photo-
clectron spectrum of Ba. In both spectra the peaks marked I
are Jdue to inelastically scattered electrons from the intense
peitks i c-(cltl?g, tho neutral Ra to the lowest 1P state, i.e.,

ﬁph(i\~ ('s) - 5p°

656p(!P). Thosc marked § are due to excitations

by the satellite lines of Hel and Nel radiation. Unidentified
peaks in the Nel spectrum may be due to excitaticn by Nell

radiation.

This state mixes, through configuration interac-
tion, with a number of contlnumn states of the
types Ra**(5p0) (ele'1'), Ba* (SpPnln‘1')(el"),
and Ba*(Sp(’nl)(sl' . The oscillatyr st-ength of
the resonant transition will be shared among
these continuum states. Resonant absorption and
autoionization gives rise to the various features
observed in the Hel ghotoelectmn spectrum. The
three peaks above Ba™ threshold are reached

(XBL 755-4143)

from Ba*(5pSnIn'1')(c1"), but a two-step
autoionization-Auger process.

1. B. Brelm and K. Hofler, Int. J. Mass.
Spectrom. Ion Phys. 17, 371 (1975).

2. H, Hotop and D. Mahr, J. Phys. B. Atom.
Molec., Phys. 8, L301 (19/5), and private
commmication.



1}. K-SHELL CORRELATION-STATY SPECTRA IN TFORMAMIDE

B. E. Mills and ', A. Shirley

Core-level photoemission spectra consist of a
main line pius satellite peaks at higher binding
energies. ‘these peaks arise from direct photo-
electric transitions to states of the same
symmetry as that of the main hole state. All
these states -- main state plus satellites --
are eigenvectors formed via configuration mixing
from simple configurations: hence the term
“correlation states'.

This prototypical study, with 1s holes on
carbon, nitrogen, and ox;gen, shows that n + *
excitations are differentially stabilized
according to the location of the 1s hole. Upon
1s ionization, each MO is stabilized in proportion
to its population on the ionized atom. Thus, for
example, the initial states (m and m2) in .
nitrogen would be stabilized by a N 1s hole while
the final m5" state would be relatively unaffected.
This would increase binding energy of the .

75 = 73* and mp + m3* correlation states relative
to the main N 1s as compared to the same states
for carbon and oxygen. Similar arguments can be
made in the other cases. Figure 1 presents these
experizentally observed effects along with the
predictions of Basch. There is remarkable .
qualitative agreement, indicating that correlation-
state spectra can be used to determine the
responses of individual MDs to "test charges' --
1s holes -- on individual atoms.
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FORMAMIDE

Fig. 1. Systematic variations of the ny + n3*

and 1) > n3* excitation energies and intensities
in gaseous formamide. Where available, intensities
are denoted by (horizontal) lengths of wide bars;
open figures denote calculated values, filled
figures denote experimental results. The low
excitation energies accompanying C 1s ionization
are attributed to the stabjlization of the u3*
orbital by the (positive) core holes; the high
energies accompanying N 1s, to the stabilization
of the m) and 7, (XBL 7511-9554)

12. FURTHIR STURIES OF MiE CORE BINDING ENERGY
PROTON AFFINITY (QORRELATION IN MOLECULES
B. E. Mills, R. L. Martin, and D. A. Shirley
X-ray photoelectron spectroscopy can provide
2 pasitive probe at a reactive atom, elucidating
the findamental effect of molecular structure on
basicity and thus on reactivity in general. Core-
level binding-energy shifts were measured for Ols
levels in alcohols, ethers, acids, aldchydes,
esters, and acetone; Nls levels in ammonia and
aliphatic amines, P?p levels in phosphine and its
methyl derivatives, and Sp levels in IS and its
methyl derivatives., A total of 46 compounds were
studied, The core-level shifts correlated well
with gas-phase proton affinities, thereby extending
and supporting earlier results of Martin and
Shirley, Davis and Rabalais, and Carroll, Smith,
and Thomas. In the amines, for which the data
are most precise, a good correlation was observed
for all 16 molecules taken together. On a finer
scale, each series of amines (primary, secondary,
tertiary) showed a linear corrclation, while
amonia and its methyl derivatives showed a
linear correlation with different slopes (Fig. 1).

Proton affinity { kcal /7 mole)

210 220 230 240
1.5 T T T T
g 4
2 Ao
Z -0t -
2
@P
=
°
¢ -05- —
K
z
o . L ]
w © 7 !
G 0.5 . 1.0 1.5
Proton offinity relative to NHy (eV)
Fig. 1. Nitrogen 1s 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, and tertiary amines as souares.
Line A, drawn through all the data, has slcpe
unity. Line B (AEg (N1s) = -0.73 APA) passes
through ammonia ang its methyl derivatives. The
other lines (AEB (N1s) = -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 Eg
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 Ep more strongly than IP.
This accounts for the dif?erences in the slopes

of the lines. (XBL 756-3297)



These two corvelations are interpreted as
responses of the system to long-range effects and
to changes in the locval bonds, respectively.
Similar behavior was observed in the single-bonded
oxygen compounds.  I'xcellent lineuar correlations
were observed in the compounds of the third period
clements phosphorus (ZFy = -0.60PA) and sulfur
(aEp = -1.04PAY.  Differences in the slopes were
tentatively attributed to more pronownced changes
in nuclear position on protonation of the
phosphines. Analysis of the oxygen data supports
the caenclusion of Carroil et al. that protonation
of carboxyl groups occurs on the keto oxygen.
These results suggest that core level shifts can
be used to predict proton affinities.

13.  TABLE OF CORE-ELECTRON BINDING ENERGIES
. A. Shirley, R. L. Martin, S. P. Kowalczyk,
F. R. MclFeely, and L. ley

The recent discovcn’l that core-level electronic
pirding encrgies are systematically several eV
lower in conducting solids that in free atoms
necessitates a new tabulation of atomic energy
levels, Previous tabulations« were drawn up
without regard to whether the data were taken
on free atoms or solids, and serious discrepancies
are found when these tabulations are compared
with theoretical binding energies.

The most common type of systematic error is
caused by combining optical data for valence
erbitals in atoms with x-ray data for core
levels in metals, then comparing the results with
either core-level binding energies measured
directly by photoelectron spectroscopy on metals
or with theoretical binding energies for free
atoms. Solid-state effects render the photo-
clectron values systematically lower than the cal-
culated atomic binding energies, while the values
derived from x-ray and optical data are not
Tigorousiy comparable to binding energies in
cither atoms or metals.

We have, therefore, prepared a new table of
binding energies which explicitly takes into
accomnt the differences between atomic data and
data obtained on samples in the "standard" state,
usually the metallic state. New values of core-
level binding energies for Sc, Ti, V, Cr, M,
ie, Co, and Ni were measured by x-ray photoemission
under ul tra-high vacuum conditions. These were
combined with other photoemission, optical, and
x-ray data to compile binding energy values for
the first 30 elements, both as frec atoms and in
their standard states. Comparisons of these
values with theory were also made. This table
is available in the original report.-

From an empirical point of view, most core-level
binding energics in the first 30 clements ave
now knwn to within errors of 0.1 eV. For the
15, 2s, and 2p levels of transition-metal atoms,
x-ray energy shifts from metals to atoms may in-
crease this error to ~4 eV'. Recause previous
compilations did not take into account the
difference between Eg values for free atoms and
the standard state, they were in some cases in

doubt by amounts up to the difference between
the two, i.c., by up to 18 eV, in either Eg(atom}
or Ip(metal).

The largest contributions to the change in
the core-level binding energy in going from a
free atom to a metal appear to arise through
screening of the vacant orbital via extra-atomic
relaxation of the metal's valence clectrons, an
increase in the repulsive potential experienced
by core electrons in metals, and (in the transi-
tion series) changes in electron configuratons.l.3
These effects combine to make Ep(metal) less
than Iip(atom) for all core levels.

The suicess of extra-atomic Telaxation energy
estimates® has led us to make theoretical
estimates of core-level binding energies in metals
hy correcting theoretical free-atom binding
cnergies for solid-state effects using a model
described earlier.' Specifically, we have used
the relation
.

iE;(solid, theo) = .EB[atom, theo} —% Feri,sy.
Here F°(i,s) is a Coulomb integral between core
level i and the screening orbital s, and the
binding energy for the sclid is Teferenced to the
vacuum level and not the Fermi energy. There
is in general very good agreement between the
cxperimental and theorctical atomic binding
energies. The first case is the Li(ls) level,
for which the binding energy is 64.8 eV in the
gas phase and 57.2 eV in the metal. The
respective theoretical values are 64.5 and 60.5 el
In other cases the ausolute values of Ep may be
reproduced very well by theory {e.g., for the
Na(1s) case, Eg(atom) = 1079.1(9) eV, Eg(metal) =
1074.0(1) eV, compared with theoretical values
of 1079 and 1075 eV, respectively}, or they may
not {e.g., 3 eV error in the K Is case).
Differences between the EB(atom] and Eg{metal)
arc always present; however, they always have
the expected sign and their magnitudes tend to
follow quite closely the values predicted by the
(1/3)F° estimate described above.

In conclusion, the results of this work
nr.vide very strong evidence that atomic binding
energies are sufficiently well known experi-
meniolly and understood theoreticully to
necessitate that a clear distinction be made be-
tween the atomic state and the metallic state in
future discussions of binding energy. When this
distinction is made, the size of the solid-state
shift and its sensitivity to electronic structure
hold forth promise of its value in the elucidation
of various electronic structure problems in
netals.

1. D. A. Shirley, Chem. Phys. Lett. 16, 220
(1972); L. Ley, S. P. Kowalczyk, F. R, McFeely,
R. A. Pollack, and D. A. Shirley, Phys. Rev. BS,
2392 (1973); P, H. Citrin and D. R. Hamann, Chem.
Phys, Lett. 22, 301 (1973).

2, J. A, Bearden and A, F. Burr, Rev. Mod.
39, 125 (1967); K. Siegbahn et al., ESCA --
Atomic Molecular, and Solid-state Structure
Means of Electron Spectroscopy, Nova Acta

Phys.

by



Regional Soc. Sci. Upsaliensa Ser. 1V, Vol, 20
(1967); W. Lotz, J. Opt. Soc. Am. 58, 915 (1958);
60, 206 (1970). -

3. D A. Shirley, R. L. Martin, S. P. Kowalczvk,
F. R. McFeely, and L. ley, LBL Report 4065 (1975).
4. R. E. Watson, M. L. Perlman, and Jan lerbst,
Thys. Rev. B, XXX (1976).

14, SODIUM ANODES FOR X-RAY PHOTORMISSIUN STUDIES

M. S. Banna* and D. A. Shirley

As photoelectron spectroscopists turn th:ir
attention increasingly to synchrotron radiation
scurces to obtain variable energy and highly
monochromatic radiation, it is important not to
neglect the development of laboratory x-ray line
sources. Because unconventional anode materials
provide high photon fluxes at certain energics,
many experiments can be performed in the labora-
tory, rather than at a synchrotron facility.

Sodium is the lightest metal that can be
expected to produ‘e sharp Xaj2 radiation. The
linewidth should be significantly smaller than
in heavier metals (~0.4 eV), and the Naka linc
falls at a corvenient energy of 1040 eV, The
chemical reactivity of sodium has prevented its
use as an anode material in the past, but ancde
preparation in vacuo has provided a source of
NaKa radiation sufficiently intense for photo-
electron spectroscopy. A sodium charge was
loaded into holes on the cathode block near the
filament of a standard x-ray tube in the Berkeley
iron-free photoelectron spectrometer. When the
filament was heated, the sodium charge was flashed
onto a copper anode, producing a sodium anode
which lasted for 24 hours.

The NaKa x-ray spectrum was studied by photo-
electron spectroscopy, using the neon 1ls lire.
A spectrum is shown in Fig. 1. A least-squares
fit yielded the following satellites (positions,
intensities) relative to the main Kaj, peak:
Ka' (4.00 eV, 0.02), Ka3z (7.00 eV, 0.12},
Kag (8.52 €V, 0.094). Analysis of high-resolution
spectra yielded an upper limit of 0.42 eV FWHM
for the NaKajp line.

Several test cases were used1 to assess the
value of the NaKajy line for molecular photo-
electron spectroscopy. For example, Fig. 2 shows
the carbon 1s spectrum of methane, previously
studied in detail with monochromatized AlKo
x-rays by Gelius et al¢, 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 3.41(7) 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 CHg, the spectrum shown in Fig. 2
is distinctly superior to results obtained
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Fig. 1. Neorn 1s photoemission spectrum and

neighboring satellites; taken with NaKujp x-rays.

Linewidths are: Kojp peak, 0.68(1} ¢¥; Ka',

0.9(2) eV; Kaz, 0 7 14) ev; and Keg, 0.77(5) eV.
(XBr. 751-2128)

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
leust-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

CHy (NaKog ) spectrum.

Many applications of the Naka line are likely,
particularly as ultrahigh vacuum spectrometers
for surface studies become commonpiice.  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.

—
Present address: Department of Chemistry,
University of British Columbia, Vancouver, B.C.

1. M, S. Banna and D. A. Shirley, LBL-3491, to
be published in J. Electron Spectr. and Related
Phenomena.

2. U. Gelius, S. Svensson, H. Svensson,

H. Siegbahn, E, Basilier, A. A. Faxiilv, and

. Siegbahn, Chem. Phys. lett. 28, 1 (1974).
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Carbon 1s photoemission spectrum of
methane, taken with Nakaps x-rays. (Coup<s were
obtained at increments of 0.13 eV. Three
Lorentzians of equal FWlM were used in the fit,
(The linewidth of each was determined to be
0.65(2) eV.} Derived scparations are 0.43(2) cV
and 0.41(7) eV, in order of increasing binding
energy. (XBL 751-2129)

Fig. 2.

15,  PHOTOEILECTRON SPECTROSCOPY OF SECOND-ROW
THATOMIC MOLECULES AT 132,3 eV
M. S. Rapna and D. A. Shirley

Photoelectron spectroscopy hus been hindered
historically by a lack of suitable photon sources
at energies between the hard UV range, which
extends up to the 40.8 oV resonant Ip3zy - s
transition in He*, and the soft x-ray range. The
latter now extends down tu 1040 eV (see above),
the energy of the NaKajz transition. Although
intermediate-energy photon sou -es are desirable
for many reasons, the most important single need
arises in surface physics and chemistry.
Fip. 1 shows, the characteristic electron mean
free path in a metal is shortest (~ 5A), and the
surface sensitivity of photoclectron spectroscopy
therefore greatest, for electron kinetic energies
of ~100 eV. With the goal in nind of developing
a sensitive surface probe, we have designed and
built an yttrium anode, following the pioneering
work of M. Krause', and used the 132.3 eV vttrium
Mz x-ray to study molecular orbitals in gaseous
Nz, 92, €O, and Cply--golecules that are comonly
studied as adsorbates.<

A reliable yttrium anode was made by press-
fitting an yttrium disc into a copper cup of
slightly smaller diameter; the copper cup could
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be directl; water-cooled. Formvar windows of

20 ugm cm” ¢ thickness allowed the YM; photons to
pass, while maintaining a vacuum seal between
the x-ray tube and sample chamber, The anode was
biased positive to keep electrons from the
window, which was also thermally shielded from
the filament.

“h. resolution and intensities obtained in
molecular photoelectron spectra excited by the
YM; line are entirely adequate for studying
molecules as adsorbates in submonolayer coverages.
Furthermore, the changes in relative intensities
of molecular-orbital peaks, compared to those
feund with higher-energy MgKa source (1253.6 eV),
definitively assign the atomic-orhital composi-
tion of the molecular orbitals. Thus, the
spectra of CO (Fig. 2), together with the
Inowledge that 0(2s)/o(2p) incyeases by an order
of magnitude from 10< eV to 10° eV photon energy,
establisk the 2s craracter of the 35 orhiral,
the 2p character of 1T, and the s-p mixing in 5o,
the carbon lone pair. -

1. M. 0. Krause, Chem. Phys. lett. 10, 65 {1971},
2. M. S. Banna & D. A. Shirley, LBL-3479 (to
be published in .. Electr. Spectroscopy and
Related Phenomena).

MOLECULAR PHOTOELECTRON SPECTROSCOPY AT
THL SECOND-ROW HYDRIDES

16.
132.3 eV:

M. S. Banna and D. A. Shirley

The 10-electron second-row hydrides HF, Hz0,
NH3, CHp comprise an instructive series for the
study of electronic properties in the 1-10 eV
energy range. On this scale some subtleties of
molecular geometry are blurred over, and these
hydrides can be regarded as being derived from
atomic neon by moving 1-4 protons from the nucleus
to the atomic periphery. The attendant reduction
in strength of the central potential is manifest
particularly in the variation of orhital binding
energies, as well as other properties.

Photoelectron spectroscopy is an ideal techni-
que for studying the quasiatomic character of
trends in orbital binding energies along this
series. By the 1fse of the ultra-soft (132.3 eV)
yttrium Mg x-ray’ together with sot (1253.6 eV)
Mgka x-rays, it is also possible to determine
the atomic-orbital composition of the molecular
criitals. A study cf this type was carried fJut,2
vielding the binding eaergies and peak intensities
summarized graphically in Fig. 1.

Trends in the 2s - 2o - 2aj orbital properties
follow from the 2s character of the 2o and 2a;
orbitals, while the atomic-orbital compositior
of other molecular orbitals leads to characteris-
tic intensity changes from MgKo tc YMC energies.
Thus comparison of the neon and HF spcctra shows
that the peak labeled 1T is in fact 2p-like,

while the 3o orbital 4as mixed 2s and 2p parentage.

It is now possible to draw a complete set of
orbital correlation diagrams from empirical
binding energies and to determine in whicn
orbitals the bond energy resides. For example
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rig. 2, constructed in this way, shows the
importance of the 2a; orbital to the bond
strength of methane.

1. M. 0. Krause, Chem. hys. lett. 10, 65 (1971).
2. M. S. Banna and I'. .\, Shirley, LET-3478
(7. Chem. Phys., to be published}.
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17. MOLECULAR PHOTOELECIRON SPECTROSCOPY AT
132.3 eV:  ORBITAL INTENSITIES IN THE FLUORINATED
METHANES

M. S. Banna and D. A. Shirley

In the development of molecular photoelectron
spectroscopy using the 132.3 eV YM¢ line, it is
important to ascertain the extent to which relative
peak intensities directly mirror atomic-orbital
composition. To this end experiments were
carried out on the fluorinated methanes.l

The data were analyzed using the Gelius mudelz,
in which the photoelectric cross section of
molecular orbital i is given approximately as

0, (mo) = § Py 05(A0) [6H]

Here 0; is the photoelectric cross section of
atomic otbital j, and P;j; is the population of
that orbital in molecula} orbital i. The model
ignores cidss terms that arise due to overlap.
It is credible in the high-energy limit, but its
accuracy at hv=132.3 eV would be difficult to
predict tioretically.

Results are set cut in Table 1. [n some caseg
energy separations were taken from earlier work.
Empirical atomic cross-section ratios were derived
from orbital intensities in HF, (Hs, and CH3F.
Intensity ratios are given relative to the daj
orbital. Theoretical irtensities were calculated
using Eq. (1) together with ab initio wave
functions given by Snyder and Basch.? Both gross
and net atomic populations were used.

Table 1. Relative molecular orbital binding ener-
gies and intensity ratios for the fluor-

irated methanes. Energies are in eV.

1 (v carr
nmm.lj[ HO eap 150 xsn'n;)*'
CHyF Ja, 38.41 L B

RN 73.48(6) 4 m 0.3y
say 17,5549 9 m 1.00
Te 16.86(8) 1.2 () 1.78
e 13.35(6) L.s2) 1.50
CHyF, 2, w13 AL3 1.50
by 38.20 ~bs 1.72
. lay 23.863) 1. 1.
;:f 19,313 1.13{3) ;::
3, 18.71(3) L.81{8) 1.91
Lay 15.66(5) L5 2.4
by 15.19¢54 Lr@ 2.55
€ay 14 90¢5) i~‘l”(~) 1.98
26, 13.1614) +02(b} 1.45
CHF. 3 41, i 1.
LR Wi 2110 2
- dap 26.38(1) -52(9) 0.97
Sa) 20.89(1) -78(7} 1.00
e 20.39(3) 1 g;{;' 2.65
;k 17.98(3; B (d 3.2
3 16,00(4)) el 3.59
ay 15.30(4) -0 1.89
6a 14600} .6 {2) 128
e 2l ) 2.06(7) i
-l FEYe -01(6) 130
il 1102 2.46(6) .
& Ea e s
2;, 17:45§:; 3.32(1 5.
1ty 16,28(3} 3.66(6) 5,95

®Based on gross populations
Based on mer populations

The intensities agree amazingly well with the
simple theory, with very few exceptions. They
give no basis for choice between net and gross
population. We conclude that photoelectron
spectroscopy at 132.3 eV has real diagnostic
potential in stud;ing molecular otrbitals.

1. M. S. Banna and D. A. Shirley, Chem. Phys.
Lett. 33, 441 (1975).

2. U.TGelius in Electron Spectroscopy, D. A.

Shirley, ed., (North-Holland, mter%}n, 1972)
311.

3. M. S. Banna, B. E, Mills, D. W. Davis, and
D. A, Shiriey, J. Chem. Phys. 61, 4780 (1974).
4, L. C. Snyder and H. Basch, Molecular Wave

Functions and Properties, (John Wiiey § sons,

New York, 1972).

18. RARE-EARTH VALENCE STATE STUDIES OF THE
SERIES RInz AND RSn3 DERIVED FROM QUADRUPOLE
COUPLING CONSTANTS

G. P. Schwartz* and D. A. Shirley

Discussions of the electronic structures of
metals usually begin by partiticning the lattice
into positively-charged ion cores plus itinerant
valeiice electrons. For many metals this separation
is a computational shortcut rather than an
experimentally observable feature, but in the rare-
earth metals and their compounds the 'valence
state” has a more exact meaning. The 4f electrons
are sufficiently localized to be assigned
unambigiously to the ion cores, which then have
charges of +3 or, sometimes, +2. Considerable
theoretical and experimental attention has
recently been focused on the question of non-
integral rare-earth valence and valence-state
changes induced by pressure and temperature. Most
of the cases studied to date have been rare-earth
chalcogenides which have insulating or semi-
metallic properties, but potentially interesting
metallic cases have also been known for some time.

farly studies of the susceptibility and lattice
constants of the rare-earth series RInz indicated
that Yb was in a lower valence state (presumably
+2) than the other rare earths. The large
increase in susceptibility noted on cooling to
liquid helium temperatures was taken as an
indication that the valence of Yb had changed
from +2 to +3. In the RSn3 series, EuSn3z and
YbSn3z both appear with divalent rtare earths,
vhiie CeSnz is trivalent at room temperature and
originally was thought to become yuadrivalent at
helium temperatures., These early conclusions were
disputed through later Mossbauer studies, but a
consistent picture for the combined In and Sn
series kas not been published to date.

The RIny and RSn3 intermetallics crystallize in
the FCC AuCu3z structure, which places the In or
Sn at a site with tetragonal symmetry. The non-
cubic nature of tiiis site leads to a non-vanishing,
axially-symmetric electric field gradient q that
is highly sensitive to changes in the surrounding
rare-earth valence state, According to a simple
point-charge model, q should scale as 2'/r3, where
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data for RInz compounds plotted against atomic
number. Inset shows variations for YbIng with
temperature and pressure changes.  (XBL 758-3708)

7' is an effective charge. The functiona! form
of this dependence leads to a great sensitivity
advantage of field gradients as opposed ro lattice
constants for determining valence states.

