
pz - tH- ORNl-5135 

suiJij mv> mim$ 

warn 
m j?E@@B[i§§ mv@\ffl 

Period Ending ̂ wwbe* 31.1975 



r 

! #. 

! -I 
i ^ 
• '- <-

BLANK PAGE 

If I 
»*4 

i 

u^^O******^**** • . . H H J I U I M W ' J . L J H W » 4 M M U I J M W H U I 



Printed m the Ifmwd States of Amerxa. Ava&Me from 
National Technical Information Service 

L.S- Department of Commerce 
S2BS Port Royal Road. SpnrajfieM. V*ojn.« 27161 

Price: »• mted Copy S7.50. Micro* ictie S2.2S 

Tins ••port «ias QMOa'ad at an account of «erfc •JOHIOI td fey A t Umwd S u m 
Gow/nmenf • ftertfier the Umfod States nor die cnorojy rtaaajjrct* and Oonjleeaninf 
AoVJMnso'afnjM. nor any of diew enujlovees. nor any of the* contractors, 
sutjcenfracters. or tfeeir oMOJoyots. nojkes any nerranty. evtHOH or nnoSiod. or 
assumes any leaai inert r> or iiajwnnbilitr tor die accuracy. contateMnest or 
••ewjlntt of any mfcjn—i.on. apparatus, product or proem drjc-'onjd. or rapressnrs 
ttiot in «m would not mfnnae prr«ei0ry owned nolirs-



OMW.-S13S 

Contract No. W MoV«-io-X 

SOLO STATE DIVISION 
AMWUAL PROGRESS REPORT 

F T Wwi«< Ewtfc* flu i nifcii 31,1»7S 

M. K. Mrtffctmon. Director 
F. W. Young. Jr.. Associate Director 

MAY 1976 

OAK RIOGE NATIONAL LABORATORY 
O * Ridot. T«wwu« 37*30 

optmtadby 
UNION CARBIDE CORPORATION 

tortw 
ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 



Repw » pwvioiaK issued in th& jen«»rr »ioJJo»v 

ORNl 1095 Period 
ORNL II2S Period 
ORNLi2!4 Period 
ORNL-I26I Periud 
ORNL-I30I Period 
ORXL-1359 Period 
ORNL-1429 Period 
ORNL-1506 Period 
ORNL-1606 Period 
ORNL-1677 iVriud 
ORNL-1762 Prnod 
ORNLIS51 Period 
ORNL-IX52 Period 
ORNL-1944 Period 
0 R " ; L - I 9 4 5 Period 
ORNL-2051 Period 
ORNL-2052 Period 
ORNL-2188 Period 
ORNL-2189 Period 
ORNL-2413 Period 
ORNL-2414 Period 
ORNL-2614 Period 
ORNL-2829 Period 
ORNL-3017 Period 
OPNL?2i3 Period 
ORNL-3364 Period 
ORNL-34*) Period 
ORNL-3676 Period 
ORNL-3841 Period 
ORVL-3935 Period 
ORNL-W9S Period 
ORNl-*250 Renod 
ORNL-440K Per*** 
ORNL-4526 Period 
ORNL-4669 Period 
ORNL-4779 PerKHl 
ORNL4X6I Period 
ORNL-4952 Period 
ORNL-502H Period 

Kndw? April 30.1951 
Endir.rjuh 3 l . i 9 5 l 
Ending tktofcer 31.1951 
EBJug Jauury 3 ». |452 
c.ndrag May 10.1952 
Ending Aagost iO. 5952 
Ending November 10.1952 
Ending Febrowy JO. I«*5* 
Ending Aqpni 30. i953 
Ending Febnnrv 28.1954 
Ef.dmgAagteit3i.t954 
Endicg Feimaiy T«. *955 
Ending F-hMft- 2*. 1955 
Ending Aupn* 3 ! . (955 
Ending AujiW i>. l955 
Ending F-*Hr.uiy 29,1156 
Ending Fetnary 29.1956 
Fr»dt«sAvju»3».i956 
Ending August } ' . !95e» 
Er«Umr.AttjnBl3l,!95? 
E/Himjc Aupnl 31. 195? 
Endi«« Adpxt JJ. W58 
r r . ^ M A ' * s » 5 l . l 9 5 9 
Ertdon Av/«J >'.. I960 
Endinj Attgw* ? \. 1961 
FrtdMist Aup»f 31.1962 
bn?i.^«iijy 31.1963 
Ending Ma> 35.»'*,4 
Endmg Ma>-31.5965 
Ending December 31.1965 
Ending December 31.1966 
Ending Df>erfW*r 31.1967 
Ending Otunbn 31.196» 
rftJing Decci»i*:r 31.1969 
Ending December 31.1970 
Ending December 31 1971 
Ending December 31.1972 
Ending December 31.5973 
Ending December 31.1974 

http://Ef.dmgAagteit3i.t954


Spcciat Dedication 

This issue of the Solid Stale DHISMM Annual Rcpunbdrdicated to the memories 
of t»o valuable Division members who died during the past year. 

J. Rav Savage was a SCRKK laboratory lechniraain the research group concerned 
with invcsiigaiions of the physical properties of crystal surfaces. His various acm Uies 
included the growth of highly perfect imgic crystab of melafe. which were essential for 
the experiments on surfaces and for other research investigations of the Division. 

Richard E. Reed. Sr.. was the leader of a research group that developed 
techniques for the puriTication. crystal growth, and characteri/ation of high-quality 
research materials. Through his leadership and pcsonal efforts, many research 
specimens were prepared for important solid slate investigations that could not have 
been undertaken without them. He was aho the prinopal investigator of an experiment 
that he designed for the Apollo-Soyu/ space flight. 

Both of these men accomplished many skilifni scientific and technical tasks for 
RKinbcrs of the Solid Stale Division. ORNI. . and ERDA. Their skilband their dose 
associations with Division members arc grea:iy missed. 
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Introduction 

lheanaa«ca«mofth*AariualReporthusl 
areas of solid .-Me science i 
the period from January I , NTS, through P e n — e i 31. IfTS. 
Theoretical Solid State Physics. Physical Properties of SoNdi. Radiation Effects in 
Metah. Mention Scattering. Research Materials, and Isotope Plcseuch Matiruli. 
Each of than turutituttj a maim section of oV Report, arnladdnjonalsubdivisionsarc 
included withm the sections. Each section has a brief mtroductKMi that sadicaies the 
scope and font* of the