In this work radioactive luln was substituted
into the In or Sn lattice sites of those RIn3 and
RSus compounds that are stable at room_tempera-
ture. Quadrupole coupling constants e2qQ/h were
determined by time-differential pertuybed angular
correlations in the 247 KeV state of illcd fol-
lowing the electmn-cgpture decay of In. These
wure multiplied by a,?, where a, is the lattice
constant of each RInz or RSnz compound, to form
the product (e2qQ/h)a,3; this latter should vary
directly as 2'.

Figure 1 shows that Z' in the RIng lattice is
essentially constant for 12 rare earths, but
dramatically lower for YbInz. This is interpreted
as indicating a +2 valsnce stats for Yb % The
inset shows little change in (e“qQ/h)ay” at
high pressure and at low temperature, indicating
that the valence state does not change. The RSnz
compounds showed similar beLavior. Both EuSnz

and YbSnz have divalent rare earths, while in CeSng

the cerium atoms are trivalent, as are La, Pr, Nd,
Sm, and Gd in their respective compounds.

—_—
Present address. Bell Telephone Laboratories,

Murray Hill, NJ.

19, MEASUREMENT OF ZERO-POINT SPIN DEVIATIONS,
PRESSURE- INDUCED HYPERFINE FIELD SHIFTS, AND
SUBLATTICE MAGNETIZATIONS USING PERTURBED ANGULAR
CORRELATIONS

H. H. Rimneberg, G. P. Schwartz, and . A. Shirley

Time-differential perturbed angular correlation
(TUPAC) of y-rays has been applied increasingly

to study soiid-state prope-ties, In most cascs
quadrupole interactions Yave been measured to
infer the electric field gradient produced by the
lattice at the site of tha radioactive mfﬂeus,.1
Recently, the well-known y-y cascade of MCd
has been used to deternine magnetic hyperfine
fields at the impblrity in Cd-doped antiferromag-
retic insulators.© The observed intermal fields
have been discussed coiisidering overlap and
chargr-transfer effect~ of the neighboring anions.

‘The purpose of this work was to use the PAC
technique to probe properties of the magnetic
lattice itself. The zero-point spin deviations
in the doped two-dimensional Heisenberg-iike
antiferromagnets KoNity/Cd and RboMnF4/Cd were
measured. The temperature dependences of the
hyperfine fields in Rh‘hF:;/Cd and MnF,/Cd yielded
the temperature dependence cof the subluttice
magnetization next to the impurity. Finally we
report the pressure dependence of the internal
field in MnS/Cd.

Zero-point spin deviation, like zero-point
motion, is a quantum-mechanicai effect. It
arises becauze the spins in a magnetic lattice
cannot be aligned perfectly parallel. Rather,
there is a deviation, &, such that

¢S5 = S(1-8)

In a three-dimensional antiferromagnetic lattice,
theory predicts A3 ~ 0.08; while for the two-
dimensional case the predicted value is larger:
Az ~0.20. By studying the supertrensferred
hyperfine fields- at Cd nuclei in the perovs-
kites KNiFz and RbMnF3 and the iayered fluorides
K7NiFgq and RboMaly, and assuming the same spin
transter through each Ni-F-Cd and Mn-F-Cd path,
it ~as possible to derive

AZ(K2N1F4/Cd) =0.26  4.10
Az(Fthzx\hF4/Cd) =0.25 £ 0.10

if Az = 0.08 was assumed in each case. These
values are Scmewhat higher than the values
83 = 0.17 - 0.20 obtained from ENDOR and NMR
studies, but they provide good qualitative
confirmation of large Ap values by & naw,
independent wmethod.

The temperature dependence of the hyperfine
field strength 2t a solute in a magnetic lattice
helps set limits on the mechanism that create the
field. For Cd in antiferromagnetic MnF, and
RbMnFs3, the induced hyperfine field fell off
slightly faster with temperature than the measured
or inferred sublattice magnetization. At 30°K,
for example, the hyperfine field at Cd in MnFp
has fallen off 2% more than the 19F N\R frequency
in pure MnFp, the agrcement with a 1.5% decrease
in the NMR frequency for 19F next to (diamagnetic)
Zn impurities.? Figure 1 shows the temperature
trends.

when 111Cd-doped MiS at 4.2°K is subjected to
high pressures, the Mn-S bonds are shortened, thus
increasing the strength at the exchange integral
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between Mn3d; orbitals and S3pg orbli'a}
supertransferred hyperfine field at Cd nuc1e1
was predicted to increase by 4.3% at 20 kbar if
in fact spin transfer through o orbitals was
responsible for this fie.d. Figure 2 shows the
time-dependent PAC spectrum. The experimental

increase was 3.8 ¢+ 9.8%, thus confimming this
mechanism.

1. H. tjaas and D. A, Shirley, J.
3339 (1973).

Chem. Phys. 58,

2, #. W, Rinneberg and . A. Shirley, Phys. kev.
Lett. 30, 1147 (1973).
3. M. Butler, V. Jaccurino, N. Kaplan, and H, J.

Guggenheim, Phys. Rev. B 1, 3058 (1970).

20. BETA-DECAY ASYMMETRY FROM THE DECAYS NF
ORIENTED 52 AND ©0co®
S. T.-C. thmg,” K. S. Krane,® and D. A. Shirley
In recent years numerous experimentsl studies
have been made to search for evidence of parity (P)
and time-reversal (T) vielatiom in nuclei.
Although no direct evidence for T violation has
yet been cbtained, indirect evidence Tesults
from the observation of CP-violation in the K,
decay, and there is specmatlon as to whether this
effect arises from T violation in weak or
electromagnetic interactions. In the case of
allowed beta decay, 7 violation would be manifest
as a complex phase of the ratio of Ferni to Gamow-
Teller amplitudes, y. Furthermore, because the
size of the T- Vlolatmg observable is proportional
to )/(l + v-), it is advisable to choose a case
for investigation in which there is reasonable
interference between the F and GT terms. Previous
detrrminations of y in 52Mp © e not been in good
agreerent, and tE? possibility that a large value
of y might make ““Mn a favorable candidate for an
investigation of T violution in beta decay
prompted the present research.

The F/GT ratio y may be determined from a
reasurenent of the directional asymmetry of beta
particles relative to an axis of nuclear
polanzatlg We have investigated the beta
decay of 52 by observing the asymmetry of
pesitrons emitted fgnm 52 criented at low
temperatures. M nuclei were polarlzed
in an iron lattlce and cooled to 0.008°K by
thermal contact with an adiabatically demagnetized
paramagnetic salt. The positron asymmetry was
determined by means of two independent techniques:
the positrons were detected directly by using
high-purity germanium detectors and indirectlyv by
using NzI detectors to observe the annihilation
gamma rays. These two techniques yielded a
consistent result for the asymmetry, corresponding
for this allowed decay to a Tatio of the Fermi
to Gamow-Teller matrix elements of

= GMp/CaMor = -0.144 = 0.006. An auxiliary
expeument on 50co gave a beta asymmetry
A = -0.971 ¢+ 0.034, in excellent agreement with
the theorevical value of -1 expected for maximal
parity violaticon.

This value of y is substantially larger than any
of the seven values previously reported by other
workers, which Jisagreed among themselves.* IWe
are confident that our value is correct, however,
because it is a much more direct measurement,
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because the experimental design was superior, and
because the larger asymmetry was obvious even by
visual inspection of the raw data. Because the
Fermi 'gamow-Te!ler ratio is so large, we conclude
that ~4Mn would be an excellent candidate for an
experimental test of time-reversal invariance in
weak interactions.

—_—
A detailed discussion, with references, appears
in LBL-3488.

21, NUCLEAR ORIENTATION OF 2.3-d GOLD-198m

H.-E. Mahnke,
D. A. Shirley

G. Kaindl, F. Bacon, and

The magnetic hyperfine interaction of Etglg
T3/2 = 2.3-d high-spin isomeric state of 17°Au
has been measured in host metals of iron and
nickel at temperatures down to 4 mK using the
thermal-equilibrium nuclear-crientation technique.
Tne resulting value for the magnetic moment, p =
(+) 5.55t0.35 1.m., strongly supports an interpre-
tation of this scate as a

[Ty g3 ¥zl 127

configuration analogous to 196“\F\u and 200y, The
observed gamme-ray anisotropies are in agreement
with the recently proposed decay scheme of 198MAy;
for the E2/Mi-mixing ratio of the 204-keV gamma
transition they result in a value of § = -0,10£0,05.

22, RESEARCH PLANS FOR CALENDAR YEAR 1976
David A, Shirley and Associctes

This will be a year of building and of explora-
tory research. Photoelectron spectruscopy (PES)
has evolved into a reiiable laboratory tool for
characterizing one-electron properties of atoms,
molecules, and solids using staudard laboratory
photon sources at fixed energies, Many valuable
applications of PES to new materials can be
expected in the future. The real frontiers of
PES, howsver, involve the develepment of more
sophisticated methods for the qualitative study of
new phenomena. Our research efforts will be
directed at the following goals of this nature.

The Stanford Synchrotron Radiation Project
(SSRP) affords a wnique, convenient facility for
deing exploratory research with continuously
tunable photon energies in the range 30 - 1000 ¢V,
Initial experiments with copper and gold single
crystals have showr. a dramatic energy-dependent
directional anisotropy in the d-band PES spectrum.
This effect will be studied in detail. A complete
anaiysis of the effect should answer certain
fimdamental questions about photoemission in
solids.

Surface properties will be investigated. An
attempt will be made to determine definitively
the effect of che surface on binding energies,

plasmon spectra, densities of states, and magnetic
moments. Stepped surfaces will also be studied.

The new Berkeley Magnetic Photoelectron
Spectrometer will be completed and tested. Plans
are underway to use this high-efficiency, high-
resolution machine to study PES spectra of exotic
species, such as van der Waals' molecules, in
molecular beams; this will be done in collaboration
with Y. T. lee.

High-temperature atomic and (later) molecula:
species will »e studied to elucidate electron-
correlation effects. Ultraviolet PLS will be
used, possibly at SSRP, Gas-phase core-level
binding energies and time-dependent phenorena
may also be studied at SSRP.

23. 1975 PUBLICATIONS AND REPORTS
David A, Shirley and Associates
Journals and Books

1. D. A. Shirley, X-ray Photoemission and Surface
Structure, J. Vac. Sci. Technol. 12, 280 (1975).

2. W. J. Pardee, G. D. Mahan, D. E. Eastman,

R. A, Pollak, L. Ley, F. R, McFeely, S. P.
Kowalczyk, and D. A, Shirley, Analysis of Surface-
and Bulk-Plasmon Contributions to X-ray Photo-
emission Spectra, Phys. Rev. Bll, 3614 (1975).

3. M. S. Banna and D. A. Shirley, Molecular
Photoelectron Spectroscopy at 132.3 eV. Methane,
the Fluorinated Methanes, and Hydrogen Fluoride,
Chem. Phys. Letters 33, 441 (1975).

4. D. A. Shirley, A Summary of the Intemational
Conference on Hyperfine Interactions Studied by
Nuclear Reactions and Decay, Physica Scripta 11,
244 (1974).

S. D. A. Shirley, Hyperfine Interactions and ESCA
Data, Physica Scripta 11, 117 (1974).

6. H.-E. Mshnke, G. Kaindl, F. Bacon, and
D. A. Shirley, Muclear Orientation of 2.3-d 198myy,
Nuclear Physics Az47, 195 (1975).

7. T. S, Chou, K. S. Krane, and D. A. Shirley,
Nuclear-Orientation Measurements of Parity
Admixture in the 501 - keV Gamma Transition in
180HE™M, Phys. Rev, C12, 286 (1975).

8. S. Slizer, M. S. Banna, aad D. A, Shirley,
Relativistic and Correlation Effects in the
21.2-eV Photoemission Spectnum of Atomic Lead,
J. Chem, Phys. 63, 3473 (1975).

9. S. P. Kowalczyk, F. R. McFeely, L. Ley, and

N. A, Shirley, Multiplet Splitting of X-ray Photo-
emission Spectra of Core Levels in Magnetic Metals,
20th Annual Conf. on Magnetism and Magnetic
Materials, AIP Conf. Proc. 24, 207 (1975}).
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10. S. P. Kowalczyk, L. ley, F. R. McFeely, and
D. A. Shirley, A High-Resolution X-ray Photo-
emission Study cf the Total Valence-Band Densities
of States of GaSe and Bilz, So}. St. Comm. 17,
463 (1975).

11, ™. S. Banna and D. A. Shirley, Molecular
Photoelectron Spectroscopy at 132.3 eV. The Second-
row Hydrides, J. Chem. Phys. 63, 4759 (1975}.

Invited Talks

1. D. A. Shirley, Harvard-MIT Physical Chemistry
Seminar (March 6}.

2. R. L, Martin, Philadelphia Meeting, American
Chemistry Society (April 8).

3. D. A. Shirley, 1BM Research Laboratories,
Yorktown Heights (April 10).

4. D. A, Shirley, Physics Departmental Colloquium,
UC Berkeley (April 16).

5. D. A. Shirley, Georgia Tech Chemistry
Department: Dupont Lecturer (May 8).

6. D. A, Shirley, Chemistry Department, UCSD
(May 13).

7. D. A. Shirley, XXVth Congress of IUPAC,
Jersulaem, Israel: Main Section Lecturer on
Molecular Structure (July 7}.

8. D. A. Shirley, Faraday Discussion, Vancouver,
B.C.: [Jly 15).

9. D. A. Shirley, Tenth Anuual Conference,
Microbeam Analysis Society, l.-s Vegas, Nev.
(August 15).

10. D. A, Shirley, Chemistry Colloquium, Purdue
University (September 25).

11. D. A. Shirley, Physical Chemistry Seminar,
UC Berkeley (October 7).

LBL Reports

1. B. E. Mills, R. L. Martin, and D. A. Shirley,
Further Studies of the Core Binding Energy-Proton
Affinity Correlation in Molecules, LBL-4057,
June 1975.

2. F. R, McFeely, J. Stohr, G. Apai, P. 5. Wehner,
and D. A. Shirley, D-Orbital Directed Photoemission
from Silver and Gold, LBL-4325.

3. H. . Rinneberg, G. P. Schwartz, and D. A.
Shirley, Measurement of Spin Deviations, Pressure-
Induced Hyperfine-Field Shifts, and Sublattice
Magnetizations Using Perturbed Angular Correlations,
LBL-4538.

4, G. P, Schwartz and D. A. Shirley, Rare-Earth
Valence State Studies of the Series RIng and RSnj
Derived from Quadrupole Coupling Constants,
LBL-4539.

5. B. E. Mills and D. A. Shirley, K-Shell
Correlation-State Spectra in Formamide, LBL-4534.

6. S. P. Kowalczyk, L. Ley, F. R. McFeely,

R. L. Martin, and D. A, fhirley, Relaxation and
Final-State Structure in XP5S of Atoms, Molecules,
and Solids, LBL-3476.

7. S. T.-C, thmg, K. S. Krane, and D. A. Shirley,
Beta-ﬂecag Asymmetry from the Decays of Oriented
52y and %Cco, LBL-3888,

8. R. L. Martin and D. A. Shirley, Many-Electron
Theory of Photoemission, LBL-3467.

9, R. L. Martin and D. A. Shirley, Theory of
Core-Level Photoemission Correlation State
Spectra, LBL-3468.

10. R. L. Martin, B. E. Mills, and D. A. Shirley,
Fluorine 1s Correlation States in the Photo-
ionization of Hydrogen Fluoride: Experiment and
Theory, LBL-3469.

11. M. S. Banna and D. A. Shirley, Molecular
Photoelectron Spectroscopy at 132.3 eV: N2, CO,
CyHy, and O, LBL-3479.

12. M. S. Banna and D. A. Shirley, On the Use of
Yttrium and Sodium Anodes in Photoelectron
Spectroscopy, 1BL-3491.

13. Muhammad Salim Banna, Gas Phase Photoemission
with Soft (NaKa, MgKe) and Ultrasoft (YMz) X-ray
Sources, (Ph.D. Thesis) LBL-3473.

14, Gary Paul Schwartz, Applications of Time-
Differential Perturbed Angular Correlations to the
Study of Solids (Ph.D. Thesis) LBL-4056.
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h. Crossed Molecular Beams
Yuan T. Lee, Principle Investigator

1. ENERGETICS AND DYNAMICS OF THE FORMATION OF
TRTIHALOGEN MOLECULES

James J. Valentini and Michael J. Coggiola

Crossed molecular beam techniques have been
used to study 1he endoergic reactions between F;
and Ip, IC1, or HI. All three reactions preduce
the trihalogen (or pseudotrihalogen):

Fo+v I, =~ FII + F (¢9)
FZ +ICl » FIC1+F 2
F +Hl + FIH+F 3

The results of this experiment strongly sug-
gest that the observed products in reactions (2)
and (3) are indeed FICl and i 'H with the F atom
attached to I but not C1 or H, as ICLIF or IifF.
Figure 1 shows the threshold behavior of the
formation of [2F, C1IF and HIF products as the
relative kinetic energy between Fz and [z, ICI,
or HI is varied. From the observed threshold and
the dissociation energies of Fp, Ip, IC1, and III,
lower bo'nds on the stability (thh respect to
the free atoms) of thesu 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 + I, Similar diagrams can be constructed
for the Fp + IC1 and Fp + HI systems.
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Fig. 1. Energy dependence of the relative total
cross sections for the reactions: (0) Fp + [7:
(®) Fp + 1C1; (&) Fp + HI. (XBL. 7510-8537)

50

401 F+F+l, -
[— 1h+r  L*ItRT

30— 1
20} .

> -

g 4

sor LF+F ]

> L Lf

]

g

-10
-50T-

\
Al

e ——
(W

-60 |- _21F

-7T0

Fig. 2. Schematic diagram of the reaction
energetics for Fp + 1. (XBL 753-2541)

For the systems Fz + I3 and Fa + IC1, the
reactions

Fp+1, » IF+1+F ()

2
F2+IC1-']F*C1+F (5)

are also energetically allowed at the collision
energies used in these experiments. IF was
observed in both reactive sys:iems. Figure 3 shows
the angular distributions of the reactively
scattered IzF and IF products formed from Fy + Ia
at collision energies of 12.6 and 18.7 kcal/mole”
The IF distribution was ohtained by subtraction
of a fraction of the I2F distrihution from the
measured IF signal. This subtraction is necessary
to correct for IF produced from 13F in the
electron hombardment ionizer of the detecter.

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
1f 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 produzes two identical molecules, the
product distribution would have forward-backward
symmetry in the center-of-mass coordinate system,
and be roughly symmetric about the center-of-mass
(c.m.) angle in the lahoratory system under our
experimental conditions.
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shown for each collision energy.

2. INTRAMOLECULAR 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
bromo-olefins to produce chloro-olefins has
several advantages. The detachment of bromine
from the radical intermcdiate is known to proceed
with negligible potential harrier. Thus no
complication is added to the analvsis regarding
redistribution of energy in the exit channel.
addition, the exoergicity (about 12 kcal) is
sufficiently small that the intermediate radical

In
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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 (C.H.Br). A super-
sonic jet of chlorine atoms is pmd&c d from CIZ 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 C1 in various inert carrier gases. The
product intensity was determined at each angle
by monitoring mass 62 (CpHzCl1) 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.

We 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 BEIWEEN C1 and ¥e:
EVIDENCE OF INNER "GHEMICAL™ WELL

Christopher Becker and James J. Valentini

The interaction potentials between onen 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, C1 + C1 + Xe + Cl2 + Xe,
or the atomic mechanism of HI formation:

[+ + I~ 2HI, wil1 not be possible without
precise information on Xe + Cl and Hp + 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., ArClF,
ArHC1) have been proposed to have characteristics
of chemical bonding. The careful investigation
of the open shell atom to rare gas atow interac-
tion may prove to be a basis for understanding of
weak "chemical bonding" in these systems.

In this experiment, the potential for groumnd
state Cl + Xe is examined via crossed molecular
beam measurements of differential elastic cross
sections {0{#)) for three different collision
energies (E). The Ar + Xe system has also been
studied for comparison. The angular distrib: tions
of 35C1 (or VAr) 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 Cl1 + Xe data displays a new
oscillatory structure qualitatively different
from the rare gas pair,



For a given E and potential V(r), the o(”} can
be calculated by semiclassical scattering theory.
By varying the parameters of an anmalytic form
we attempt to find a best fit to the cxperimental
results. In this way a flexible form of V(r)
was used for Ar + Xe and rpip and the well depth
determined to within 5%.

Uniike the easily explainable rare gas svstem,
the analysis of the a(#) of 2°(Cl is more complex.
Preliminary fits of the data for E of ~2.3 and
6.1 keal/mole using Lennard-Jones (N,6} potent11]s
suggested two very different potentials for each [.
Careful examination of the o(#) has led to the
conclusion that a chemical well coexists in this
system with a van der Waals region. This inner
well is 2 to 3 times deeper than the van der Waals
well and has perhaps more than an angstrom smaller
rmin than for Ar + Xe. Recent spectroscopic data
on Xe C1 analvzed 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 D2 + | system,
which may have an incomplete analysis. Recent
data for Cl + HI also show these informative
oscillations. Further work is needed to elucidate
the transition from a van der Waals to a chemical
bonding region.

4. INTERACTTONS AND REACTIONS OF ELECTRONTCALLY
EXCITEL ATOMS

Andrew Wané

The phenomenon of Penning icnization has
received extensive attention in recent years.
The interaction becween the helium metastahle
atom with other rare pas atoms has, in particular,
commanded a great deal of research effort. A
favorite prototype in many of these studies is the
reaction

HeAr”

+

Ar

+ e
fle (35) + Ar

+¢ + He

Yet, notwithstanding the wealth of information
available on this system, a very important and
much sought after datum, namely the He(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 howeer failed to produce a potential
that harmonizes with all the available data,
especially the total cross sectlon results. We
have therefore decided to make another attempt to

arrest the indeteminatencss in the potential
paramcters. Differential cross section measure-
ments were taken at two temperatures, 300K and
650K, and a MMSV potential form was used to (it

the data. The resulting potential, which consists
of a real and an imaginary part, agrees very well
with the total cross scction measurements of
Niehaus et al. It also compares favorably with
the recent more refined results of Haberland et al.

Pursuing the same line of inquiry into the
nature of the Penning process has led us to measurc
also the differential cross section for the reac-
tion Ne(T/S) + D2, We have made the measurcments
at three temperatures for both He(T + §) + . nad
He (T) + D>, This should enahle us to unequivocal -
1y establish the potentials for Ile (T) + 2 and
He (S) + 2. The ratio of associative ionization
to Penning ionization has also been obtained as
a function of the relative hinetic energy. Our
results arc currently being analyzed.

The advent of the dve laser with its impressive
tuneability has spot-lighted another class of
highly excited states, namelv the Rvdherg states.
We arc planning to mike total collisional
ionization cross section measurcments for
selectively produced high Rydberg states of ile
and other atoms as a function of relative kinetic
energies. As such, a nitrogen-pumped dye laser
system as well as a [lashlamp dve laser are
currently being assembled and tested. The tuneable
dye laser will be used for the excitation of a
beam of metastable rare pas atoms into high
Rydberg state.

5. PHOTOIONIZATION CROSSED MOLECULAR BEAMS
APPARATUS

Cheuk-Yiu Ng

The photoionization crossed molecular heams
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 beam production
system, it is possible to obtain a gas jet with
well defined kinetic energy and full relaxatien
of internal degrees of freedom, and still maintain
relatively high sample density. The full relaxa-
tion of internal degreces nf freedom is essential
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 preparc known
internally excited atomic and moiecular 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 he 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 co lision regions. The
machine is essentially a chamber with two



independent beam production systems coupled to a
dispersed windowless vacuum UV source. In
addition, a quadrupole mass spectrometer, an
electrostatic photoelectron energy analyzer and a
photon detector which wiil 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 hetween 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 €0z, and SFg.
It is expected that from fully relaxed mole:ules,
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 Prefessor Mzhan's group.

6. MEASURBMINT 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
filight 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 poor'y or not at
all, The incycused resolution of the detector
is e to the possibility of a drastic reductior
of the size of the region in which the critical
measurement process takes place. 1n our standari
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. lonization
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 (~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 probsc.: of ion-gm
length is eliminated entirely, whilc the effective
total flight patii is lengthened. The aew
detector consists of a cross-correlation chopping
wheel, followed by a Weiss-types 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
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in negligible longitudinal momentum change. Then
the charged particles are removed by deflection
fields. Finally, the signal is observed from the
clectrons ejected by the metastables when they
collide with the front surface of the electron
multiplier. Since, in this measurement scheme,
the critical measurement process occurs at a
surface, the detector, nominally, has infinite
resolution. Our ahitity 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

(= 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 NyO and CO7. 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 excitatijon
of rotational and vibrational states of molecules.

7.

RESEARCH PLANS FOR CALENDAR YEAR 1976
Yuan T. Lee

Interaction potentials between open siell 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-balogen atom interactions. Rare gas
halide laser is onc of the most powerful visible
lasers under development. The development and
improvement of rare gas halide laser rrgently
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 Rydberg 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 plaved 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 awoms and radical
molecules will be studied with a special interest
in chemiluminescence in visible region. In
addstion to the re.ctions of such radicals as



(i3, 17F and XeF, we will gradually shift our
attention to those free radicals with atmospheric
importance, t.e., HOv. OH etc (with .Johnston's
group). Other reactions related to atmospheric
chemistry which will be pursued immediately are
reactions of oxygen atoms and ozene. Oz + Cl 1s
one of such an example.
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i. Potential Energy Surfaces for Chemical Reactions

Henry ¥, Schaefer 11X, Principal Investigator
1. METAL CLUSTERS, GHEMISORPTION, AND SURFACE
(HIMISTRY*

and Henry F.

{harles W. Bauschlicher, Jr.,

Schaefer 111

The critical importance of catalysis in meeting
the world's near-term energy needs has created a
tremendous surge of interest in surface chemistry.
Until recently, theory has played only a limited
ro'e in the development of surface chemistiy.
However during the past five yesrs, quantitative
molecular orbital theories have been used to
provide considerable insight into the properties
ol small metal clusters and the nature of the
chemisorptive bond. thowever, most of these
theoretical studies have employed semi-empirical
methods, subject to well-documented deficiencies.
Iuring the past year we have nearly completed
the first definitive ab initio -:\'ud\ of
chemisorption. The system considered was
chemisorption of atomic hydrogen by the {0001)
surface of bervllium metal. The surface was
modeled by metal clusters as large as Bepp, which
is scen in Fig, 1.

Among the more important questions addressed
theoretically heve been (a) the convergence of
metal cluster properties to the analogous proper-
tics of the infinite metal surface, (i) the
nature of and number of surface atoms participating
in the chemisorptive bond, and (c) the energetics

12
Fig. 1.

distance between adjacent atoms within a layer is 2.2866 A,
between adjacent atoms in different layers is 2,2255 A,
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Model of the Bey; cluster in the present theoreticai study.

and structures of various plausible sites (on the
surface) for chemisorption. The most significant
of these results are sumarized in Table 1, where
it is seen that three sites are about equally
favared for chemisorption, while the fourth (the
directly overhead site} is somewhat less so.

e —
Abstracted from J. Cher. Phys.
LBL-4318, LBL-4516, and LBL-2373.

62, 4815 (1975),

2. PHOTOCHIMICAL FORMATION, PROPERTIES, AND
KeACTIONS OF TIE METHYLENE RADICAL*

Charles i,
James W. Meadows,

Bauschlicher, Jr., Clifford E. Dykstra,
and Henry F. Schaefer IIT

One of the most characteristic features of the
photochemistry of ketene is a dependence on the
wavelength of the absorbel radiation. Both
triplet and singlet methyiene appear to be formed
at wavelengths less than 3700 A, but the triplet
fraction reported varies from 26% at 2139 A to
vS% .at 3660 A. Since the first excited state

(a 31} of t?e €O molecule is relatively high-lving
(48,000 ¢mn™ "}, 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 clectronic states of ketene are
expected to play a crucial role in any satisfactory

13

The
while that
Surface atons

are labelled by the numbers 1-14, while second—layer atoms are labelled

by the letters a-h.

(XBB 7512-8737A)
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Table 1. Models of the chemisorption of atomic hydrogen by the (0601} surface of beryllium metal. The
cluster notation Bejg(7,3) implies a model with seven atoms for the surface layer and three
atoms for the second layer. Bord distances re are in A and chemisarptive bond energies b, in
kcal/mole.

Opcn Site Eclipsed Site Bond Midpoint Site Directly (verhead Site
Model T n Model r b Model T 0 Madel T D
€ € € [ < 3 € <

BeS(S,O) 1.25 15,4 Be4(3,1) 1.24 28,7 Bc4(4,0) 1.26  70.1 Bcl(l,O) 1.42  46.4

Bes(-l,l) 1.02  23.2 Be5(4,1) 1.is 30.1  Beg(4,1) 114 324 Be,(7,0) 1.43 71,3

Beﬁ(ﬁ,o) 1.18 47.3 BF.,(b,l) 1.11  40.8 Bcw(lo,l)) 1.17 5.3 Bem(7,3) 1.43  27.3

. a <

Beg (5,3) 1.11  55.3 Be13(10,3) 0.90 57.2 B"ls(lo"’) 1.05 4.8 Be5(10,3) 1.41  31.1

Beg(6,3] 1.13 50.2 0.94 58.3 3022(14,8) 1.04  53.3 Bczz(l-l.ﬁ) 1.39  31.4

Be13(10.3) 0.99 39.0 Be,2(14,8) 0.97 51.9

Bezz(la,k‘-) 0.94 55.1

2w distinct Ben(lO,S) clusters were studied.

understanding of the photo-decomposition of ketene.

Vertical excitations of eighteen excited electronic -5

states have been investigated theoretically. For 1510 -

eight of the low-lying states of ketene,

equilibrium geometries have been predicted, and LA R -

p : c < KE TENE
tl’.‘le resulting energy level diagram is shown in L1511 EXCITED
Fig. 1. STATES

Ab initio electronic structure theory has also

been applied to the insertion reaction of singlet -1s1.2

methylenc with molecular hydrogen. Sipce the

molecular orbital descriptions of (Hy(*A;) + H; 480,000

and CHy differ by two electrons, the least motion T o-151.3

approach considered here is forbidden in the ] .

sense of Woodward and Yoffmann. Electron £

correlation was explicitly taken into accommt via s 60,000 ~

configuration interaction (CI). The 1 included ~ -I5..4 E

all singly- and doubly-excitrd configurations = -

(a total of 1192) with respect to three reference 5 daoowo &

configurations. A primary goal was the location & 1515 ' 5

of the saddle point or transition state geometry y P

-120,000
H H -151.6
W
2.20 A f . .
0.76 A |- - - =rERT oo C 172 ', 95 aChy 4 C
" H -15.7 -
Verticol Optimized
- geametry
This stationary point on the potential cnergy Fig. 1. Ketene excited stotes. Dotted lines

surface lies 26.7 kcal/mole above separated
CHZ[IAlJ + Hy. 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

represent triplet states and solid lines represent
singlets. The vertical excitation cnergies ar?
all for the same geometry, namely that of the Ay
ground state. The optimized results refer to
geometries scparately determined for cach state,
and the reduced symmetry and corresponding state
designations are shown. (XBL 757-4445)



ia terms of the natural orbitals resulting from
the wave functions. A scction of the potential
energy surface i, scen in Fig. 2.

The transition states and barrier heights for
the reactions Clia(By) + 1 + (H3 + 1 and
Uh( By) + UIA + (g + Qg “have been predicted
using noncmmncax L‘lcctromc %tmcture theory.
Our earlier work on the Clh( By) + Il reacti ha>
been extended by (a) the addition of polarization
functions to the carlier double zeta husis set,
and (b) the consideration of five zuditional
deprees of freedom in the potenti . surface. The
carlier conclusions remain cssentiilly unchanged:
the transition state occurs for a (3, structue
and the barricr height is ~151 /= oo the
methane abstraction reaction u barricr heipht
~7 kcal/mole higher was found, implying that
neither res=tion should occur to a significant
degree at room temperature. This conclusien is
consistent with the BEBO calculations of Carr
but in disagreement with the MINDO predictions
of fewar.

Finally, we have made a detailed study of the
singlet-triplet clectronic energy separation in
methylene and silylene. Very large basis sets
of contracted gaussimn fumtiom were employed.
For Cty, the factors leadm% a reasonable
19 I\La}/mule) value of the 9Bj - 1\1 enezgy
scparation are examined. For §illy, the '\ state
is predicted to lie below the -’81 state by
~ 18 kcal/mole.

—
Abstracted from LBL-4027, LBL-4052, 1BL-4320,
and LBL-4529.

3.  RESEARCH PLANS FOR CALENDAR YEAR 1976
Henty F. Schaefer {1l

Chemisorption of a wide variety of molecules
(CO, N2, Czdz, Colly, etc. ) on L1 and Be metal
surfzees witl be studied in detail. In addition
model theoretical studies of the bonding of
transition metal (e.g., Mn, Fe, Co, Ni) atoms
and clusters with the organic molecules acetylene
and cthylene will be initiated. These studies
sheuld play an extremely important role in our
developing understanding ¢ ¢ simple catalytic
processes.

The Jaser relate? oty o HE 4 U
will be revisited in 197¢ av a much higher level of
theery than previously attainable. This reaction
is of special interest since it is one c¢f the very
few for which careful experiments (incluaing
resolution of the HF vibrational energy ¢isiribu-
tion) may be compared with theoretical treatments
of the potential surface and dynamics. Ve:y
large scale configuration interaction will be
carried out, with a special eye to the importance
of three-electron correlation effects near the
saddle point. Two other reactions to be studied
by ab initio methods are the isoclectronic
0 +'C,Hy and QY + CpHy systems. The resulting
potential energy surfaces should allow us to
discuss in gencral the reactions of oxygen atoms
and methylenc with olefins.

An important theoretical development now being
vigorously pursued is the Theory of Self-
Consistent Electron Pairs. This new theory avoids
many of the difficult aspects of existing methods
for the treatment of electron correlation in

((H-H)=14

Methylene bond angle (deg)

Fig. 2. Contour map (with r(H-H)

MintUMENERGY FATH
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of pathways for the singlet methylene insertion reaction, Note that
access to the alternate minimum energy path requires less than 0.1 kecal/

mole.

(XBL 755-2894)
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molecules. It holds the promise of reducing the
correlation protlem (i.e., the instantancous
repulsions of pairs of electrons) to a complexity
comparable to ordinary Hartree-Fock procedurcs.
Cince the method has only been developed during
the past six months and tested for LiH, much
vwork remains to be done, especially concerning
the extension to open-shell systems of the type
our resea:ch usually concems.

4. 1975 P'BLICATIONS AND REPORTS
Henry F. Schaefer 111 and Associates
Journals

1. Henry F. Schaefer ITI, Potential Energy
Surfaces and Methylene Reactions, Chemistry in
Britain 11, 227 (1975).

2. Clifford E. Dykstra, Peter K. Pearson, and
Henry F. Schaefer 111, Electronic Structure of
Nitrenes. LiN, the Simplest Ionic Species,

J. Am, Chem. Soc. 97. 232} (1975) (LBL-2983).

3. Gretchen M. Schwenzer, Henry F. Schaefer III
and Charles F. Bender, Excited Electronic States
o1 HNC, Hydrogen Isocyanide, J. Chem. Phys. 63,
569 (1975) (LBL-2985;.

4. Gretchen M. Schwenzer and Henry F. Schaefer I11,
The Hypervalent Molecules Sulfurane {SH;) and
Persulfurane (SHg), J. Am. Chem. Soc. 97, 1393
(1275} (LBL-3421).

5. Petcr K. Pearson, Henry F. Schaefer III and
U1f Wahlgren, Potential Energy Surface for the
Model Umimolecular Reaction HNC + HCN, J. Cherm.
Phys. 62, 350 (1975) (LBL-3402).

6. DPer Siegbahn and Henry F. Schaefer I1I,
Potential Energy Surfaces for H *+ Liz + LiH + Li.
Ground State Surface from Large Scale Configura-
tion Interaction, J. Chem. Phys. 62, 3488 (1975)
(LBL-3403).

7. Charles F. Bender, Barbara J. Garrison and
Henry F. Schaefer I1I1, A Critical Test of Semi-
cmpirical R Potential Energy Surfaces: The
Barrier Heignt for H + F » HF + H, J. Chem. Phys.
62, 1188 (1975) (LBL-3432).

8. Charles ¥. Bauschlicher Jr., Dean H. Liskow,
Charles F. Bender, ané Henry F. Schaefer III,
Model Studies of Chemisorption. Interaction
Between Atomic Hydrogen and Beryllium Clusters,
J. Chem. Phys. 62, 4815 (1975) (LBL-3465).

9. Clifford E. Dykstra and Henry F. Schaefer ITI,
Electronic Structure of Dicarbonyls: The Ground
State of GIyoxal, J. Am. Chem. Soc. 97, 7210
(1975) (LBL-4017}. -

1¢. Robert R. lucchese and Henry F. Schaefer III,
Charge-Transfer compiexes. Ni3z-F, NHz-Cip,
Ni3-CeF, N(Q43)3-F2, N(CH3)3-CR2, and ﬁ(CHs)yCEF,
J.7Am. Chem. Soc. 97, 7205 (1975} (LBL-3471).

11. laul S. Bagus, Bowen Liu, Dean H. Liskow,
and Henry F. Schaefer IT1{, Electron Correlation
and th> Feality of XeFp, J. Am. Chem. Soc. 97,
7216 (1975) (LBL-3482).

12. Gretchen M. Schwenzer, Charies F. Render
and llenry F. Schacfer III, Confirmation of the
[)i?crcpuncy Between Theory and Experiment for the
B A" State of HCKN, Chem. Phys. Letters 36, 179
(1975) (LBL -3486).

13. PRarbara J. Garrison, William A, Lester, Jr.,
and Henry F. Schacfer I1I, A Hartree-Fock
Interaction Potential Between a Rigid Asymmetric
Top and a Spherical Atom: (HpCO, Hel}, J. Chem,
Phys. 63, 1449 (1975) (LBL-3493).

14. Leo Radom and Henry F. Schaefer IIT,
Theoretical Fredictions of the Molecular Structure
of Sulphur Tetrafluoride, Aust. J. Chem. 28,

2069 (1975).

15. David R. Yarkony and Henry F. Schaefer III,
The JAcetyl Cation and its Geometrical lsomers,
J. Chem. Phys. 63, 4317 (1975) (LBL-3497).

16. David R. Yarkony and Henry F. Schaefer IIT,
Multiplet Splittings in the Photoelectron

Spectra of Organic Radicals: Trimethylencmethane,
Chem. Phys. Letiers 35, 291 (1975) (LBL-4011).

17. John W, Birks, Harold S. Johnston and
Henry F. Schaefer 111, Ne-H-H Potential Energy
Surface Inciluding Electron Correlatioa, J. Chem.
Phys. 63, 1741 (1575) (L.BL-3753).

18. Dennis S. Marynick and Henry F. Schaefer 111,
Theoretical Studies of Metal-Phosphate Interactions.
The Interaction of Li*, Na*, A*, Be**, Mp**, Cat¥
witi 1{21’04' and (CHS)Z }’04‘. Implications for
Nucleic Acid Solvation, Proc. Natl, Acad. Sci.

(UsA) 72, 3794 (1575).

19, Barbarz J. Garriscn, William A. Lester, Jr.,
Per Siegbahn and Heary F. Schaefer 111, Effect

of Electron Correlation on the HzCO-lic Interaction
Potential, J. Chem. Phys. 63, 4167 (1975)
(LRL-4328). -

20. Henry F. Schaefer IIT, Are Minicomputers
Suitable fo: Large Scale Scientific Computation?,
Proceedings of the Eleventh Annual IEEE Computer
Society Conference, September, 1975.

Invited Lectures

1. Henry F. Schaefer IiI, Rescarch School of
Chemistry, Australian National University,
Canberra, January, 1975.

zZ. Henry F. Schaefer 1iI, Department of Chemistry,
University of Western Australia, Perth, Australia,
January, 1975,

3. Henry F. Schacfer III, Monash Chemical Society,
Monash University, Melbourne, Australia,
February, 1975.

4. Henry F. Schacfer 111, Department of
Theoretical Chemistry, University of Sydney,
Sydney, Australia, February, 1975.



5. lenry F. Schaefer {Il, Department of
Chemistry, University of Arizona, Tuecson, Arizona,
March, 1975.

6. lenry F. Schaefer 111, bepartment of Chemistry,
New Mexico State University, Las Cruces, New
M2xico, March, 1975.

7. Henry F. Schaefer I11, Theoretical Physics
Colloquium, los Alamos Scientific Laboratory,
Los Alamos, New Mexico, March, 1975.

8. Henry F. Schaefer 111, Department of Guemistry,
Arizona State University, Tempe, Arizona,
March, 1975.

9. Henry I'. Schaefer ITI, Department of Chemistry,
University of Oregomn, Fugene, Oregon, April, 1975.

10. Henry F. Schaefer III, Department of
Chemistry, University of California, Irvine,
May, 1975,

11. Henny F. Schaefer IIT, Department of
Chemistry, California Institute of Technology,
Pasadena, May. 1975. )

12. Henry F. Schaefer 111, Chemistry Livision
Colloquium, Argonne National laboratory, Argonne,
I1linois, July, 1975.

13. Henry F. Schaefer 111, Department of
Chemistry, Northwestern University, Evanston,
i1linois, July, 1975.

14. ilonry F. Schacfer 11I, Symposium “Are Big
Machines Necessary?", Eleventh Annual 1EEE
Computer Society Conference, Washington, D.C.,
September, 1975.

15. Henry F. Schaefer I[I, Department of
Chemistry, Carnegie-Mellon University, Pittsburgh,
Pennsyivania, October, 1975.

16. lenry F. Schaefer I1I, Lopartment of
Chemistry, Pennsylvania State University,
University Park, Penmsylvania, October, 1975.

17. Henry F. Schaefer III, Physical Chemistry
Colloquium, University of California, los Angeles,
November, 1975.

18. Henry F. Schaefer III, Department of
Chemistry, University of California, Davis,
November, 1975.
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Clifford E. Dykstra and Henry F. Schaefer III,
Clyoxal

1.
Electronic Structure of Dicarbomyls:
Excited States, LBL-4017, April, 197§.

2, Charles W. Bauschiicher, Jr., Henry F.
Schaefer 111, and Charles F. Bender, The Least
Motion Insertion Reaction CHy(1A7) + Hp + Ciy:
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 1II, Molecular Structure
and Properties of (HiBeF and CH3MgF, LBL-4058,
June, 1975.

4, Steven R. Ungemach and Henry F. Schaefer 11I,
Molecular Structure of the CSF; and C2F,; Radicals,
LBL-3060, June, 1978,

5. David R. Yarkony and Henry F. Schaefer II1,
Se1f-Consistent-Field Wavefunctions Using a
Symmetry-Restricted Annihilation of Single-
Excitaticons Procedure, LBL-4073, July, 1975.

6. Clifford E. Dykstra and and Henry F.
Schaefer 111, Fxcited Electronic States of Ketene,
1BL-4092, August, 1975.

7. Charles W. Bauschlicher, Jr., Charles F.
Bender, Henry F. Schaefer I1I, 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 111, Transition
States for the Abstraction Reactions of Triplet
Methylene with Hydrogen and Methane, LBL-4529,
September, 1975.

9. Robert B. Brewington, Charles F. Bender and
Herry F., Schaefer, Tetrahedral Be;, LBL-4318,
Septemnber, 1975.

10. James H. Meadows and Henry F. Schaefer ITI,
Singlet-Triplet Separation in Methylene and
Silylene, LBL-4320, October, 1975.

11. Charles W. Bauschlicher, Henry F. Schaefer II1
and Paul S. Bagus, A Realistic Cluster Model for
Chemisorption, LBL-4573, December, 1975.



06

2. ATOMIC PHYSICS

a. Low Energy Atomic Physics
Howard A. Shugart, Prineipal Investigator

Introduction. The research activities of our
group cover 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 techniqucs and
ideas. This Jyear an important precision measure-
ment on the 3He* ion has been reported. An
accurate test of tne 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 N0z in
environmental or medical samples. These develop-
ments and others are described in the swmaries
and publications which follow.

1. EXPERIMENTS ON STORED IONS

Micpael H. Prior, Edmond C. Wang, and Randall D.
Knight .

two experiments invclving stored iits
are in progress. The first mal\gs use of a purely
electrostatic ion trap to hold ions while a
measurement of their hyperfine structure energy
splitting, Zvp, is made in the metastable 2s
excited state., Thus is a precision measurement and
the result to date has a frdcnonal wcertainty

of about 1.5 x 1078 (Avp = 1083.354979(15)Miz).
This is 1/14 of the uncertalnty achieved by an
earlier ion beam technique. We compare our result
with theory via the quantity Dpj) = 8Av; - Avl, where
Avy is the 1s hyperfine splitting. D2

sensitive to terms in the theory of hyi rogemc
hvperfine structure which have a state dependence
other than n~2 and in particular is very insen-
sitive to difficuit-to-evaluate nuclear structure
effects, Our latest result shows a difference

D1 (experiment) - Dy (theory) = 200 + 120 Hz. I.
is interesting that th1< discrepancy is of the
same size as the predicted next uncalculated
quantum electrodynamc contribution to N2]
{proportional to a(Zu) '4v1). Radiative corrections
to hydrogenic hyperfine structure of this high
order have never before been required to reconcile
experiment and theory.

Currently

The second experiment is one designed to o
measure the lifetime of the metastable (1s2s)°S;
state of Li*. Theory predicts the lifetime of this
He-like ion state to be about 50 sec. It decays
by emission ~f a 200 A magnetic dipole photon and
we expect to determine the lifetime by counting
these photons versus timc while the ions are held
inside a carefully constructed dynamic ion trap,
Currently the ion trap is operating and being

tested on Nv ions. It appears to operate as
designed and we expect soon to test it on Li* ions.
The Li atcmic beam injection system is 90% 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 (:5 to :10%) only for He-like ions with
2 » 16 where a departure from single exponential
decay has been observed. This departure seems to
increase with decreasing Z, which motivates our
dasire to do a 5 to 10% measurcment at Z = 3.

2, TEST FOR PARITY VIOLATION N WEAK NEUTRAL

CURRENTS

Steve Chu, Fugene D). Ccrarins, and Ralph Conti

e recent discovery of weak neutral currents
in high energy neutrino interactions irplies the
existence of a weak electron-nucleon interaction
which must coexist witi: the usual Coulomb inter-
action in atoms. [f weak neutral currents
vioiate parity (as ordinary weak currents dc), the
total atcwic Hamiltonian is not parity- invariant,
which implies that atomic energy states do mot
have exactly well-defined parity. One ccnsequence
is that photons emitted in transitions fiom
unpolarized atomic states have a slight degree
of circular polarization; alternatively there will
be a slight circular-polarization-dependence for
stimulated absorption.

This important and intercsting eifect may
actually be of measuceable size in certain cases.
We are attempting to observe one of the most
favorable cases, nalitely the forbidden magnetic
dipole transition 6 Pl 2 (2927 A) in
thallium (Z = B1). "n!xallmm vapor is contained in
a fused-quartz cell at ~1000°K. The vapor is
illuminated by 2927 A radiation from a pulsed,
flash-lamp pumped dye laser. Absorption is
detected by observation 05 5350 A fluerescence
emitted in the decay of - thallium atoms.
bs far we have succeeded in agservmg the
6°P1/2 > TPy /7 forbidden transition in this manner
when lt is e anced 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 possibiiity
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(2S1/2) - E(2P12) in a Coulomb potential has



been calculated to all orders in Zo for a wide
range of Z. Improvement in the evaluation of

the vacuum polarization contribution to the Lamb
shift has been made. The results give a new
theoretical value for the Lamb shift in hydrogen.
In addition, these recsults 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 eleciro-
dynamics which is actively beinp pursued by many
experimental groups. Work on the evaluation of
the self-cnergy ccatribution to the 2P3/7 state
is in progress. This work is being done in an
attespt to explain the discrepancy between theory
and experiment for tie 2 dependence of the fine
structure separation in high-Z atoms. Theoretical
work, done in coilaboration with H. Gould and

R. Martus, on the effect of the hyperfine
interaction on lifetimes in high-Z heljumlike ions
has been extended to the case of the 2P state.
A theoreticzl prediction for the effect of 3
hyperfine interaction on the lifetime of the 2Py
state has been made for Z in the range 5-29.
Besides being of intrinsic physical interest,
this effect is important in the interpretation of
the data in certain beam-foil experiments. Work
is in progress on a studg of radiative corrections
to the lifetime of the 2°Py state in heliumlike
ions. The lifet 'me of the state is seunsitive 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 correctious to the hyperfine difference
8Av(251/2) - Av(lS]/z) has been made. The
improvement in accuracy over the orginal calcula-
tion sharpens the comparison between quantum
electrodynamics theory and the measurement of
av(25172)in3He® by Frior and Wang.

4. ENERGY CONSFRVATION
Lee Schipper

During 1875 1 spent a considerable amount of
time continuing my vesearch 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 Commmications and '"Raising the
Productivity of Energy Use," to be published in
1976 in Annual Rev. g{' Energy. I taught in the
LBL summer 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
0 THE FOUNDATIONS OF QUANTUM TEORY

John F. Clauser

Several experiments have been performed which
measure both the linear and circular polarization
correlation of the two-photon systgﬁ emitted by
the 8ipp -+ 7351 - 63P0 cascade of - ZHg. The Hg
atoms were excited by electron bombardment, and
the photons were counted in coincidence after
passing throupgh gquarter-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. e linear correlation data were
found to violate this inequality, and thus helped
to clarify the anomzlous results found earlier
by Holt and Pipkin at Harvard. The circular
correlation magnitude was somewhat lower because
of s,stematic errors in the quarter-wave »lates.
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 Selieri 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 Atamic
Physics which will be held in Berkeley on July 2b-
0, 1976, The University o 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
comunication with 1500 atomic physicists through-
out the world. The response thus far is enthusia-
tic, and we expect an attendance of approximately
600 participants.

7. ATOMIC BEAM MAGNETIC RESONANCE
Ahsanul Huq, Atilla Ozmen and i.oward 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°5)) 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.



Althcugh accurate computations of g; - factors
are available only for atoms of one, two or three
electrons, several atomic theorists are interested
in the accuracy of their methods when gpplicd to
many electron systems. Thus our 1974 °S; g5
measurement in the oxygen atom finds agreement
with theory to one part in 10° while our experi-
mental vaiue 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 {or use in a
precision determination of the gj in carbon's 3s,
metastable state. 1n addition, we have developed
an Auger detector to count these i-w-lying
metastable states. The °S, state in carbon is
of interest because it has“one fewer electron than
2 half-filled p-sheil while the already measured
S, 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.ent 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 Hadeishi and Associates

With financial support from the National Science
Foundation and the Energy and Envirenment 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 rescnant
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 t10 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 hvdrogen 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 NO; 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 FOR CALENDAR YLEAR 1976
Howard A. Shugart and Associates

a. lon Trappirg

We plan to complete work on the high precision
measurement of the 22§ 2 e hyperfine structure.
We plan to study the 11Tétime of the 27, Li*
metastable state because this determination is
important in understandirg in unexplained trend
in lifetimes of much higher Z. We also plan to
utilize laser cxcitation of trapped ions, a
method which is being explored for its intrinsic
value but which h:s application as a diagnostic
probe in fusion plasmas.

b. Small Sample Detectors

We plan to evaluate the cupabilities and imi-
tations of our recently developed detectors for
trace arounts ot cadmium and lead. We also plan
to pursuc the developnent of a sensitive and fast
mcthod for the optical determination of N0y and
N0 in combustion environments containing turbulence
and particulate contaminations. This work receives
partial support from the N.S.F.

c. Energy Conservation Education

In conjunction with the Energy and Environment
Division and the Inergy and Resources Group,
U.C. Berkeley, we intend to explore the quintita-
tive aspects of Lnergy Resources, utilization and
conservation. Participation in public education
through pub.ishing technical and popular articles
and through personal appearances will bhe an
important aspect ol our program.

d. Weak Neutral Currents and Atomic Structure

The apparatus which was constructed last vear
will attempt to measure the possible influence of
a weak electron-nucleon interaction on an atomiv
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 arnd
computational techniques as they apply to one and
two electron atoms of higher nuclear charge. In
particular the Lamb shift of the 2Pz, 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 3]
factor of the most important states for comprison
with theory are planned. In partiiular the 3S;
metasable state in carbon and the <S1/; ground
state in lithium will be the center of attention
during 1976.



g. Metastable Lifetimes

We will attempt to reproduce an unpublished
measurement from our laboratory of the lifetime
of the "S5 /- metastable state in nitrogen. This
new measurement should eliminate suspicion of
possible contamination in the carlier result. If
atomic beam studies on “SZ carbon are successful,
we will attempt a measurement of its lifetime,

h. TFifth Intemational Conference on Atomic
Physics
hysics

Our group will host the next International
Conference on Atomic Phvsics to be held July 26-30,
1976. We expect about 600 participants represent-
ing every country actively engaged in atomic
physics research. The extensive planning of the
program, publications, and social events for the
conference should ensure a productive and rewarding
neeting.

10, 1975 PUBLICATIUNS AND REPORTS
Howard A. Shugart and Associates
Journals and Bocks

Mohr, Lamb Shift in a Strong Coulomb
Phys. Rev. lLetters 34, 1050 (1975)

1. PooL
Potential,
(IRL-30641y.

2. H. l‘nor and E. . Wang, Hyperfine Struc-
ture of s Hie*, Phes. Rev. lotters 35, 20 (1975)
(LBL- 3802}

3. R. Marrus, studies of llydrogen-1ike and

fielium-1ike ions of High Z, chapter for book on
beam- foil spectroscopy (Mavch 1975y,

1. L. D, Commins, Weak Nuclear Interactions,
Meliraw- 1i11_tncvelopedia of Science and IC‘L)'mO]DL\,

Jth eédition (Mugust 19750,

5. 7. Hadeishi and R. 1.
New Approach to Chemical Analvsis,
Laboratory (May 1975) (LBL-3259) .

\len)llm, T2\, a
The American

6. T. Hadeishi and R. D. Mclaughlin, Isotope
Zeeman Atomic Absorption: A New Approuch to
chemical Amalysis, The American laboratory
{August 1975). :

7. RB. D. Zak, B, (hang, and T. Hadeishi, Current
Controlled Phase Retardatior Plate, \pplied iptics,
14, 1217 (1975).

Presented papers

1. R. Marrus and H. A,
Heliwm-Like Krmpton, Am.
Mecting, Bull. Am. Phys.
{LBL-3813).

Gould, Radiative Decay in
Ihys. Soc., Knoxville
Soc, 20, 818 (1975)

Mohr, Hhperfine Quenching of the ’rg State
Fourth International
Je 1975

2. P
in Helium-1ike lons,
Conference on Beam-Foil Spectroscopy,
(LBL-3858).
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3. P. Mohr, Lamb Shift in itydrogen-like lons,
Fourth International Conference on Beam-Foil
Spectyoscopy, June 1975 (LBL-3876).

4. H. Gould and R. Marr&xg
State of Helium-like Ar
Soc., New York Meeting, Feb,

Li fetnﬁ of the 2351
and Kr*3%, Am. Phys.
1976 (LBL-4526}.

S, A, Church, M, C. Michel, W. Kolbe, and
T, Hade:shl Beam-Foi1 Orientation of the He 41p,

level: hnerg\ and Foil Angle Dependence, Am.

Phys. Soc., Anaheium Meeting; Bull, Am. Phys. Soc.

20, 73 (1975) (LBL-3436).

6. A. Church, W. holbe, M C, Michel and
Hade1=h1 Coherent Orientation and Hyperfine

Ibgouplzng in the 41 D, State of Fast “He Atoms,

Am. ys Soc., Atlanta Mecting; Bull. Am. Phys.

Soc. » 1176 {1974) (LBL-3406).

7. A, Davis and R. Marrus, Radiative Decay of

the 29P States of Helium-like Argon, Fourth
International Conference on Beam-Foil Spectroscopy,
Sep*. 1975, (LBL-3890).

8. M.
of 25 le*
Am. Phys.

Prior and k. C. Wang, livperfine Structure
, Am. Phys. Soc., fucson Meeting; Bull
Soc, 20, 1465 (1975) (LBL-4259).

Y. W. A. bavis and R. Marrus, Radiative Decav of
the 23p States of Helium-like Argon, Fourth
International Conference on Beam-Foil Spectroscopy
{Gatlinburg), Sept. 1975 (lBL-4258).
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o IN HELIUM-LIKE

1. STUDY OF TME DECAY 2° 5,
KRYPTON (Z = 36)

H. Gould and R. Marrtus

During calendar 1975 obiervauon was made of
radiative degiy from the 2°5; state of two-
electron Kr*39 (Z = 36}. To our knowledge this
is the highest Z two-electron system ever observed.
A tme of-flight experiment gxelr‘ed measurements

e tran ltan rates A (2P + 23 Sy} and

2 Sy * 1 A prelimirary publication has
been 1ssued (ref. 1). These measurements are
sxgngflca.nt because the measurement of
A (275 ) verifies the theory of relativistic
w on “u d1po e 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 lies 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, Llfenms of the 235
State of Helium-like Ar*16 and Kr*3%, submitted
to the New York Meeting of the Amencan Physical
Society, Feb. 2-6, 1975 (LBL-4526 Abstract).

2, STUD| OF THE YLTRAVIQLET TRAKSITIONS
2392 - 235y AND 2°Pg + 275 IN JELIUM-LIKE ARGON

W. 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-
lengthe 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 uged fog plasma diagnostics. In
parncular, the 29P - 23S transitions can be used
for ion temperature determination in a region of
high electron temperature. Precise wavelength
and lifetime information is important to these
determinations.

3. LAMB SHIFTS IN THE N = 2 STATE OF HYPROGEN-
LIKE 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
Ar*l/ with an accuracy of 1% or better. At this:
level of accuracy it should be possible to see
deviations from the Zo 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 observcd for the first
time and significant improvemerts made in signal
to roise ratio. 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 1% result will be obtained in
calendar year 1976.

4. RADIATIVE DECAY OF THE 2P STATES OF HELIUM-
LIKE ARGON

William A. Davis and Richard Marrus

We would like to repnrt preliminary results on
a measurement of the lifetimgs and wavelengths of
the allowed El decays from 2°P states of helium-
like Ar XVII, These decays are observed’using a
vacuum ul* violet moncchrometer to ew the decay

dxatmg of the transitions 2°P; - Sl and

Po - 29§,

Previous studies of the 23P states of high
Z (Z > 10) heliun-like atoms have been minl§
concerned with measuring lifetimes for the 29P;
state. This state has been observed by nemn%
the M2 radiation emitted in the decay 23P; - 1 So
which for Z 2 18 becomes the doxgma?t decay mode
exceeding the E1 mode, 23 P, - 295

The M2 decay of the 2 PZ state was first
observed in Ar XVII by Martus and Schmieder,3» 4
and its lifetime was found to be 1. 7(3) nsec.

This measurement was conphcated by the inability
to resolve the Ml decay 235y - 1 So of 3104 eV
from the M2 decay of 3126 e{7 using high resolution
{~ 200 eV) Si(Li) detectors. Subsequent measure-
ments have been made on S XV, C1 XVI, Ti XXI,

V XXI!, and Fe XXV by Cocke, et al. a.nd Gould,

et al. é Cocke, et al., were able to resolve the
M2 decay by makmg use of a doppler tumed spectrom-
er.er,7 with a resolution of ~3 eV.

The 2 Po state can normally only decay by El
to the 23P1 ctate, and as such has nct been
observed for Z > 10. For nuclei with hyperfine
sgructure the effect of mixing of the 2Py and

2P states with the 23p) state (w ich in high
Z atoms is qchhed to {}Ae ground 1 50 state by
spin-orbit mixing with /31 states) has been
demonstrated in V XXXII.

In our studies we are using a 1/2 meter Seya-
Namioka Monochrometer, mounted with the entrance
slit perpendicular to the beam line. The instru-
ment views the decaying atoms at 90° from the beam
line, The grating is a tripartite replica gratirg,
coated with platinum, and most of our data has
been taken with the slits at 200 microns, giving
instnumental widths of 3.9 angstroms. The
detector is a Bendix Continuous Dynode electron
multiplier, operated in the pulse counting mode.



Presently we have been able to measure the
lifetimes of the two states and are now working
on an accurate wavelength measurement. Lifetime
data was accumlated in tiue following manner.

The ZSPZ - 2%s; and 23P0 - 2351 wavelengths are
calculated to be ;59.8(15) and 662.3(20)
angstroms, respectively.® After bending and
focusing the 140 MeV Ar beam from the Lawrence
Berkeley Laboratory super-HILAC, we crllimated
the beam through 1/4 inch collimators 12 feet
apart. At this beam energy the acceptance angle
of the monochrometer contributes 4.8 angstroms

to the linewidth. Time-of:flight lifetimes were
measured using a 49 pgm/cm® carbon foil mounted
on a moveable track, and scaling counts while
looking at fixed wavelength points in the
background, 10 angstroms above and below the line
center, as well as directly under the line center.
The data points were normalized to the integrated
beam current collected in a Faraday cup. With
beam currents of 300 charge namp we observed
count rates of ~3 counts per second.

Three geparatg lifetime measurements were made
for the 2°P; - 275 decay, and two for the 23PD-
2981 decay, The data were analyzed by averaging
the background count rates, subtracting them
from the data, and fitting the resulting signal
count rates to single expomentials.

For 23PZ = 351 we took eight data points over
9 em. For 239y - 2 S) we took 13 data points over
17 am. For the 23P; - 235; decay, the five
closest points to the foil do not lie on an
exponential decay curve and had anomalously high
count rates. The concave nature of the decay
curve cannot be explained by cascading through
the 23P0 state. At this time we do not know how
to account for this observation and these points
are ignored in fitting the data. Fitting the
last eight points with a single exponential we
obtain the iifetime.

The results of these experiments are shown in
Table 1 where for comparison calculated lifetimes
are given, both including Lamb Shift effects, and
neglecting them.0 The quoted error includes the
error in fitting the lifetimes, plus a 6%
wncertainty in the beam energy. These errors
are addeé algebraically. Other systematic errors
are calculated to be well under 1%.

1. R. H, Garstang, Publ. Astron. Soc. Pac. 81,
488 (1969).

2. G. W. F, Drake, Astrophys. J. 158, 119 (1969}.
3. R. Marrus and R. W. Schmieder, Phys. Rev.
letters 25, 1689 (1970).

4. R, Mirrus and R. W, Schmieder, Phys. Rev. A

5, 1160 (1972).

5. S XV, C. L. Cocke, B. Curnutte, and R. Randall,
Phys. Rev. A 9, 1823 (1974)., C1 XVI, C. L. Cocke,
B. Curnutte, J. R. Macdonald, and R. Randall,

Phys. Rev. A 9, 57 (2974).

6, V XXII, Fe XXV, H, Gould, R, Marrus and

P. J. Mohr, Phys. Rev. letters 33, 676 (1974).

Ti X{1, H. Gould, Private commmication.

7. R. W. Schmieder and R. Marrus, Nucl. Instr.
Meth. 110, 459 (1973).

8. P.”J. Mohr, private commmication.
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Table 1. Cbgarvnd and predicted lifetimes
(2% - 2%5)) of AT WII (nsec).

3o . 43 3, .3

ZPZ-..S1 ZPO-LS1
Observed 1.62(8) 4.87(44)
Predicted without
Lamb Shift 1.51(4) 1.70(12)
Predicted with
Lamb Shift 1.52(4) 4.82(12)

S. RADIATIVE DECAY AND FINE STRUCTURE OF THE ZSPO
AND THE 2351 STATES OF HELIUM-LIKE KRYPTON

(K1 00V)
Harvey Gould and Richard Marrus
Intruction

In this paper we report the neasurgment of the
radiative lifetimes of the 23S) and 2°Pg states
of thg two-electron jon Kr XJO& Our results for
the 27Pg lifetime enable us to infer a value for
the 23S] - 293P emergy splitting, which is
sufficient precision to be sensi%ive to the Lamb
shift. The measurement of the 2°5; lifetime in
this system extends the range of lifetimes for
which this transitign has been measured (He I to
Kr XXXV) to 4 x 10°~,

Theory: Radiative Decay from the n - Z Stutes of
Helium-Like Krypton

Decay of the 2'P; State. of
states (Fig. 1), all but the 2'P) are metastable
against decays to the 1'Sy (ground) state. The
21P; state decays to the 1-Sp state by a fully
allowed electric dipole transixion (E1). The
decay rate scales toughly as 2% and_ the lifetime
in helium-1ike krypton is about 1071° sec.

the sixn = 2

Decay of the 2°P; State. To the extent that
the fotal electron ép‘ﬂ‘S—is a good quantum
nyrber, E1 transitions from the 23P state to the
115y state are forbidden. In neutral helium, all
of the 23p states, whic.h are nearly degenerate,
decay to the nearby 2-S) state by El radiation
with a lifetime of 10"/ sec.® At higher Z the
spin spin-orbit and other relativistic effects
cause substantial si?glet-triplet mixing, and E1
transitions_to the 1!Sg statg become the dominant
decay mode.2 At Z=36 the 2 P; and 2 F states
have comparable lifetimes.

Decay of the 2§Pz State. In addition tu the
El decay to g 7S] 5tate, the 2°P; state can
decay to the 1'Sjy state by a magnetic quadrupole
M2) trzmsitions At low Z the El rate dominates,
but the M2 rate® which scales roughly as Z becomes
comparable at Z=17. In helium-like krypton the
decTYs are predominantly M2 and the lifetime is
107+ sec.



ENERGY LEVELS AND DECAY SCHEME

- PTON
OF HELIUM-LIKE KRYPTO! 13130
2P —p———
—2°P,
13080
El
m2 €1
2's, = =g 2% [130%0
El E1 &)
28l —27s, 12980
M1
1
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 tight

of the figure (all wnits are 17 eV).
gure ( V)(XBL 759-3881)

Decay of the ZISU State. Conservation of
angular momentum prohibits any single-photon
transition frym the 215y state to the 11s; ground
state. The 2°5) 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°S),, in hydrogen. The
transition rate for helium-like atoms in the 6
Limit of high 2 is? Ay (21Sp) = 16.5 (Z - o),
where o is a screening constant < 1. The lifetime
of the flso state in helium-1like krypton is about
3 x 10711 sec.

3, 3 :

Decay of the 2°Sy State. The dominant decay
mode of the 2351 st.'late is by magnetic-dipole
decay (ML)}. However, it is only the relativistic
contributions to the magnetic-wmoment operator
which are nonvanishing. The nonrelativistic
operator, @i = -pg(£ + 25), has no radial
dependence, and because of the orthogonality of
the 1s and 2s wavefunctions, the matrix element,
(1s|p{2s?, is zero. In the relativistic theory
the magnetic-moment operator has a radial
dependence. Calculations to lowest order in ol
yields:
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A Osp) = 5 o 208y = 2.5x107% 210 sec”? (1)

Detailed calculations, that include tle effects of
electron-electron intergctions have been carried
out by several authors.” The numerical calcula-
tions of Johnson ang Linb yield a lifetime of
0.17 nsec for the 2°S; state of helium-like
krypton.

Decay of the 23P0 State. In the absence of
hyperfine structure effects of external fields,
direct decay of the 2°Pp state to the 1.5y state
is very highly forbidden. All single-photon
transitions to the 118y state are forbidden by
the conservation of angular momentum, while parity
conservation forbids 2E1 and 2Ml transitions.

Tre dominant decay process is El decay to the 2351
state, which subsequently decays b; Ml to the
ground state. The transition rate’ for El decay
239 - 23%; is given by

1. 0.417(20)%)2

(2}

Ay (2%9) = k31202 211 4 0.7592

ig units of me = ¢ and h = 1, and where k is the
278 - 23P0 energy separation.

The 235, - 2%pp Fine Structure in Heliwn-Like
Krypton. iﬁﬁ:’}’o state arises purely from the
Coupling of the 1sy/7 and the 2py/z electroms,

and contains no admixturg of 2pzsp as does the P
states. Similarly the 2°Sj arises entirely from
the coupling of the 1s1/p and the 2sj/p electrons.
In the hydrogenic approximation, where tge 1s1/2
is a spectator electron, the (2351 and 2°Pg) levels

are degenerate in the absence of lamb shift.

There_are three important contributions to the
23s) - 23pgy fine structure: 1) a Coulomb interac~
tion invelving the charge distributions of the two
electrons which scales as Z, 2) the interaction
between the spin, magnetic, and dipale moments of
the two electrons, which scales roughly as 73,
accounts for about one-quarter of the energy
separation at Z=36, and 3) the Lamb shift.

'I‘hg Lamb shift, which accounts for 2x10°° of
the 258; - 23p splitting in neutra] helium
(Fig. Z} scales almost as fast as Z°, and at Z=36
is about 4% of the energy separation. With the
23py lifetime dependent upon the cube of the energy
separation, the presence of the Lamb shift changes
the lifetime by roughly 12%. The Lamb shift makes
e S state less tightly bound, decreases the
28] - 23P) fine structure separation, and thus
increases the 2Py 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: Observatian of the Decay of the 2351
State of Helium-Like Kr

The experiment was performed at the Lawrence
Berkeley laboratory's Super Heavy-Ion Linear



Table 1. Llifetimes of the metastable states (n=2) of helium-
like iuas.
Species A 35 P Is 3p
8 1 o %o 2
3 ) -2 7
He 1 2 sx10 1x10 2x10 1x10
Ne IX 10 sxie™ o pae” 1x10°8
Ar XVII 18 21077 asx0? 2sa0™? 1.sa107°
Kr X0 % 151070 1eq0? sl gl
Decay Mode M 5 3K M2aE]

-2 S, energy

{ Lamb shiét i n° 2 states of helwm ke sons

L
] 20 30 40 50 60

Nuclear charge Z

Lomb shlt traction of 2 'R,

Lamb shift as a fraction of the 23Pg -
(XBL 7510-8583)

Fig. 2.
2951 energy separation.

Accelerator (Super HILAC). Helium-like Kr was
produced by passing 4 x 10¥ an/sec (714 MeV) beam
of Kr80 through 350 ug/cm’ foils of Be or C. The
x-rays from the decays in flight of the 235] state
are observed by a pair of Si{Li) x-ray detectors
located downstream from the foil (Fig. 3). As
the foil-detector separation is increased hy
moving the foil on a track, the number of x-rays
seen by the detectors decreases exponentially.

The beam is collected in a Faraday cup for normali-
zation. Collimating slits in the beam insure that
the beam collected in the Faraday cup has all been
subject to view by the detectors. A system of
collimators and baffles keeps scattered bheams

from striking the detectors or surfaces of the
chamber in view of the detectors, as well as

keeping the stripping foil out of the field of
view of the detectors.

fdentiCication of the radiutive Jdecays in
heliwn-like b is based upon several factors:
1) the observation of a sizable fraction of kr
cmerging from the foil, 21 chservation of x-rayvs
from decays in flight and the detgmination that
their energy corresponds to the 278 - 1Sy transi-
tion that the x-ray energy was independent of
foil detector separation, 1) observation of the
compound decay 2°Pg » 276 + 11§, and 5) know-
ledge of the helium-1like .~:,\':;tv.‘m”s obtained from
cexperiments on forbidden decays in helium-1ike
systems for I = 16 to 26,

+3d

fnergy of the 275, - Il'ﬁ'u Transition
Heigy ol e o o) o0 alsition

Fipure 3(a) shows a semilogarithmic plot of the
x-ray dctector pul%c-hcight spectra from the decay
in [light of the 27S; state of heliwm-1like Kr.

The solitary peak in the widdle of the graph is
located at 12.85 keV. The 300 eV linewidth is

due *o the instrumental linewidth plus a small
amount of Doppler broadening. The x-ray detectors
were calibrated against the known Ky and Kg x-rays
obtained by fluorescence from compounds of Br, Sr,
Mo, Cu, and Zn [Fig. 4(b)]. Both the data peaks
and the calibration peaks were it to the known
detector lineshape of a Gaussian with a small
Ieading exponential. A least-squares fit to the
calibration spectra is shown in Fig. 5, and a
summary of the cnergy determination is given in
Table 2. The relation between the cnergy of the
emi tted photon vg and the observed photon v is
given by

. L2
N L A

- ease) ! R {3)
vhuere ¢ = v/c (v = velocity of ;)1Y heam, © = speed
of light). 'The gwantity [1 - 82]7/2 is the
relativistic Doppler shift referred to in Table

2, The major source of errov in the energy
determination is the wicertainty in the angle &
between the detectors and the heam.
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Table 2. Kr XXXV 2:(’51 - 1150 energy separation.
Experiment :
Observed x-ray = 12.893
Relativistic Doppler
shift correction (1.009) = 13,009
Peak uncertainty 0.010
Califbrated uncertainty 0.010
Alignment error (1.5°) 0.030
13.009 + 0.033 (1lv)
Theory:
Za expansion (Doyle) 12.981
(Za)ﬁ correction 0.007
1s - 2s lamb shift -0.011
12.997

Experiment - Theory = 0.032 *+ 0.033 (lo)

Lifetine of the 2°P State

As the initial population of the 235, state
decays within a few cm of the foil and s there
are no populated long-lived states other tgan the

0 state, the entire population of the 2°S
state at large distances’ is due to decgys from
the 23P) state. Furthermore, as the 2°Pq life-
time is an order of magmtude shorter than the
23P0 lifetime, by monitoring ghe 2351 + lISO x-ray
transition we determine the 2 Po 11fet1ne
Figure 6 shows one of eipht decay curves obtained
in this experiment. For each of eight decay
curves, observations were made over at least two
decay lengths. Values of the lifetimes obtained
by least-squares fits to these decay curves are
shown in Fig, 7, along with the calculated life-
times, both with and without the Lamb shift
contribution to the energy separation.

Our result for the 23P0 lifetime (correctsd
for 1% time dilation) is (1.66 * 0,63) x 10~
whe)’ the quoted error represents 20 + 1% for

rEamty in the beam velocity. The value of

e 295 - 23) Po fine structure <eparatxgn obtained
usmg Eq. (2) from measurerent of the 27Py life-
time is 43.65 ¢ 0.55 eV. 1he theoretlcal energy,
without the Lamb shift, usm the nonrelativistic
terms of Sanders and Scherr, tse relat1v1ch
corrections of Doyle,1! an a z°¢ correction
the Breit interaction (obt: ined by comparisoxin of
lower Z values of Accad, Pckeris, and Schiff
is 45.48 eV. This is identical to the value
obtained by Ermolaev and 'f( nes, excluding
relativistic corrections.! (Neither calculation
includes corrections to or. cr o®Z” in the
expansion of the Breit operator.) Including th(f
2= 36, n = 2 hydrogenic Lzmb shift of 1,73 evI2

sec,

Ke XXXV Y

f

Relotive count rate

B 0 1 0
Foul detecior separation {cm)

Fig. 6. Typical decay curve of 231’0 - U8y - llS“.
(XAl 754- 3885)
'e
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Ke XXXV 2 3p,— 23,
17
with Lamb shift
@
g 18
£
1.5
o ,"’Ai'h"}", merbishqh
Fig. 7. Measured values of the 2 I’O lifetime as

com.ared with theoretical lifetimes. The error
bars are from the least-squares it to the decay
curves. (XBL 752-3038)

brings the thcoretical 23S] - 23I’0 fine structure
to 43.75 eV.

Lifetime of the 2 %l State

By moving the stripping foil close to the x-ray
dctecgors the decay of the initial pogulation of
the 2°S; state i» observed, and a decay curve of
count- ratc vs foil-detector separation is
obtau:}) As there will be some cascades from
the 2°Pp present, the decay curve (Fig. 8) was
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Fip. 8. Decay curve_of the 275y - 1sp. Due to
cascading from the 2°Pg state, the curve was fit
to » double exponential. The two exponentials

are shown beJow the decay curve, {XBL T59-3883)
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fit 10 a Jouble exponent:ai. The minimm foil
detecror separation was limited by the collimating
system, hence the range o:" cistances over which
useful data could be obtained was somewhat
restricted. Therefore, the fit to the double
exponential wis achieved by entering thy 2°Pg
lifetime as a constant, and cznpgt‘.ng 278
lifetines as a furction of the 27Fy lifecime

(Fig. 9). As shown by the firs in Fig. ©, most
of the count rare is from the decay of the

initial population of the 2°5) state and the
egtracted lifetime is insensitive to the exact
2°Pg lifetime. Again choosing 20 + 1% as the
error, the measured 2951 lifetire ir helium-like
Kr is 0.20 + 0.06 nsec, in agrecnsnt with the

theoretical value of 0.17 nsec of Johnson and Lin.®
A comparison of current_experimental and theoreti-
cal lifctimes for the 2351 state of helium-like
atoms is given in Fig. 10,
o...I — ; —
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Fig. 8. Lifetime of tJ:c_Z:’SI state as a function
of the lifetime of the ZJPO state carcading tr
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1. HEAVY ELEMENT RESEARCH

a. Actinide and Lanthanide Chemistry

Norman M, Edelstein, Neil Bartlett, dohn G. Cowuay,
Kenneth Raymond, Glemn T. Seaborg, Andrew
Streitwieser, Jr., David H. Templeton, and

Allan Zalkin, Principel Investigators

1. THE PREPARATION AND SPECTRAL PROPERTIES CF
ACTINIDE (1V}) HEXAIODOCOMPLEXES

* * *
D. Brown, P. Lidster, B. Whittaker, and
N. Edelstein

As part of a detailed investigation of the
trends in bonding of 5f* compounds, we have
previously reported optical spectral data for
octahedral compounds of the type (NEtg);PaXg
(X = F, C1 and Br). The trends in the ligand
field parameters @ and A were explained
qualitatively in terms of molecular orbital theory
with large variations in o bonding dominating
the total ligand field splitting as the halide
was varied, a feature which was also observed for
certain hexhalogenouranates (V). Hexaiodo-
complexes of tetravalent actinide elements have
been extensively studied and the single
protactinium (IV) complex reported, (PhiMcAs)yPalg,
was only prepared on 2 very small scale and its
physical properties were not examined.

We report now the prepar:i];ion of new
hexaiodocomplexes . (N?'f,d) M "1,6 oY = h, Pa,
and U) and (NMesPh)M Vg V= Pa and U)
together with <etails of their i.r., Raman and
(Pa and U only) solid state electronic spectra,
and x-ray powder diffraction results. The ligand
Tield and spin-orbit coupling constants derived
from the electronic spectra of the
hexaiodoprotactinates (1V) are coTpared with those
available for other octahedral 5f compounds.

‘The nexaiodocomplexes crystallize when the
appropriate tetraiodide and alkyl/aryl-ammonium
iodide are mixed in amhydrous, oxygen-free methyl
cyanide. The products are extremely sensitive
towards moisture, and for small-scale preparations
{e.g., 50 mg of Paly} it is essential to pass
previously purified methyl cyanide down a colum
of fresh molecular sieves in order to ensure
complete absence of water. They are moderately
soluble in methyl cyanide and insoluble in
isupentane. The addition of aqueous ammonia
results in the formation of hydrous oxides, the
characteristic black protactinium (1V) hydroxide
turning white within a few minutes in the presence
of oxygen.

I. R. and Raman Spectra

Two infrared-active fimdamentals, v3 (t]y) and
vg {t1,), and three Raman-active fundamentals,

vy (a1p)s v2 (eg}, and vg {t2p) are predicted by
group %heory for regular octaﬁedral molecules of
the type MXg belonging to the point group Op.

The t3, mode, vg, is totally forbidden. -
Comparison of our spectra for the hexaiodo-
complexes with those for hexafluoro-, hexachlora-,
and hexabromo-complexes of a variety of
tetravalent actinide elements results in the
assignments shown in Table 1.

Table 1. Partial x-ray powder diffraction data for
(NEtg)pPalg.

2 a .2 a
Sin"8 g Test Sin"8ohe Test
0.0108 M+ 0.0716 S
L0115 M- Q772 M-
.0293 W- L0788 M-
.0331 W-- .0826 M
.0426 M .0853 M
.0451 M .0959 M+
.0464 - .0974 -
-0501 W .0996 W
.0511 W ,1045 M+
0521 W- L1080 W
.0545 W- 1122 W+
.0563 W- L1143 K-
0571 W- 171 W-
.0604 W L1261 M+
L0622 W- 1327 M+
.0644 W .1386 W
.0666 W- .1421 W
0.0689 W- .1471 W

0.1542 W-

aS, strong; M, medium; W, weak.

Electronic Spectra

The solid-state spectra obtained for
(NE4)Palg are shown in Figs. 1 and 2 and that
for (NEtg);UIg at 85 K in Fig. 3. The last has
got l:nlzen interpreted and will not be discussed in
letail.



with transitions within the tetracthylammonium

cation. No other bands were observed at higher
wavenumbers, The spectra are similar to those
4L we reported earlier for the octahedral hexahalogeno-
8 protactinates {IV) [(NEtg)a2PaXg; X = F, C1, and
—_ Br) and the optical absorption bands are similarly
. 2k —
g —_— Table 2. I.r. and Raman data for hexaiodo-
™ complexes.
1 (4] 38
=
x . Compound ~ Colour  Observed Vibra}ional Modes
os A 2 —_— — D)
_— Vi Yz 0V s
4= 2 2 . 2 (NEt,),Th,  Bhite 131 43 ¢ 68,505
PaFg 2 - 2 palgl
afg <" PoClg® PaBrg®” Palg (NEt,),Pal  Blue a 13 a
Fig. 1. The spectrum of (NE4);Palg %iﬂgsgiwss) WEt,) UL, Red b W3 ¢ b

The measured band positions for (NEt4);Palg
and (NPhMe3);Palg are provided in Table 2
together with assignments. The estimated accuracy
of measurement is * I0A. Bands present in the
spectra (Figs. 1 and 2 } at ca 1,68y are associated

Absorption —e

3not observed owing to fluorescence

bnot observed owing to rapid decomposition of
compound in laser beam

“discussed in the text.

1
‘
é
L ' S Sy 1 : L . L
02 10 12 14 16 18 20 22
Wavelength (p]
Fig. 2. The spectrum of (NEtgq)zPalg at 85 K. (XBL 758-1889)
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-1 assigned to transitions from thz I'7 ground level
BVgg\[;EL.E(I;JD(:)TH [BCDTJ.D ) 5.000 'tr:b?elejré. I'7' and I'y" states as indicated in
9 0 & .

The assignments at 85 X shown in Table 3 were
used to fit the ligand field splittings, 6 and &,
and the spin-orbit coupling constant z; in order
to have a check on these parameters the g value
for Palg“” was estimated at -1.15. The experimen-
tal and calculated values are compared in Table 4,
and the © and A values are compared with those
for other hexahalogenoprotactinates (IV) in
Fig. 4. Tve apparent increase in the spin-orbit
coupling “ant ¢ 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 Jetermine accurate values of 7.

ABSORPTION ——

‘The very marked decrease in © and the rslatively
constant value of 2 across the series PaFg*™ —+
Palgl” (Fig. #) reflects the progressive lowering
in energy of the Tg state relative to the I'g' and
r7' states. The I'y' state in, fact increases very
slightly in energy from PaClg®” to Palgl™. As
discussed previously, it can be shown for 5fl
compounds in octahedral symmetry that,

A L 1 J 20
10 12 14 16 18 Y : 2
@=(u + 0o -a’) (E-~E)}
WAVELENGTH [ ) ™ o ] £5p
and, .
Iig. 3. The spectrum of (NEty),Ulg at 85 K. P B
® i 426 el 758-1890) 4= (o0, BgEp) 1)

Table 3. Spectral results for the hexaiodoprotactinates. (I\“)E

B\ el
Ar g5 A 300k at B .
Band Fosition Int. Freq. Bard Poastion Int. Freq. Band Fosition Int. Freq. Band Position 1nt. Freq,
) [ ] [P [E) tea™") (2} (5 tes™)
7413 v 20
7262 ab 298 7315 - 32
g‘; : :f?f L 20T 2 179 T8 . +150 7143 o b etl5
7302 h .
r,f, 6964 . ) 38 6960 v [ 6493 . 0 6996 ™ °
e 6868 - % 6859 . -105 6889 "
6770 L) 194 6780 a -184 6840 . -153 6840 o <158
6729 sh =255 6752 » 241
. 6501 05 s 6627 L3 6514 W bF
) 6502 : 6u3° . Guds . 638 oo
- 5 g 5% - 155 554Q L] »%9
2’. M B va 552?29 : vle 5423 v . k29 M +38
[ s?ﬁ ah 0 9385 - © $38% . [ 5591 . ]
77 539 . 23 532 . 25 5362 - 28 591 . -0
5350 on ~35 5333 a7 5330 ah -1
5201 w,b -t B2l M -1k 52% w, br =169 5201 M -150

2 o, strong; e, sedius; v, weak; br, hroad; ah, shoulder.
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Table 4. Calculated and experimental transition energics, ligand ficeld
paraneters and spin-orbit coupling constants for hexaiodoprotactinates
v
Compound Energy (cm-l) Paramecers (cm'l)
r;-fg TyTg' Tyl g [ & 4
(N}?t“)zl"al6 Calc. 7002 6497 5397 -1.142 832 1546 1542
Exp. 6998 6506 5391 -1.1502
(Mkasr’h).,Pal6 Calc. 6973 6497 5399 -1.130 782 1592 1540
Exp. 6964 6518 5385 -1.150%
3Estimated value.
WAVELENGTH (cm™!) © but (Eq. 1) will dircctly effect a. It
5,000 appears therefore that as the halide ion is

8,000 7,000 6.000
T T T

z

=}

—

a

@x

o

0

a

<

|
— - . fe o e - 1 -
10 12 14 16 18 20
WAVELENGTH ()
Fig. 4. Ligand field splittings 6 and 4 vor

octahedral complexes of the type (NEtg)2PaXe
(X =F, C1, Br, and I). (XBL 758-1891)

where ar and oy are ligand admixture coefficients
for the ty, state, ng' is that for the tp, state,
and Ef and K, are the binding energies of the
outer f metal ion electrons and the outer p shell
ligand electrons, respectively. Thus, since C
changes much more rapidly than & for the
hexahalogenoprotactinates (IV) (Fig. 4) and -,
and ' involve the same ligand orbital, changes
in m bonding will have relatively little effect on

changed from fluoride to iodide in the hexa-
halogenoprotactinates (IV), (NEtg)aPaXg (X = F to
1), large changes in o bonding occur while the

w bonding is relatively wnaffected.

2. RADIOPOLAROGRAPIN OF Am, Cm, Bk, Cf,
Fm

Es, AT

*
K. Samhoun” and F. lavid®
Introduction

The aim of this work is to determine the
standard E0111-0 or E0T1-0 clectrode potentials
for some transplutonium elements in aqueous
solution, and to obtain information on the
electrochemical properties of 5f elements. The
standa~d electrode potentials are cssential for the
determination of some thermodvnamic fungtions
such as the enthalpy of lormation Ap(MP*), This
function, combined with others, is used for
correlation between 41 and 5f series, allowing
predictions of some umknown data on the heavy
actinide elements.

In this work the radiopolarography technique
is applied to study Am, Cm, Bk, Cf, Es, and Fm.
This technique permits a radiochemical determina-
tion of the half-wave E 1/2 poterrtial, by studving
the electrochemical behavior of the aquo-ion
at the dropping mercury cathode.

When a radioisotope is .educed to the metallic
state at the dropping mercury cathode, then the
activity A collected in a given mumber of diops,
where a given potential -l is imposed, is
proportional to the number of reduced ions.

This activity is thus proportional to the
corresponding polarographic current. The
radiopolarogram obtained by plotting A against
-I: should parallel the known current-potential
curves.



For a controlled diffusion radiopolarographic
wave the limiting activity Ay, measured in the
mercury collected each © seconds, could be calcal-
ted from the transformed Ilkovic equation:

Ay = 0,627 x ntf3 x £10 x pM2w g xa

where A; is the activity of 1 ml of the solution;
and m, t, and D have their usual meanings and are
expressed in g x s°1 respectively.

Provided Ay is measured with reasonably
accuracy (~ 5%), the diffusion coefficient D
can be calculated from the measured limiting
activity of the radiopolarogram. The number n
of electrons exchanged in the electrode process
does not figure any more in the transformed
I1kovic equation. However, this number can be
obtained from the slope (0.059/an) of the
jogarithmic analysis of the wave:

= F _ 0.059 A
E=E1/2 - lag m

In the cise of a reversible electrode process

(a = 1), this slope should be 60 mV ifn =1,
30mV'ifp=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-iife and a =nergy 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

(mM/me), are listed in colums 4 and 5,
respectively.

Table 1. Radioisotopic investigation in this work.
M T1/2 Eﬁzg’ Nanogram m/me
Pam 433y 5.9 15 2 %108
Mo g1y 581 0.4 7x 10710
WO 3maa B 0.27 3x 10710
Mg wey 5.8 10 1.2 %108
Bles 264 6.44 0.028 3x 19711
25e 201k 7.0z 3x1071% 3x1071s

Zo.isyogg Zsst ggs available in a mixture
of $89¢f- 454-255gs,  255Fm was ~ 0.01% (by

activity) in this mixture. The elution with

0.4 M a-hydroxyisobutyrate at pH 3.5 from Dowex

rz'ggionic resin was applied to the "milking" of
Fm.

In order to insure a determination on these
elements with equal precision, a mixture of two
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or three actintdes is generally used in one experi-

ment. An element for comparisor is also added

gs the mixture; in our experiments the y emitter
Mn was added. The radiopolarogram of Mp is

used to check the normal fimctioning 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 3%. The
accuracy of the measured half-wave E 1/2
potentials is less thun 3 mV. The experimental
points obtained fur Fm (Fig. 1) _are less accurate
because of the small amount of fm available.

(3
i
b

[ZST—

6
-tasenr ¢

Fig. 1. Radiopuvlarograms of: Am, pH 2.0, LiCl
0.26M; COm, pH 2.5, LiC1 0.10M; Bk, pH 2.5, LiCl
0.10M; Cf, pH 2.5, LiC1 0.10M; Es, pH 2.5,

LiC1 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 = t(log - A) was measured for each
investigated element. Most of the measured
slopes for Am, Cf, and Es lie within 25 * 5 mV;
this is consistent with the following electro-
chemical process:

M & 3e + Hg + M(Hg) .

The transfer coefficient « is estimated to vary
between 0.7 and 1. This is characteristic of a
"quasireversible® electrode process.



Tavle 2.

v CEME o« CRHE Gl et e e,
Ml 2.0-22  1.58 3 0.78  1.594(5)  0.46 - 2,06 .-
W4 1.7.2.0  1.66 3 0.40  1.62 (1) 0.435 .- 2.07 -
29 2.0-2.2 1.6 3 045 1.62 (1) 0.50 -- 2.12 -
M9c¢ 30-22 1.503 3 0.90  1.500(5) 0.5 -- 2.01 .-
24p. 50-2.2  1.45 3 0.80  1.452(5)  0.53 - 1.98 -
255pn, 2.5 1.474 2 0.90  1.474(6) .- 0.90 1.95 2.37

Fm. As with the preceding elements, the siope
was found to be 29 ¢+ 4 V. The number of electrons
exchanged in this case, according to a, could be
two or three, However, the fact that the standard
electrode EY11I - 11 of Fm is less negative than
-1.15 V/NE suggests that the Fm ion is in the
divalent state at the dropping mercur. cathode
since the radiopolarographic wave is  ected at
-1.47 V/NHE. The following mechanism is thercfore
suggested:

2+

Fm“" + 2e + Hg + Fm(Hg) .

In order tc confirm this mechanism, study of
the radiopolarogram behavior in the presence of
a complex agent (lithium citrate) was undertaken.
The calculated shift on the half-wave potential
of Fm should be about 5 mV in the presence of
0.005 M llt!;;bun curate when the electrode
process is This shift in the same
conditions should be more than 200 mV if the
electrode process 15 Fm>* » Fm?,  The measured
shift cenfirmed Fmé* + Fm0 mechanism.

Half-Wave Potentials and Standard Electrode
Potentials

Frequently in polarography pH may affect the
half-wave potentxal determination. Searching
for the minimm value of © 1/2 at suitable pi,
radiopolarograms of Am, Cm, Bk, Cf, and [s were
obtained in several pH media from pH 1.7 to 2.5).
From the analysis of half-wave E 1/2 potentials
measured for each of these elements, it appears
that minimum values for Am, Cf, and .s are
obtained with pH between 2 and 2.2, However, all
measured E 1/2 beyond this range are more negative
by only a tuw mV, In Table 2, colum :, the
measured E 1/2 are listed for all invest. sated
elements., In column 2 the corresponding pi! is
listed, and in colums 4 and 5 the number n »f
electrons and the transfer coefficient «, bctyn
obtained from the measured slope of

= {(log A/Ay - A). In colum 6 the deduced
(E 1/2} 1y are tabulated and will be used for the
standarseelectrode potential determination.

Since the mechanisms of the electrode process
correspond to the reduction of the divalent or
trivalent ion to the metallic state, the
measured half-wave I 1/2 potentials include the
energy of amalgamation. &k3, for the trivalent ion
or ik, for divalent ion, so that:

: 9 - : :0
(125 = sty + 8y

and
(E 1/2), = &k, + 1
FU2), =8y v By g

The energies of amalgamaticn of Bh, Cf, and Es
are estimated by correlating the intra-series
variation in &E3 (known for Gd, Tb, lio, and

Luy and deduced for Am and Cm From the
standard electrode EYITT-0 potentials meuasured
by Fuger et al. and our experimental hal f-wave
E 1/2 potentials. Estimated values 813 are listed
in colum. 7 of Table 2. The by of Fm is esti-
mated (coiam 8} by interpolating the variation
in known SEz of divalent clements Mg, Ca, Sr,
Ba, Ra, Eu,”and Yb with the Lorrcspondmg radii
of the dnf'zlcnt metals. Finally, FOT11-0 and
E011-0 are listed in cohum 9 and 10

—_—
K. Samhoun, on leave from CNRS of lebanon.
Present address: Institut de Physique Nuclcaire,
Bat. 100 B. P. No. 1, 91406 tirsay, I'rance.

B Institut de Physique Nuclesite, Bat.

'F. David,
100, B.P. No. 1, 91406 Orsay, France.

3. THE PHYSICAL PROPERTIES OF URANIUM{IV)
DIETHYLAMIDE:  CRYSTAL STRUCTURE, OPTICAL AND
MAGKNETIC PROPERTLES

J. Reynolds, A.
N. Edelstein

Zalkin, D. H. Templeton, and

The compound uranium(IV) diethyl amide, 1
UIN(CyH15) 24 was first synthesized by Gilman et al.
from the reaction of lithium diethvlamide with



eIy using dicthyl cther as a solvent. Mter
veaoval of the solvent the uranium amide was
purified by distillarion wider vacuum and was
ohtained as an emerald-green liquid which crvstal-
lized at approximately 35°C,  This nuterial was
extremely reactive to oxveen amd water but proved
useful as an intermediate for preparing uraniym(IV)
mercaptides and alkoxides. Bagnall and Yanir-
have reacted uranium{IV} dicthyl amide with €S72,
Uds, and €05 to achieve the insertion of these
conpounds into the uraniwn-nitrogen bond and the
formation of the corresponding carhamites.
Jamerson and Takats” reacted uranium(I\)
diethytamide with two moles of cyvclopentadicne

to furm (3-CgHgiaUIN{CaHg 12] > which appears to be
an intermediate useful for the formation of
compoimds of the tipe (1-Cglg)->IN>.  Because of
the synthetic utility of uraniim(T\) dicthylamide
and its known volatility we have investigated its
structural and spectroscopic properties. We report
in this paper the tal structure of uraniua( I\
diethylamide, its optical and proton magnetic
rescnance {pmr) spectra in various solvents, and
its temperature-dependent magnetic susceptibility.

The crestal structure of uranium(I\Y diethyl-
amide, HN(Callg)21g, was analvzed by single-crystal
x-rav diffractometry. The material crvstallizes
in the monoclinic space group P2y/n with cell
Jdimensions a = 9,326, b = ;7. B3, ¢ = 13,867 A,
and F = 108.33°. With four formula units per unit
cell the calculated density is 1.65 g/em®. More
than 2700 unique duta were ohtained by the omega-
two-theta scan technique on a Picker FACS-1
Jdiffractometer equipped with a molybdenum tube and
a praphite monochromator. After the trial model
had heen found by the Pattersog and Foyrier
methods, the 1809 data where F= > 25(F<) were used
in the full-matrix-least-squures relinement of
the structure parameters. All atoms, with the
exception of hydrogen, were located, and the
positional and anisotropic thermal parameters
were refined by least squares, For the 1809
reflections the conventional R was reduced to 0.035
and the weighted R tc 0.031.

e

Thr crystals consist of dimer molecules. As
shown in Fig. 1, live nitrogen atoms form an
approximate trigonsl bipyramid about each uranium
atom, and two of these groups share an edge to
form the dimer. U-X distances are 2.46 and 2.57 A
{or the bridging nitrogen atoms and 2.21, 2.22,

and 2.24 A for the others. The N-U-N and U-N-U
angle~ for the bridge bonds are 7
respeztively. The hond angles in the trigonal

bipyramid are 116°, 118°, and 125° for the
equatorial =et, and 167° fo, cne axial pair.

The proton magnetic resonance spectra of
U(NEtp}y in varjous solvents at ambient temmerature
are shown in Fig. 2. In each spectrum there are
two peaks of approximate relative intensity 3:2.
The smaller peak is assigned to the methylene
protons and the larger peak to the methyl protons;
in all four solvents the smaller peak is shifted
to a greater extent than the larger peak.

Gilman et al.,* have reported that U(NEta)y is
monorieric in benzene so in this solvent (and
pentane) the most probahle structure in solution
is tetrahedral. !f we assumc this hypothesis

is correct then thr large metbyvlene proton shifts
would be due to a Jermi contact hyperfine
interaction because the pseudo-contact temm

ould vanish with this svimetry., However, the
large upfield shifts observed in the ether
solvents are probably due to pseudo-contact
shifts because these solvents would be expected
to voordinate to the metal ion and lower the
symmetry. MNonetheless, we can not rule out a
possible dimer-monomer equilibrium. Further
studies are underwiy on the temperature dependence
of the pmr spectra.

Tne optical and near ir spectra of U(NEta)g
at room temperature and in various solvents are
shown in Fig. 3 and the peak positions are
reported in Table 1. As in the pmr data the spec-
tra in benzene and hexane are very similar while
the spectra in the ether solvents are markedly
Jdifferent. Again we attribute these spectral

YELEaMg) M) ¢

Fig. 1.

Molecular structure of the uranium diethylamide dimer. (XBL 7512-9894)
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' T A ! Table 1. Peak positions of U(NIt,), in various solvents (u).
UINE), in = =
Perdone e Peak .
] Solvent 1 2 3 4 ] 6
= ——
i UME |, »
£ e Hexane 0.704  a b 1104 1188 b
) 4 A~ Benzene 0.6%2 a b 1.0%0 1.172 b
§  uNER e .
00 Bicthylether 0.638 0.660 0.718 0.990 1.070 1.302
UNER, yin
e T 0.630 0,655 0.715 0.985 1.061 1.287
L L
. 12 10 0 H 4 12 14 16 18 20 T - o
. fekd Peaks were not split into two components
- Mo bl‘cnks masked by solvent bands
Fig. 2. Proton magnetic resomance of U(NEtz)4 in

various solvents at room temperature.
(XBL 7512-9946)
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Fig. 3. Optical spectra of U(NEtz}4 in various

solvents at room temperature. (XBL 7512-9945)

The inverse of the molar magnetic suscept1b111ty
of [U(NEtZ)4]Z in the temperature range 4.2°

100°K is shown in Fig. 4. At low temperatures

(T < 10°K) the susceptibility becomes temperature

independent. Above 20°K the susceptibility {ollows
the Curie-Weiss law:

oy ——

M T+

with C = 1.052, (uegr = 2.81 BM) and © = 2.4°K,

7T 1T T T 71
L [utNGED, ), ],

2

)
™
80
xi,,* 50
)
30

20

1
40 50 &0
T{°K)—

| R I

| | |
0 20 30 70 80 90 100

Fig. 4. Inverse susceptibility of [U(NE2)g]z vs
temperature, The straight line is the calculated
inverse susceptibility in that temperature range
with the parameters obtained from a least-square
fit as given in the text. (XBl. 7512-9944)

If we assyme {U(NEt2)4]; to be a Ut compound
(kn core, 5f¢) with gup roxlmately Czy crystal
symmetry about the U°" jon, then the ground L-S
state will be a “Hy which wil] be split into
three sinzlets and three doublets. The magnetic
susceptibility appears to be due to a ground
state smglct with a doublet state approximately
20 cm! 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 4.2°K.



Although other Li amides b2sides the diethyl
compound have reacted with UC. 4, only U(NEty)y
has been isolated by sublimation. The unusual
(ive-coordinate dimeric structure of this
compound supgests that steric effects play the
primary role in determining its stability. It
appears that the -N-RafR = C3Hg) group is small
enough to allow coordination to stabilize the
dimer but is lavge enough to prevent further
coordination to a polymeric compound. R groups
smaller than -CzHg mav cause the U compound to
polymerize while larger R groups on the U ion may
be too bulkly to form stable dimers and instead
polyrerize. The relatively low yield of
[U(NEt3)4]; after sublimation (< 30% based on UClgq}
may be due to a competition between the
dimerization and polymerizatiun. Further work is
in progress on the solutjon studics.

The ¢rystal structure described here is the
only example we know of uranium with Tive-
coordination in the crystalline state. 1t is
also a rare exarple of bridge-bonding of a
uranium complex.

1. R. G. Jones, G. Karmas, G. A, Martin, Jr., and
H. Gilman, J. Amer. Chem. Soc. 78, 4285 {1956).

2. K. W. Bagnall and L. Yanir, J. Inor. Nucl.

. 36, 777 (1874).

3. J. D, Jamerson and .J. Takats, J. Organometal.
Chem. 78, C23 (1974).

4. MAGNETIC SUSCEPTIRILITIES OF URANOCENES WITH
HYDROCARBON SUBSTITUENTS AND THETR ELECTRONIC
GROUND STATES

N. Edelstein, A, Streitwieser, Jr., DL
and R. Walke:

G. Morrell,

The successful swntheses of neutral
cyclooctatetraene sandwich complexes with the
first five tetravalent ions of the actinide
series (Th?* - md*) has generated much interest
in the electronic structures 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 7 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 tie
orbitals had one more mode in rotating about the
symretry axis.! This qualitative picture was
later supported by a molecular orbital calculation
by Hayes and Edelstein? {}E) which showed con-
siderable mixing of the ligand &, = 42 orbitals
and the corresponding metal f-orbital. This
calculation showed that the main feature of their
electronic grond states was determined by the one
electron antibonding metal-like orbitals occurring
in two groups with the &. +1, £3 orbitals lying
below the £; = +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 diagonalization of the electro-

static, sgin-orhit, and crystalline field matrices
for the f" systems of interest. The calculated
ground state magnetic properties for U{COT);,
Np(COT)2, and Pu{COT); vere good 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. Tt 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- = t3 states which was imposed
by the assumption of a Cs molecular axis in
the molecular orbital model.<

An alternative model has been proposed to
explain the temperature dependence of the magnetic
susceptibility of U(COT); by Amberger et al.

In this model, which also assumes a Lg symmetry
axis, the lowest state for the ground J = 4 term

is « singlet J: = 0 level. The J; = *1 level is
then placed 17 em™! 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
susceptibility,?

This alternative model seriously challenges
the concept of the uranocenes as an aromatic
f-electron organometallic series homologous to
d-electron metalloccnes. 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.
We also extend the calculations of Ref. 3 to
include Np(COT)2 and Pu{COT)z. This work will
demonstrate that at this time only the HE model
is consistent with all of the data and supports
Streitwiesey'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 that shows a Curie-Weiss 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 indevendent.

We make the assumption that the gross electronic
siuructure of uranocene and its substituted analogs
are basically similar. The experimental evidence
supports this assumption, for the optical spectra
show only minor shifts from one compound to
another and the ring proton magnetic resomance
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 21so hold as a first approximation for its
substituted analogs even though the local symmetry
is certainly lower in the latter compounds. The



Table 1. Magnetic properties of some substituted
uranocenes.
u 5]
Compound Temperature eff
(°K) BM (°K)
[(CHS)4CUI']ZU 1.9 - 73.7 2.2+ 0.2 11.3¢ 3
- .7
[(C6H5)4CC’”2U 4.2 - 100 2.5+ 0.1 6.7:1
[CGHSNTI‘]ZU 14 - 100 2.65¢ 0.2 12.2+ 3
<8 TIp¢ (% = 0.036
0.001 emu)
a Xy = C/T+e
b
Vorf 2.84C B

C1IP = temperature independent paramagnetism

160 T T T
140% [(Ceta, cor]z u

120

40

20

1 I 1 ]
40 60 80 100

T (°K)

1
20 120

Fig. 1. l/)rM vs T for a sample of |(CgHg)4COT]oU.
The smooth 1ine represents a least-square fit to
the experimental data. {XBL 7511-9503})

120} [CeHs COT], U
100}
| 80F
X ;
60
40}
20} |
0 20 40 60 80 100
T{°K)
Fig. 2. 1/yy vs T for a sample of |CgHgCOT],U.

The smooth line represents a least-squate fit
to the experimental data. {XBL 7511-9502)

ring substituents appear to have conly minor effects
on the clectronic properties of these compounds.

The magnetic data presented earlier show Curie-
Weiss behavior for two of the compounds over the
entire temperature range. This type of magnetism
is incgnpatible with the model given by Amberger
et al.” which requires the .J, = 0 level to be the
lowest crystalline field level.

We have extended the calculations of Ref. 3
te inciude Np(COTyp and Pu(COT)z. We used their
empirical crystalline fiz2ld parameters with the
spin orbit znd electrostitic parameters described
previously= to determine the pround state level
structure and magnetic pruperties for these
h;gher 2 actinide complext+. Since the complete
f~ basis set was not used i Ref. 3, we have
slightly different crystaliene field parameters.
The results of the calculaticns are shown in Table 2
and the value of the cryscalline field para-
meters are given in Tuble 3.

These calculations give the effective moment
for Np(COT)2 as 2,35 BM, in fuir agreement with
the experimental value of 1.8 ®t. However, the
ground state of Pu(CCT)2 is pre-ficted to be the
J; = ¢4 state which would be parvwmagnetic and
foliow the Curic-Weiss law. This prediction is
in contradiction with the striki:z diamagnetic
behavior of Pu(COT)3 and shows agrin the
inadequacies of the model of Amberaer ot al.
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Table 2. Ground state energy levels and magnetic properties of Ac{COT);, compounds,
Ac = U, Np, and Pu, predicted by the models of Anberger et al.
2 b b b
U(Cglig)7 U(Cglig) Mp(Cgg), Pu(CgHg),

J, Eem? J Eam’? J Een’? J, Eem!

z M By z ’ & z ’ 8 z 4 By
0 0 -- 0 0 0 t7/2 -2612.6 4.694 +4 -5801.7 4.5f2
t1 17 -- 1] 19.1 0.654 :1/2 -2408.6 1.,302° 2? -3849.4 2,230
£2 200 -- 12 202.6 3.454 :5/2 -2011.3 3,802 t] -3314.8 -D.427
3 1535 -~ t3  1537.5 6.380 :3/2 -1691.9 3.307 +3 -2287.3 5.835
+4 6600 -~ t4  6779.3 9,098 :9/2 - 683.0 8.187 0 -1770.6 1]
%alues given in Ref. 8

PThis work g, = 0 unless noted
g = 2.972

Table 3. Values of the empirical crystalline
field parameter.
g n20fat 10364 ot
B cmasfanl - 99%6.0° o
B st el 143204 !

INomenclature as given in Ref. 6

bParamcters obtained by Amberger et 31.3 with an
incomplete f“ basis set.

“Parameters_obtained in this work with the
complete f* basis set.

1. A. Streitwieser, Jr. and U. Miller-Westerhoff,
J. Amer. Chem. Soc. 90, 7364 (1968).

2. R. G. Hayes and N. Edelstein, J. Amer. Chem.
Soc. 94, 8688 (1972).
3. Y. 0. Amberger, R. D. Fischer, and

B. Kanellakopulos, Theor. Chim. Acta 37, 105 (1975).

S. - VS m-BOND ORGANOACTINIDES,  THE SYNTHESIS
STRUCTURAL ANALYSIS OF TRIS(nS-

CYCLOPENTADIENYL) -n* -2 METIYLALLYLURANIUM(TV)*
Gordon W, Halstead, Edgar C. Baker, and Kenneth N.
Raymwond

The synthesis, characterization, and structural
analysis of the title compound,

(C5Hg ) 3ICHIC(Q)21UTY, is reported. The reaction
of U{CgHg)3C1 with Mg[CH3C{(H7)2)CY under inert
atmospﬁem conditions at -78° in THF gives a high
yield of the uranium allyl. Slow recrystallization
gives dark red-brown crystals. The structure has
been determined from three-dimensional x-ray
diffraction data_collected hy counter methouss.
Three n-bonded n>-cyclopentadienide rings are
bonded to the uranium atom with an agerage bond
distance of 2.74(1) A. A o-bonded n>-methylallyl
group completes the coordination sphere with a
U-C bond length of 2.48(3) A (see Fig. 1).

Fig. 1.
with the 2-methy’

The U(CiH ]3[013[3(042)2] molecule viewed
ailyl group in the plane of the

Atoms are drawn at the 40% probability

(XBL 743-~34)

paper.
contour scale.



The coordination geomet ry is a distorted
tetrahedron with approximate Cy, symmetry. The
average (center of c)clopentadmmde ring)-U-
(allyl carbon) bond angle is 100°. A o-bonded
ground state geometry vs the n- bonded geomet v
observed in (CsHs)gU is explained by the
competition between the reorganization energy and
the increase in coordinate bonds on going from

the 5- to n-bonded complex s as shown in Fig. 2.

N
bye = @3;@
-— > iil-?-/:c—

ng. 2. Interconverion of .7 CgHg)4U to

Cslis)3(n’-Csts)U and o 5.
(r5-CsHz) 3{-3- 5L (131U to (n5-Cellgy3 [ (i
(@, 107 (B 10

The crystals -:on(orm to space group PIy
kithﬂ=10 23003, = 8,77 ¢ = 18, mér)\
= 4; and pegred = 1.99 ¢ wm?. A total of 3470
ret'lectmm was wollected « ¥ h)nch 1698
independent reflections with F2 > 30 1§72} were used
in the final refinement by -“ull-matrix lcast-
squares methods to give we shted and unwcighted
R factors of 6.4 and 6.5% :ospectively.

————
Abstracted fram J. Amer. ( em. Soc. 97, »M9
(1975). Partially suppor- 1 hy the National
science Foundation.

6. STRUCTURE OF A VOLATILE URANIUM FLUOROTI-LIURATEH

1. K. Templeton, b. H. Templeton, K. Seppelt,

and N. Bartlett

An analysis by x-ray diffraction confirmed the
constitution of U(0TeFs)g and established its

crystal and molecular structure. The preparation
of the yellow crystals and their analysis by
chemical and spectroscopic methods are described
in another section of this report.' Because nonc
of the diffraction patterns was of very high
quality, a large number of crystals were examined
by photographic or counter methods, and data sets
were collected for two crystals with the
diffractometer. The best data sct, consisting
of 780 independent reflections with I > o(I),

was derived by averaging equivalent reflections in
the full sphere out to 23 = 42°. Correction
factrrs for absorption, rw.:ing from 1.2 to 2.5,
were verified by measuremen

mide at various
acimuthal angles for several reflections.  The
structure was found by Fourter methods and refined
by least squares to R = 0.067, with anisotropic
thermal parameters for all atoms except oxvgen.

The crystals are monaclinic, space group C2/m,
with cell dimensions a = 10,30(1), b = lo.61(2),
= 987¢) A, and 5 = 114.19°, The molecular
structure (Fig. 1) has uranium bonded in an

U(OTeFglg

Fig. 1. Molecular structure. (XKL 7512-10075)

octahedral fashion to six oxvgen atoms, while each
tellurium atom has a > ] five ('luol ine
atams 1< ootahedral neivhbors, e age hord
distances, not corrected for the substantial
thermil motion, arce U-O = 2.05, Te-0 = 1.1, and
Te-1 = 1.69 A, The pond angle at oxygen s 170°
or 171°, The globular molecules pack in triangular
fashion in layers (Fig. 2) which stack to give
each molecule 10 nearest neighbors in a manner
similar to the body-centered-tetragonal structure
of protactiniim metal. ‘The weak bonding hetween
these molecules is reflected in the volatility




-

Fig. Crystal structure:
b axis vertical.

a axis horjzontal,
(XBL 7512-10074)

of the compound which in spite of its high
molecular weight can be sublimed at 60°C.

1. {report being prepared by N. Rartlett)

7. MOLECULAR STRUCTURE AND DISORDER IN CRYSTALS
OF OCTAPHINYLURANOCENE:

L. K. Templeton and i, #. Tempicion

Bis-n-(1,3,5,7-tetraphenylcyciooctatetraene}
uranium, U(Cgily(Cgllg)q)s, was prepared by
Streitwieser and Walker! by reaction of UCly
with the dianion of 1,3,5,7-
tetraphenylcyclooctatetraene. They sublimed it in
vacuum to obtain tiny black crystals. A structurc
analysis of these crystals by the x-ray diffraction
method confirmed that the material (Fig. 1) is a
sandwich compound with the same uranium-carbgn
bond geometry as in unsubstituted uranocene.¢ The
pheryl 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 compoumd in air, in contrast to air-
sensitive uranocene and its 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 complicated the
interpretation of the diffraction data. The
diffraction pattems contain sharp reflections
and diffuse streaks. The sharp features
correspond to the orthorhombic symmetry Pcen
with unit cell dimensions a = 24.R4(3),
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U(CQH4(CGH5)4)2
Fig. 1. Molecular structure of octaphenyluranocene.
(XBL 7512-10072)
b = 12.4371), ¢ = 7.587(6), and Z = 2; in this

symmetry 1the two uranium atoms per umit cell

must be distributed randomly over four equivalent
positions. The carbon atoms, however, can wve
assigned positions without any disorder. This
structure was rvefined to R = 0,088 for 723
independent reflections with F > o(F). The
diffuse features show 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 structure is described by the
monoclinic symmetry P2/c for a cell with a = 24.86,

b = 7.587, ¢ = 27.78, 8 = 116.58, and Z = 4.
The discrder czn 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 orthothombic
¢ 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 mo}ecules is 3.79 A, while in the
uranocens molecule‘ the ring-to-ring distance is
3,85 A, Thus uranium atoms will fit in either
position if carbon atoms are shifted about Q.06 A,
according to which side is occupied by uranium.
This kind of partiai disorder is commonplace in
structures of netals and salts, but we do not
know of an analogous molecular example.



U(CgHalCeHs)a )2

Fig. 2. Crystal structure of octaphenylx ranocene.
viewed down the orthorhombic ¢ axis; a

horizontal and b vertical. (XBL 72:2-10073)

1. A. Streitwieser and R, Walker, J.
Organometallic Chem. 97, C41 (1975).
2. A. Avdeef, K. N. Raymond, K. C. Hodgsc,
and A. Zalkin, Inorg. Chem. 11, 1083 (1772 .

8. DPOLAR HYDROGEN SCATTERING FACTORS IN X-RAY
DIFFRACTION ANALYSIS*

A. J. Olson and D. H, Termleton

The standard least squares refinement of ‘tomic
positional and thermal parameters from x-ray
diffraction data requires a scattering model for
each of the atomic constituents of the crystal-
lographic unit cell.

The customury model of a spherically symmet “ic
atom is described by a scartering factor f whi h
is a function of the magnitude of the diffraction
vector h. A realistic description of a terminal
hydrogen atom requires recognition that the
electrom density is not centered at the proton,
nor is it spherically symmetric. Both the

itude and phase of the complex form factor
}f?nxp(m) are fimctions of |m? and the angle

between h and the bond dircction. The form facter

mist be Calculated separately for each atom in
the primitive wit (or half of them in the
centric case) since it is changed by rotation
or reflection. Inversion gives the complex
conjugate. The economy of retaining only real
terms for half the atoms in the centric case is
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possible if ¢ is added to the argument 2u(hx+ky+2z)
and if |f| is used in place of the ordinary real

f. With this method and neglect of df/dx in
calculating d|F|/dx, we found that no change was
required in our routine for calculating
derivatives and solving the least squares
equations.

Polar hydrogen form factors developed by
Stewart et al.l have been applied to x-ray data
from decaborane (BjgH14) and sucrose (CyaH22017).
This application has yielded improvements over
the spherical hydrogen model in the derived R-Ii,
C-H, and 0-H bond lengths as julged by comparison
to the corresponding distances determined hy
neutron diffraction studies of the same molecules.
The improvements have not been uniform between
the differcnt bonding types. Using this polar
hydrogen model in x-ray refinements, tbe mean
deviations from neutron bond iengths for B-H, C-11,
and O-H were 0.019 A, 0.043 &, and 0.079 A
respectively. This trend can be explained by the
fact that the model emploved in all refinemcnts
wac based upon hydrogen in the 1l molecule. With
increase in atomic number and electronegativity
across the first row of the periodic chart, the
bond to the hydrogen becomes increasingly more
polar than the H-H bond in the hydrogen melecule.
The thermal parameters resulting from these x-ray
refinements also indicate varying applicability
of the polar model of Stewart ct al.

From this ipitial work, we recognized the
necessity of employing hydrogen form factors that
are dependent upon the bonded atom type. For this
purpose, an ab initio method of modeling bond
specific hydrogen eluctron density and producing
polar hydrogen scattering factors was developed.
Calculations involving scveral different wave
ftmction representations of the water molecul -
have been carried out using a variety of compura-
tional parameters. Oxygen-bonded hydrogen scat-
tering factors have been generated from these
molecular descriptions by apprcpriate estimation
of the non-hydrogen electron demnsity contribution
in the vicinity of the proton, point by point
subtraction, tail fitting, and subsequent Fourier
inversion. In the methods outlined, computational
parameters and pathways have been selected for
use in these calculations. Also, certain minimm
criteria for the sclection wavefunctions have been
established.

A summary of calculations has been reported
and their results have heen compared among then-
selves and with x-ray and neutron data on sucrose,
descriptive of the O-H bond. The best table
produced was generated from an extended Gaussian
molecular water wave function and a matching
masking function representing the oxygen densitv.
It gives O-H x-ray bond lengths that are, on the
average, only 0.005 A shorter than the correspond-
ing neutron-derived values. Thus the polarity
of the hydrogen electron distribution is well
described by this model. The thermal parameters
derived using this table are on the average 0.48 A2
larger than the correspunding neutron values.



Although a comparison of these parameters is less
reliable than the bond distance comparison, the
discrepancy nay indicate an inadequacy in the
radial electron distribution of the model, A
possible explanation may lic in the failure of
the model to account for the additional diffuse
character of the vonded hydrogen charge distribu-
tion imparted by 1he existence of intra- and
inter-molecular hydrogen bonds in sucrose.
tests of this table on data from non hydrogen-
bonded molecular systems could answer this
question.

T
Abstracted from LBL-4530

1. R. F. Stewart, E. K. Davidson, and W. T.
Simpson, J. Chem, Phys. 49, 2071 {1965).

9. STRUCTURES OF SODIUM URANYL FLUORIDE MYDRATES
J. R. Hauser, L. K. Templetcn, and D. H. Templeton

We have been studying the phases that crystal-
lize from concentrated aqueous solution of uranyl
salts; the purpose is to extend our knowledge of
the crystal chemistry of actinide elements and
to gain a better understanding of the solubility
behavior of uranium. Experimenis with mixtures
of sodium fluoride and uranyl nitrate have resulted
in a variety of phases according to conditions
which we have succeeded in reproducing only in
part. Two of these phases, not previously reported
to our knowledge, have been identified by crystal
structure analysis as Nag(U0;),F+2(;0 and
Naz(UQ,)F7+6H,0. Work continues to identify some
otger phases of unknown composition and to explore
the conditions for their formation.

The dihydrate is monoclinic, space group C2/c,
with cell dimensions a = 15.127, b = 6.926,
c =11.235 A, and B8 = 94.77°, The hexahydrate is
triclinic, space group P1, with cell ‘dimensions
a=7.177, b = B.633, ¢ = 7.000 A, o = 113.28°,
8 = 104.92°, and y = 77.88°. Both structures
were determined by Fourier methods and refined
by least squares. For the dihydrate, R = 0.022
for 2534 independent reflect ons included in the
final refinement; for the he ‘hydrate, R = 0.024
for 2846 reflections. In di- ‘erence maps we
detected the hydrogen atoms fur the dihydrate,
and they were included in the calculations. For
the hexahydrate the evidence for hydrogen positions
was marginal, and they were neglected.

In both structures each urani.:m atom has
neighbors at the corners of a per.tagonal bipyramid:
two cxygen atoms on the axis and five fluorine
atoms around the pentagon. This geometry is the
rule for other uranyl fluoride salts that have
been studied. These bipyramids, however, are
linked together by sharing corners, edges, or
both in diverse ways, and the present structures
(Figs. 1 and 2) are not the same as any other
known exanples.

Further

Structure of Naz(U0Op)pF+2H;0.
(XBL 764-1233)

Fig. 1.

Fig. 2.

Partial structure of Naz(U02)F7+6H20.
(XBL 764-1234)

10. ENERGY-LEVEL ANALYSIS OF Pr*:laCly

W. T. Carnall, Hannah Crosswhite, H. M. Crosswhite,
and John G. Conway

A diagonalization of th. matrices representing
the combined atomic and crystal-field interactions



for the 4f“-configuration has provided the basis
for interpreting the spectrum of Pm3*:LaCls.
Experimental data were drawn from the literature
and were augmented by wunpublished absorption and
fivorescence results. A method of tnmcating
the large matrices that are involved was developed
and vielded results in excelient 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 CURItUM, BERKELIUM, AND
CALTFORNIUM

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 cm™! were recorded
on the high resolution Fourier Spectrometer
located at the Laboratoire Aimé 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. Ghe whole 1jst contained 1223 lines
of which 533 or 44% have been assigned to
transitions within known levels of Bk 1. 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 Dppgsit
parity. The ground state belongs to the 5f° 7s
configuration and fhe first level of the 5864752
is at 9141.113 cm™ .

The analysis of the Cf spectra is underway.

12. ISOTOPE SHIFT IN THE CURIUM SPECTRUM

John G. Conway, George V. Shalimoff, and
Earl F. Worden

The interpretation of the spectrum of Cm | is
well advanced.! Extensjon of the analysis will
be made only after new experimental results are
produced. One experiment underway is the measure-
ment of a great number of isotope shifts.

Two samples were available in the winter of
1974. The one which we refer to as Cm con-
tained the following mole ratios:

2980, - 54.6%
ey - 16.48
Moy - 27,18

and the second called 245Cm contained:

26cn - 21,443

W30m - 23.12%

2480, - 54,903

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 L1vemorf.th’l11ese
data, together with_a_re-megsyrement o e
plates gontaining 242¢y - 2”&11 (Ref. 2), will
pive us a great amount of isotope sh}ft data
with which to extend the work on curium.

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 QF EINSTEINIUM

John G. Comway, Larl . Worden, W. Carnall,
Ruth Sjoblom, H. M. Crosswhite, and M. Fred

Tie level analysis and a limited line list of
Es were published in 1974.1 At that time it was
decided that a more complex list was needed to
extend the work. A joint project was planned by
scientists from I.BL, ANL, and LBL for March, 1975,

Four different [s emission lamps were prepared
in 2 weeks. Chemical recovery and purification
of the Es were necessary between cach lamp
preparation. The first two lamps were not satis-
factory as they contained great amounts of
impurities. The third and fourth lamps were very
good and we were able to photograph the Es
spectrum from 2500 A to 1u. Zeeman spectra in
the region of 2500 to 8900 A were then ohtained.
The plates were left at Argonne to be measured.

The problem of observing the complete spectrum
of Es, with its 21l-day half-life, is so difficult
it requires the efforts of a complete team of
vorkers ready to do their part at any time of the
day or night. 1t was only by combining the
effort of workers from the three national labora-
tories that such a difficult spectroscopic problem
could be undertaken.

In the year to come these plates will be
measured and the analysis extended.

1. E. F. Worden, R. W, Lougheed, J. G. Conway,
J. Opt. Soc. Am, 64, 77 (1974).



14, SPECTRA OF HIGHLY TONIZED ATOMS

J. G. Conway, G, W. Shalimoff, T. Hayhurst,
S§. P. Davis, S. Goldsmith, and C. i. H. Van Deurzen

We wish to mention several ongoing projects in
the arca of highly ionized spectra.

At the bepinning of the vear, S. Goldsmith
built a power supply for a three-clectrode
triggered spark. This supply, together with a
suitable discharge chamber, was tested 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 this work a camera
was designed and constructed. These plates are
being used to evaluate the technical problems and
shortly we will photograph other elements,
varying the circuit parameters.

Standards havt been a problem in the 10 - 500 A
region. In order to improve this sitwation and to
extend the analysis of V(V) we have taken plates,
using a sliding spark source, on the Naticpal
Bureau of Standards grazing incidence spectrograph.
These plates have been measured, but we are not
satisfied with the standards. Some normal
incidence plates also taken at NBS have been
measured and additional lines have been identified
on our plates so it has been possible to obtain
a more accurate and consistent set of levels.
These levels are now being used to calculate
standards in the 10 - 500 A region. We will use
these calculated standards as internal standards
and extend the accuracy of our measurements. This
will not only give us a better and more completed
description of V(V} but it will epable us to
extend the analysis and provide us with an
increased number of wavelength standards.

A few new levels have been identified in Th IV
but the extension seems difficult. With this in
mind we have used Hartree-Fock parameters to
calculate the spectrum. Additional and as yet
unlocated configurations have been included and
the calculations arc done with and without
configuration interaction. This is giving us a
better understanding of the problems in extending
such an analysis. The same calculations will be
used on the analyzed spectra of Sc¢ ITY, Ti IV,
V(¥), and Cr VI,

Experiments on the Zeeman effect of U ions in a
sliding spark source have been attempted. There
is a very noticeable difference in the discharge
with a change in the resulting spectrr. This 1is
being further investigated.

1S. 1ONIZED SPECTRA OF GOLD
§. Goldsmith, J. G. Conway, and 5. P, Davis
By controlling the circuit parameters of a

sliding spark discharge it is possible to vary
the stages of jonizacion of a paseous species and

the spectra which are emitted. Using the condi-
ticns which favored the Aulll spectngm, we have
phot0§raphed Au vapor in the region from 500 to
4500 A. A study was also made of the serjes Pt I
through Bi V1. In this series the systematics
were studied and Au 1] was found to have several
misidentified levels.

In Au 11 the array 5d8%6s - 5d7656p was studied
from an experimental and a theoretical viewpoint.
The experimental scheme was determined, then
using calculated Hartree-Fock parameters it was
predicted. It was found that the Hartree-Fock
parameters must be scaled. Some of the scaling
factors were known from previous work, such as
that done by R. Cowan of Los Alamos, who supplied
us with his program and the first calculations
for Au. When the parameters were derived from
least square fitting of the experimental data,
and these new parameters were used to calculate
intensities, a greatly improved fit was obtained.
We also gained insight into the scaling of the
Hartree-Fock parameters.

A three-electrode, low-inductance spark
source has been constructed and gold has been
observed in the region of 500 to 1206 A. This
source should produce more highly ionized
spectra, However, these spectra cannot adequately
be studied and verified until observations arve
made in the 50 - 500 A region. We are sure that
higher ionization stat-; are produced since in
the sliding spark source we have found spectra
of Au V.,

F——m————
A paper presented to the Atomic Spectroscopy
Symposium, September, 1975, National Bureau of

Standards, Gaithersburg, Maryland.

1. Samuel Goldsmith and John G. Conway, LBL-4001,
J. Opt. Soc. Am. 65, 1371 (197%].

16. RESEARCH PLANS FOR CALENDAR YEAR 1976

Norman M. Edelstein, Neil Bartlett, John G. Conway,
Kenneth Raymond, Glenn T. Seaborg, Andrew
Streitwieser, Jr., David H. Templeton, and

Allan Zalkin

The basic purpose of this project is to study
lanthanide and actinide materials in order to
provide the basic knowledge necessary for vheir
safe and economic utilization in present day and
future technology.

This program will include studies of the
preparation and physical and chemical properties
of a variety of new gaseous, liquid, and solid
phases. Synthesized compounds will be identified
and characterized by x-ray diffraction, optical
and vibrational spectroscopy, and by magnetic
yvesonance and magnetic susceptibility techniques.
Equilibrium constants for complex formation will
be measured. Neutron diffraction studies will
be done in cooperation with other laboratories.

From these complementary studies, new insights
into the structural and chemical principles of



actinide compounds will be gained to imagine new
bonding situations and to design nmew 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 ani generate neutral or negatively
charged complexes. The sequestering agents will
have a very high specificity for actinide ions
as well as large zbsolute 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 Miller-Westerhoff
in 1968 has led to a rcnaissance of interest in
these actinide organometallic compounds. Further
synthetic efforts with substituted
cyclooctatetraenes could produce uranocenc-type
compounds with substantially different propertizs.
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 collaborztion with other ERDA laboratories
will be pursued with special emphasis on highly
ionized Zons. The spectral analyses of the highly
ionized ions is important to the umderstanding
of the chemistry of these elements. For examle,
the ionization potentials and location of various
electron configurations can be experimentally
obtained by no other metbod.

17. 1975 PUBLICATIONS AND REPORTS

Norman M. Edelstein and Associates
Journals

1. N. Edelstein and D. G. Karraker, Comment on
Electronic Structure of UFg~ by M. Boring,

J. H, Wood, and J. V. Moskowitz, J. Chem. Phys.
63, 2269 (1975).

*2. A. Streitwieser, Jr., and R. Walker, Bis-n-
{1,3,5,7-tetraphenyl: - :1ooctatetraecne) uranium,

an Air Stable Uranocenc, J. Organometal. Chem. 97,
C-41 (1975).

*3, G. W. Halstead, E. C. Baker, and K. N. Raymond,
o vs w-Bonded Organoactinides., The Synthesis and
Structural Analysis of Tris (n®-cyclopentadienyl)-
q'-2-methylallyluraniuwm(IV), J. Amer. Chem. Soc.
97, 3049 (1975).
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4. S. Coldsmith and J. G. Conway, An Analysis of
the Configuration 5d”6p in Pt I through Bi VI,
J. Opt. Soc. Am. 65, 1371 (1975).

Papers Presented

1. F. David, K. Samhoum, R. Guillaumont, and

L. J. Nugent, Study of Some Thermodynamic
Properties of S5f Elements, 4th International
Transplutonium Element Symposium, Baden - Baden,
Germany, September 13-17, 1975.

2, K, Samhoun and F. David, Radiopolarography of
Am, Cm, Bk, Cf, Es, and Fm, 4th International
Transplutonium Element Symposium, Baden - Baden,
Germany, September 13-17, 1975.

5. D. K. Fyjita, T. C. Parsons, N. Edelstein,
M, No€, ang . R, Pl:terson2 ghe Magnetic Suscepti-
bility of 24%Cm Metal and 249Cf Metal, dth
International Transplutonium Element Symposium,
Baden - Baden, Gevmany, September 13-17, 1975.

4. G. T. Seaborg, Tne ileaviest Transplutonium
Elements, 4th International Transplutonium
Element Symposium, Baden - Baden, Germany,
September 13-17, 1975.

5. J. G. Conway, Spectroscol.y of the Actinide
Elements, Atomic Spectroscopy Symposium,
National Bureau of Standards, Gaithersburg,
Maryland, September 23-26, 1975.

6. L. F. Worden and J., G. Conway, Level Analysis
of the First Spectrum of Curium, Cm I, Atomic
Spectroscopy Symposium, National Bureau of
Standards, Gaithersburg, Maryland, September 23-26,
1975

7. S. Goldsmith_and J. G. Conway, The Transition
Array 5d87s - 5d76s6p in Au 111, Atomic Spectros-
copy Symposium, National Bureau of Standards,
Geithersburg, Maryland, September 23-26, 1975.

8. D. W. Templeton, L. K. Templeton, J. R. Hauser,
and A. Zalkin, Experimental Verification of
Absarption Corrections in X-ray Diffraction,

Acta. Crystallogr. A31, S219 (1975); Congress of
International Union of Crystallography, Amsterdam,
August, 1975.

LBL Reports

1. D. Brown, P. Lidster, B. Whittaker, and
N, Edelstein, The Preparation and Spectral
Propertics of Actinide (I\) Hexaiodocomplexes,
Inorg. Chem. (in press).

*2. N. idelstein, A. Streitwieser, Jr.,

D. G. Morrell, and R. Walker, Magnetic
Susceptibilities of Uranocenes with Hydrocarbon
Substituents and Their Electronic Ground States,
submitted to Inorg, Chem.

*3, A, Streitwieser, Jr., and C. B. Grant,
Organoactinide Chemistry, a chapter for J. J. Katz
and G. T. Seaborg, Lditors, The Chemistry of the
Actinide Elements, (in press).



*4, E. C. Baker, G. W. Halstead, and I. N.
Raymond, The Structure and Bonding of 4f and 5f
Series Organometallic Compounds, Structure
Bonding 25 (in press).

5. K. Volz, A. Zalkin, and D. H. Templeton,
Crystal and Molecular Structures of Thorium and
Uranium Tetrakis (hexafi.oroacetonylpyrazolide)
Complexes, Inorg. Chem. (to be published).

6. J. G. Conway, J. Blaise, and J, Verges, The
Infrared Spectrum of Curium - 244, Spectrochimica
Acta (in press).

7. E, F. Yorden and J. G. Conway, Energy Level
Analysis of the First Spectrum of Curium, Cm I,
J. Opt. Soc. Am. (in press).
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8. J. G. Conway, E. F. Worden, J. Blaise, -

P, Camus, and J, Verges, The Infrared Spectrum
of Berkelium - 249, submitted to Spectrochemica
Acta.

9. J. G. Conway, E, F. Worden, J. Blaise, and
J. Verges, The Infrared Spectrum of Californium -
249, submitted to Spectrochemical Acata.

10. W. T. Carnall, H. Crosswhite, H. M,
Crosswhite, and J. G. Conway, Energy level
Analysis-of Pm3*: La Cl3, submitted to J. Chem.
Phys.
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1. LASER CONCEPTS

a. New Synthetic Methods in Actinide Chemistry for Volatile Matecials

Norman M. Edelstein, Prineipal Imvestigator
1. STUDIES OF VOLATILE ACTINIDE COMPOUNDS
R. Rietz and N. ldelstein

We have begun & program to prepare, isolate, and
characterize new compounds of the lanthanide and
actinide elements. We are emphasizing the
syntheses of new volatile materials.

We are reviewing recent synthetic advances in
d-transition metal chemistry in order to apply
‘these methods to the lanthanide and actinide
series. We will explore promising synthetic
routes to new actinide complexes and will investi-
gate their properties by physical and spectroscopic
techniques. High resolution spectroscopic studies
of volatile compounds in the vapor phase will
provide information on isotopic effects. We
expect the results of this program will find
important applications in isotope enrichment
efforts, actinide separation technology, and bio-
logical research work.

Our recent research effort hus been divided
hetween two synthetic efforts. ‘the first was an
attempt to synthesize hexakis-(trifluoromethyl)-
uranium(VI) by reaction of UClg with trifluoromethyl
radicals produced in a low-frequency rf discharge.
We have also tried, unsucessfully, more conventional
chemical methods to synthesize U(CF3)g. The
second project we have begun involves the use of
uranium hexachloride and uranium hexafluoride as
percursors to uranium(V1) compounds. Many
interesting and unexpected products have been
identified but no new volatile materials have been
discovered. One of our experiments has produced
a new means to synthesize UClg of exceptional
purity. Details of our experiments follow.

a. Attempted Synthesis of U(CFz)g

Uranium hexachloride was reacted with
trifluoromethyl radicals and the major volatile
products identified. The CF3 radicals were produced
by homolytic cleavage of CyFg in a 8.53 Miz rf
discharge. The UClg was positioned at various
points in the plasma tail. In some experiments
{Clg was heated from 60-100°C to sublime it
through the plasma tail. The r{ power, CzFg
pressure, and experimental duration were varied.

In all the experiments, a major portion of the UClg
was recovered downstream from the plasma or in the
first downstream trap. At high rf power levels a
mitror formed in the reaction chamber. When UClg
was sublimed through the plasma tail a yellow-green
glow was seen over the UClg. Reactions at room
temperature produced nc colors other than that

of the CF3 plasma itscli. Some reactions left
small amounts of non-volatile white or yellow-
green residues,

The volatile products from above were separated
by high vacuum fractional distillation. X-ray
fluorescence tests using Mo Ka radiation showed
that none of the volatile materials, aside from
the recovered UClg, contained uranium. The freons
produced wer> identified by their molecular
weights, ¥apor pressures, infrared spectra, and
15C"and 19F nmr spectra. In addition to C3Fp,
we recovered CsFg, CaF1g, C(CF3)4, and a mixture
of (5 - (g fluorochlorocarbons.

Our second approach toward preparing U{CI'3)e
involved the pseudohalogen-halogen exchange:

UF6 + ZP(CF3)3 -+ U(CF3)6 + ZPFS

which might parallel the reported reaction:

UF6 + ZI’CIS > UCl6 + ZPFS

Tris- (trifluoromethyl)phosphine was prepared and
purified but it underwent no reaction with UF,

in a stainless steel bomb in 4-1/2 hours at 20°C.
Subsequently, the bomb was heated to 200°C for

8 heurs, causing reaction of all the UFg. The only
uranium containing material recovered was UFy,
identified by its x-yay powder pattern. The
volatile products, identified by vapor pressures
and infrared spectra, contained varying amcunts

of unreacted P(CF3}5 as well as (CF3)sPFa,
(CF3)2PF5, CF3PFy, PFg, and traces of PF3 and CyFg.

Subsequently the reported reaction
(UFg + 2PCl3 + UClg + 2PF3) was reinvestizated and
we {ound no UClg or PF5 as claimed. A mumber of
phosphoranes were produced, i.c., PCL3F2, PCI4F,
PFg but only a nonvolatile uranium residue
remained.

A third attempt to synthesize U(CF3)g involved
exchange with an element already in its highest
oxidation state:

UClg + 3g(CFy), » UCFy)e + 3gCl,

Uranium hexachloride does not react with dry
Hg(CF3)7 or with Hg(CFy); in CFCl3 solution.
compounds did not react when heatéd together.
Both reactar.s were easily separated and recovered
by fractional sublimation.

These

b, Reactions of ucie and Uf6

The volatile tungsten(VI) compound W[N((Hz);lg
has been reported, We have attempted to prepare
an analogous uranium compound, U[N(CH3)Z]5.

The following reaction, which closely paralleled
the tungsten wark, was attempted.



UCl‘3 + tiLiN(CH:,,)2 > U[N(CHS)Z]O + 6LIC1 4
No volatile U compounds were found. The uranium
was present in an unidentifiable grey powder.

Uranium hexachloride and LiN(QHz); 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 dimethylamine and
tetramethylhydrazine were identified. When
n-pentane was condensed on dry UClg and LiN(QH3);,
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 UFg.

We have exploted the known halogen exchange
reaction

UFg
using stainless steel bombs to produce gram amounts
of UClg in 25% yield. Although the yield is good,
the UClg 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.

+ ZBCl‘.,7 - UClé + ZBF3

By analogy we tried the following reaction in
an attempt to synthesize the known uranium(VI)
alkoxides in one step,

UF, + 2B(OCH,) 5 »+ UOCHy), + 28F

53 3

Trimethoxyboron and UFg did not react in 18
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 UFy, identified
by its x-ray powder pattem. The major volatile
products were dimethyl ether and a low volatility
liquid, Molecular weight and mass spectral
analysis showed the liquid to be a substituted
boroxine:

C'l*s

F. o _F

e

g
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The follewing reaction was attempted to produce
U{N(TH3);16:
UF6 + B{N((H

+ U[N(CH + ZBF3

V213 Vale
We synthesized B(N(CHz);)3 and this material was

warmed from -196 with UFg in"a S.S. bomb using

CFCl3 as a heat moderator, After 12 hours the only

volatile products were CFCl3 and excess B{N(CH3)7])3.

The UFg/B[N(CH3)2]3 ratio was 1/1. No BF3 was
present. The uranium-containing non-volatile grey
powder did not sublime up to 250°C. The x-ray
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powder pattern of this material could not be
identifiel. It is currently under study.

We have aiso attempted the methathesis route

with UFg:
UF, + 6LiNMe, > U[N(CHS)Z]6 + 6LiC1 +

These reactants were warmed from -196° in a
S.S. bomb. The bomb was opened in one week.
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.

The

We are currently exploring the use of
electropositive groups to extract fluorine from
UFg according to the scheme:

UFé + 6[(}13)351R -+ URb + 6(013)351F
The first reaction tried was

UF6 + 6(CH3)351C1 -+ UC16 + 0(CH,) .SiF.

3)3
This reaction was conducted in a $.S. bomb at
20° for 23 hours. At this time, the major
volatile products were (CH3)3SiF, ((Hs),SiF;,
and excess (CH3)3SiCl. The urapium was contained
in a brown residue. The black crystal subliming
from this residue at 80° were identified as UCL
from their x-ray powder pattern. The non-volatile,
air-stable grey residue was similarly identified
as UFy. This UClg was free of the red coloration
seen in the material prepared from UFg and BCl3.
Its powder pattern showed no spurious lines.

The second reactizn tried was
UEg + lS(CH_.,,)‘.,,SiO(_"rl3 - U(OCH3)6 + 6(CHSJSSiF

This reactioh was conducted in a S.S. bomb at 20°
for 24 hours. At this time, the major volatile
products were CH30CHz, (Cliz)3SiF, excess

(CH3) 38103, ang a }%igh boiling siloxide. The
uranium was contained in a non-volatiie red-brown
powder. An x-ray powder pattern showed this
material to be amorphous.

2. RESEARCH PLANS FOR CALENDAR YEAR 13976
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(BHy)4 has been photolyzed to produce uranium
atoms. U(BHy), is one of the most volatile



uranium(1V) compounds known, out it is hydrolytical-

iy unstable. U(Blig)4 is prepared from Al(BHy)3
and UF4. Al(BH,)3 is an explosive, oxygen and
water-sensitive material.

We shall attempt to make other uranium
borohvdrides that might be more hylrolytically
stable at room temperature but could be heateg
slightly to produce a molecular vaper from which
U atoms might be generated. Precedents from the
d-transition metal complexes suggest that
U(B3H )a» U(BSH8)4, and U{Bglg), molecules are
posmg Experiments to synthesxze these
compounds have begun.

The substituted species U(BH3)3(BH3CH3) and
U(BH:Qls)y ave of the same volatility as U(Blg)q
but iire ulso hvdrolytically unstable. We plan
to replace the methyl groups with the more steri-
cally hindered -Si (0{3)3 groups to form a more
volatile but less chemically reactive species,
c.g. U[BH3Si(CHz)3l,.

We will attempt to devise new and safer
reactions to prepare U(BHy)s utilizing the readily
available materials UFg, UCIa, and uranium metal.
Ke will convert the metal to Ully and attempt to
hydroborate this to U(Bily);. We have already

foundt that Al(Bg)3 will net reduce UCly to Uiy g.

Prescntly, we arc studying the chemical reactions
of U(BI{4)4 toward common substrates, e€.g. amines,
alcohols, alkoxides. Such basic chemical knowledge
is essential if U(BHy)4 or any of its analogs are
to be produced and handied safely and economically
in large quantities.

b. Uranium Amides

The chemistry of U[X(CjHs)3]y is 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
contairing protonic hydrogen atoms. Plans are
being made to study the photolytic and themmal
decom~-sition of this material,; for it, too, may
be an.ther 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{CyHc),]; but
more volatile. A recent x-ray crystai structure
has supported the idea that U[{N(CzHg)214 is prone
to oxidative addition, particularly in its
monomeric solution and gaseous configurations.
(It is five-coordinate and dimeric in the solid.)
We have exchanged some of the -N{C;Hg); ligands
with the much bulkier -N[Si(CH3)3]z group,
producing a new volatile uranium amide. Our
present evidence suggests we have not completed
the exchange to U{N[Si(CHz)3]3}a, the fully
substituted product. We have also triei to
procuce this compound directly from UCl4 and have
obtained a second compound. Bath of these
materials are under active investigacion. Our
goal is to produce a near spherial molecule with
all external C-H units shielding the uranium from
chemical decomposition. In a similar fashion,
we are attempting to prepare U[N{CH;CF3)2)4, thus
using the -CF5 groups not only as shielding for
the metal but also to increase the volatility.

Attempts are also being made to synthesize
uraniun amides that resist oxidation because of
their high oxidation states and saturation of their
coordination spheres. We are attempting to
synthesize U(V) [N(CzHs)2]5 and U(VI) [N(CH5)216.
Both of these molecules might be expected to be
monomeric and quite volatile.


file:///-olatile

b. Selective Phatochemistry

C. Bradley Moore, Principal Investigator

1. VIBRATIONALLY INDUCED PHOTOCHEMISTRY*

R. Gler 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’

k
HCl(v=2) + Br -3 HCl(v=1) + Br 6h)

X
% HBr(v=0) + Cl

Hl(v=2) + 0 =Y KiI(v=1) + 0 @
k
-=» OH(v=0,1) + C1
The HC1 was excited directly to v = 2 by an
optical parametric oscillator (OPO). Since the

OPO is tunable mgh a bandwidth of ~0.005 cm™1
either species H3°Cl or H37C1 may be excited to

= 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 filter to absorb the 1 + O radiation.

Table 1.
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Results for the relaxation and reaction of HCl(v =

atoms and O atoms at 296°K.

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-
viave discharge of the parent diatomic molecule
and the atom concentration determined by an
appropriate gas phase titration. The compotition
between ki and k2 was determined by a fluoyescence
depletion technique. 1t 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 (AH°® = -15.5 kcal/mole)
between unexcited C1 and HBr it is known that
vibrationally excited HCl 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) + Q atoms would
be much faster than the thermal rate constant.

This was found to be the case. In both systems
it 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).

Z) by Br

k k
1 2
At Relaxation rate Reaction rate Reaction rate
on 3 -1, -1 —
(cm3 moiecule~1 sec'l) (cm” molecule ~ sec ©) Thermal rate
Br (1.4t .21) x 10712 G« 101°
0 (4.1t .32) x 10712 9:7x1013  g2:6.4x10°




2. FORMALDEHYDE PHOTOCHEMISTRY
a. .»_\g%arance Rate, Vibrational Relaxation, and
Energy Distribution of 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 (O photochemical product detected cither
by its infrared fluorescence or by its absorption
of a ow (O laser. The energy levels of
formaldehyde and its 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 state.
This fact indicates the presence of a long-lived
intermediate state between S; and the molecular
products, Hy + CO. 1t is found that the
appearance tate for CO is linearly proportional
to the pressure of 14>C0, Fig. 2. Collision-
induced CO production following 337.1 nm
formaldehyde excnatlon occurf with_ appearance
rates of 2.7x10-11 cm molfic sec™* for DyC0 and
4.7x20° 12 3 molec~] sec! for Hy00.  After its
production, CO{v = 1) relaxes to the ground
vibrational sta}g in CO]]ISI?HS Hlth D00 at a
rate of 3.3x107°° cm® molec™! sec”! and in gol-
lisions with H,CC at a rate of 3. 7><10 14 e
molec™ sec” These rates have been confirmed
by a separate measurement that monitors CO(v =
fluorescence following excitation with a
Q-switched CO laser. The CO photulysis yield
decreases with the addition of argon, but
increases dramatically for 305.5 nm photolysis
upon the addition of NO or 0;.

1)
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Fig. 1. Enerpy levels of formaldehyde and its

photolysis products. {XBL 755-1435)

In addition, vibrational distributions of the
CO product have been measured as a functicn of
energy and vibrational Jevel 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 HyCO Product €O fraction Percent of
(nm)  Vibrational v=0 1 2 3 4 5 6 Available
level E
.2 43 900 .100 0.7
337.1 aZ6] .870 .10 .020 1.1
7.0 255 731 .213 .049  .005  .002 2.3
4.5 2080 663 .195 .071 .03 .021 012  .005 4.1
Yl 52,51
3091 20s8,2236} 607 265 .09z .0z8  .005 002 3
3055 2343 661 .22 .058 .026 .00 .004 3.2
303.6 2000 571 .262 L1035 .037 .015 .008  .004 4.5
5.0 204} 598 .255 .094 .034 014  .005 3.9
4.0 230 609 .264 .09 .024 .004 3.5



http://XT.bration.al

348

T T T T T T T T T T T T
*
— } o 1
-.3 a &
g a i
1 L) 1
-~ A A
1S R o J
a A
Q p
e g
o) Z«/ TS N VST H SIS TNERT U AT VR R
0 i.0 . 2.0
Pressure {tose, H,CO)
Fig. 2. arance rate of the CO product from
HpC0. Dissociation was at 337.1 mm. The tri-

angles represent the appearance rates for
Co(v = 1), while the squares represent the
appearance rates for 0O{v = 0). {XBL 755-1437)

vibrational modes increases with increasing
excitation energy, the CO vibrational en>rgy
accowmts for enly between 0.7 and 4.5% of the
energy available to the products at the measured
dissociation wavelengths.

-—
Partially supported by NSF and U.S. Anmy.

b. Rotational Quantum Mumber Dependence of
Radiationiess 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 first
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 first 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 X quantum numbers. It is not known
whether the long decay is an isolated molecule
phenomenon, or the result of collisions, or an
experimental artifact. The pressure-tuned,
Nz-pumped dye laser and Tektronix-PDk fast
signal averaging system will be used to answer
these questions, For higher vibrational levels
where fluorescence lifetimes are too short to
measure directly simultaneous fluorescence
excitation and absorption spectra have been
recorded using a tunable, high-resolution

Fig. 1. Absorption and flucrescence excitation
spectra of HpCO near 3037 A. Differences in

relative intensity show variations in lifetime
with rotational level. {XBL 764-1362)

Table 1. Observed life

states of Hzl

5

imes of sing}e Totational
CO in the 40 ban

Laser

savelength Tshort 1"long Assignment
frm) (nsed) (neac) RA K_‘ '
706.048 104, 889. 11 1
706,107 134. 1563, 1 1
706,129 100. 1435, 8 2
706,132 116. 610. 1 2
706.154 170. 16 4
706,180 121. 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. ) 1
706.269 128. 885. 13 2
706.290 116. 1124. 10 2
706.298 100. 1077. 12 0
706.513 61. 558. 7 0
706.320 108 210S. 19 2
706.323 79, 541. [ 0
706.329 116 8 1
704.281 132 12 6
704.291 100. 20 8
704.302 113. 13 [
H,CO ~3037 A&
(\ W
W/\j‘%\/\/\/\ﬁ K
—X\
A i 1 | [ L
0] | 2 3 4 5
cr-!



ultraviolet laser. The ratio of fluorescence
intensity to absorption strength is proportional
to tne radiative emission rate divided by non-
radiative transition rate. Since radiative
lifetimes are independent of rotational quantum
number, the variations in the relative strengths
of the two spectra (Fig. 1) demonstrate the
dependence of the non-radiative tramsition rate
on rctational quantum mumber. In these spectra
as well, the variation of lifetime with J and K
appears quite random.

These Tesults point out another serious gap in
our theoretical understanding of the radiation-
less processes in formaldehyde. ~areful study
of these phenomena is crucial to 2. understanding
of the photochemical and photophysical proczsses
in formaldehyde vapor.

KPanially swoported by NSF

1. E. S. Yeung and C. B. Moore, J. Chem. Phys.
60, 2133 (1974).

*
3. FLUORESCENCE LIFETIMES OF NOy

Y. Haas, P. L. Houston, J. H. Clark and

C. Bradley Moore (in collaboration with H. Rosen
and P. Robrish, Energy and Environment Division,
LBL)

Unravelling the exceedingly complex visible
absorption and emission spectra of NO; is a
problem in molecular spectmscop{ that is only
recently beginning to be sslved. The most widely
accepted theoretical model® predicted that the
prominent K, = O lines of the <By state in the
absorption spectrum of N0 would exhibit lifetimes
on the order of 1 psec.

In contrast v h previous experiments and
expectations, we have found> that the K = O, ZB1
lines near 454.8 nm do not have short lifetimes,
but rather that they exhibit long collisianless
lifetimes of 33 ¢+ 4 psec. To achieve this result,
it was necessary to resolve the spectrum both in
excitation (using a narrow-band, tunable dye
laser) and in emission {using a 3/4 m monochroma-
tor). Thus we isolated the fluorescence
specifically from the K3 = O states. An
marbiguous assignment of the lines as K3 = O,
was obtained by comparison of the fluoresccnce
excitation spectra with previously published
vork.Y Figure 1 compares the lifetimes of the
resolved fluorescence from the Kz = O lines with
that of the unresolved, bmadbang fluorescence.

zBl

All the experimental evidence, including our
excitation spectia, point to the K3 = 0, “B;
levels as wmperturbed states. However, a
lengthening of the lirstime by a factor of 30 is

not compatible with essentjully unperturbed states.

Thus we concludc that the oscillator strength from
vhich the lifetime near 1 usac is calculated must
be due to transisicns to states other than “By,
most likely the “B; state and that the lifetime
measured in our experiments is the lifetime of

! {usec™

P (mtorr, NOg)

Fig. 1. Reciprocal lifetimes for N0y fluorescence
45 a function of pressure. The circles and
squares are for resolved blue fluorescence
excited by the Q(13) and Q(21) lines,
respectively. The triangles are for the wn-
resolved red fluorescence. The insert shows an
expansion of the low-pressure region for the

blue fluorescence. (XBL 755-1360)

the unperturbed 2B; electronic state.

—_—
Partially supported by NSF

1. R. E. Smalley, B. L. Ramakrishna, 0. H. levy,
and L. Wharton, J. Chem. Phys. 61, 4363 (1974).
See also preprint: ''The Fluorescence lixcitation
Spectrum of Rotationally Cooled NOz,'" by R, E.
Smalley, L. Wharton, and D. H. Levy.

2. A, E. Douglas, J. Chem. Phys. 45, 1007 (1966).
3. Y. Haas, et al., J. Chem. Phys. 63, 4145
(1975). -

4, P. Robrish and H. Rosen, Lawrence Lerkeley
Laburatory Report LBL-3233.

4, LABORATORY FACILITIES

A. H. Kung and C. B. Moore

This proginm was initiated in Januarv 1975 and
the laboratory space completed in April 1875,
Since then the following experimental systems have
been set up or are in the process of being
developed:

(1) A pressure-tuned, Np-laser pumped dye laser
is under construction which when completed will
deliver radiation tunable from 35u0 A to 7130 A
with bandwidths of less than 1 GHz. By freguency
doubling techniques the tuning range can be
extended to 2600 A and shorter. The output energy
of the system will be in the order of 0.1 mJ to



0.5 mJ. It will be used to measure isotopic
shifts and to study spectrally resolved excited
state lifetimes, encrgy transfers and photo-
chemical processes.

(2) A high average power Nd:YAG oscillator-
amplifier chain with its first four hamaonics will
be used as a pumr laser to obt..in high power, high
energy, narrow-band radiation throughout the
visible and the ultraviolet. With the help of o
LiNbQO3 optical parametric oscillator, broadly
tunable radiation from 1.4 um to 4.4 um can also
be ohtained. The Nd:YAG laser system puts out
cnergy in excess of 300 mJ at 1.06 1m and is
expected to deliver tunable enerygy of #s much as
20 mJ per pulse. This will improve the signal-to-
noise ratio of our experiments greatly and make
many new measurements jwssible. It will be
especially valuable for kinetic spectroscopy
studies of photochemical reaction products and
possibly for multiphoton infrared dissociation
studies.,

(3) A commercial flash-lanp pumped dye laser
has been installed. The laser has average output
power of 0.5 W or better and is suitable for
some photochemical and isotope separation experi-
ments 1n the visible and near ultraviolet ranges.

(4) For data processing a Tektronix-PDP signal
averaging system has been installed and is in
operation. The system has a time resolution of
0.5 ns and is being used for signal averaging in
all experiments.

(5) The above combination of facilities will
enhance our experimental capability to a greot
extent. Additional equipment such as a high
power carbon dioxide oscillatocr-amplifier system
will permit multiple photon dissociation studies
in the infrared. Photochemical processcs in
heavy molecules, related kinetics and multiphoton-
multilevel processes can be observed and
applicaticns to separation of isotopes studied.
A CW tunable dye laser will provide extremely
high frequency resolution and will permit kinetic
absorption spectroscopy of reaction intermediates
and measurements of isotopic shifts and line-
shapes under Doppler-free conditions. These
instruments will be installed when additional
funds become available.

5. RESEARCH PLANS FOR CALENDAR YEAR 1976
C. Bradley Moore
Vibraticnally-Induced Photochemistry

The work on HC1{v = 2,1) will be extended to
collisions with other reactive atoms such as (1
and H, Some studies will be made as a function
of temperature to search for evidence of an
activation energy. The new Nd:YAG pump laser
may make it possible to extend these studies to
higher vibrational levels and to other molecules.
The rates of reactions which are exothermic for
ground state reagents and are the microscopic
reverse of vibrationally induced resctions will
be measured. In this work the franslational

energy and rotational temperature of the reactants
will be varied independently. These studics will
complement molecular beam work on reactions of
vibrationally excited molecules in Y. T. Lee's

grouwp.

Predissociation and Photochemistry of Formaldehyde

The ini-ial work on rotational quantum number
dependence of $) excited state lifetimes will be
continued and extended to include measurcments
of pressure lependence, depolarization, and
cnergy trans er, This requires completion of the
X2-pumped pressurce-tuned dye laser in its final
oscillator-anmplificr confipuration. Time resolved
spectroscopy < ¢ the photolyvsis products of (20
will be extended to include 1 and HCD, A direct
search for the spectnum of the wnknown intemediate
state or states in formldehyde photolysis will he
undertaken by infrared (luorescence and visible
absorption spectroscopy. Photochemistry at very
high pressures of forcign gas will be attempted.
From this work we hope to be able to generate a
complete picture of the photophysics and photo-
chemistry of formaldchyde which will lead to
quantitative theoretical work.

Chemical Reactjons of Iixcited Llcctronic States

Initial studies will be of Clys + iBr
HC1 + C1Br and Bras + olefins. In the former
cose a scarch for the fluorescence of C1Br in the
visible and of HC1 in the infrared will be
undertaken. In the latter both kinetic spectro-
scopy and final chemical product analyses will be
made. We are searching for an appropriate olefin
which reacts directly with Brax rather than
inducing dissociation to Br atoms followed by
free radical reactions and scrambling. If we are
successful, a simple isotope separator for Br can
be set up producing grams per day.

An expanded isotope separation program in MMRD
at LBL has been proposcd scparately. This
involves a joint effort with the groups of lee,
Shen and Winn. It will include in addition to
the above work the program of lee and a joint
program on multiphoton infrared-induced dissocia-
tion.

6. 1975 PUBLICATIONS AN} REPORTS
C. Bradley Moore and Associates

Journals and Conference Proceedings

1. R. G. Maclonald, 1, W. M. Smith, F, J.
Wodarczyk, and C. B. Moore, Vibrational Relaxation
of HC1(v = 1) by C1 Atoms, J. Chem. Fhys. 63,

2034 (1975) .

2. K. Bergmann and C. R. Moore, [Fnergy Dependence
and Isotope Effict for the Total Reaction Rate of
Cl1 + HI and C] + HBr, J. Chem. Phys. 63, 643
(1975) .

3., K. Bergmann, S. R. Leone, and C. B. Moore,
f:ffect of Reagent Elegtronic Excitation on the
Chemical Reaction Br(“Py z,273) + HI, J. Chem.



Phys. 63, 4161 (1975) (Partially sponsered by NSF,
and the U.S. Army, Research Office, Durham.)

4. J. Finzi and C. B. Moore, Relaxation of
C02(1001), and NpO(10€1) 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. Moore,
Vibrational Relaxation and Photochemistry of
HCl(v = 1,2} and Br Atoms, J. Chem. Phys. 63,
4735 (1975) (Partially sponsered by NSF and the
1j.5. Army Research Office Durham.).

6. J. H. Clark, Y. Haas, P, L. Housta.,, and

C. B. Moore, Carbon Isotope Separation by Tumable-
Laser Predissociation of Formaldehyde, Chem. Phys.
lett. 35, 82 (1975) (Sponsered by the Lniversity
of California).

7. Y. Haas, P. L. Houston, H. Rosen, P. Robrish,
a1d C. B. Moore, Loug-lived Ky = 0, 2B) States of
NO2: A Direct Measurement Using a Tunable Dye
Laser, J. Chem. Phys. 63, 4195 (1975) (Partially
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,
Mepeve, France (1975). (Partially sponsered by
NSF, U.S. Army Research Office, Durham, and the
University of California.).

9. K. Bergmann, S. R. Leone and R. G. Macdonald,
Vibrational Photochemistry, Proceedings of the
25th IUPAC Conference, Jerusalem, Israel (1975).
(Partially sponsered by NSF, U.S. Army Research
Office, Durham, and the University of California.)

10, C. B. Moore, Laser Photochemistry and Isotope
Sepzration, Bull. Am. Phys. Soc. 20, 24 (1975).

Invited Lectures

1. Photochemistry of Formaldehyde, Seminar given
at Stanford Research Institute.

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 Califomnia,
Berkeley.

5. Reaction and Relaxation in Halogen Atom
Hydrogenhalide Collisions, Chemical Physics
Seminar, University of Lausanne, Switzerland,
Jue 20, 1975,
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6, Photochemistry and Isotope Separation in
Formaldehyde, Second International Laser
Spectroscopy Conference, Megeve, France,
June 25, 1975.

7. Chemical Kinetics, Isotope-selective
Vibrational Photochemistry, and Isotope Separation
by Photopredissociation. The International School
of Quantum Electronics, Erice, Sicily, Italy,
June 28, and July 8-9, 1975.

8. Vibrational Photochemistry, 25th International
Union of Pure and Applied Chemistry, Jerusalem,
Israel, July 11, 1975,

9. Reaction and Relaxation in Halogen Atom
Hydrogenhalide Collisions, Seminar at Physics
Institute, Polytechnic University, Milan, Italy
September 19, 1975.

10. Reaction and Relaxation in Halogen Atom
Hydrogen Halide Collisions, Physics Department,
Technical University of Mumich, Germany,
September 26 1975.

11, Laser Isotope Separation, Physics Seminar,
University of Kaiserslautem, Germany, September
29, 1975.

12. Laser Isotope Separation and Selective
Photochemical Processes, General Colloquium of
the troscopy Institute of the Soviet Academy
of Sciences, Moscow, Oct. 9, 1975,

13. Photophysique et Photochemie de Formaldehyde,
Colloquium of Institute of Molecular Photophysics,
University of Paris-Sud, Orsay, France, October
22, 1975.

14. Separation des Isotopes par laser, A series
of three special lectures to the French Commission
d'Energie Atomique at Saclay, October 23, 1975
and Novermber 18, 20 1975.

15, Photochemie et Relaxation Vibrationelle,
Quantwn Optics Seminar Ecole Polytechnique,
Palaiseau, France, November 10, 1975.

16. Photochemie et 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
€Oz, N2O, and Hz0 Using a Tumable Infrared laser,
(Ph.D. Thesis) LBL- , June 1975. (Partially
sponsered by NSF and the U.S. Air Force Office of
Scientific Research.)

2. A. P. Baronavski, Photophysical and Photo-
chemical Proce_ses in Formaldehyde, (Ph.D, Thesis)
1BL- , December 1975. (Partially sponsored

by NSF.)



c. Isotope Separation

Yuan T. Lee, Principal Inveatigator
1. LASER ISQOTOPE SEPARATION
Peter Schultz and Michael .I. 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 predisseciation,
could be considered as "high energy’ approaches
in which either chemical bond ruptures or clectron
removals are involved. Although some of these
approaches may lead to a feasible, large scale
separation scheme, thev are usually more compli-
cated due to secondary reactions, in addition to
vhich 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 prxcess
we are investigating at present is a method based
on a simple dissociation process of van der Waals'
molecules in a molecular beam. When the vihration-
al motion of a molecule containing a desired
isotope in a van der Waals' molecule is excited hy
an 1R laser, the recoil velocity associated with
vibrational to translational ard rotational
relaxation will send those molecules containing
the desired isotope iway from the beam.

We have constructed a new differentially pumped
beam chamber for the productior of a "clean"”
molecular beam containing desired van der Waals'
molecules for this purpose. The first series of
experiments that will be carried cut 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 XelC1l, XeBrp can be excited.
The vibrational cnergy 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 corvenient to excite
vibrational motion of halagen molecules through
electronic excitation.

Energy transfer processes between atoms an:l
molecules will bc investigated through both high
resolution velocity analysis and laser iluorescence
state analysis. The pracess of intramolecular
energy transfer will he further studied as a
function of total excitation energies in chemically
activated complexes. More and more effort will be
made in the area of photon (laser)-molecular beam
interactions, and photoclectron spectroscopy of
heams 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 heams, we will investigate the possibili-
ty of using selective condensation pracesses 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 1376. A new
improved beam-surface machine will be caompleted in
the near future and the reactions on catalytic
surfaces will be investigated in detail.
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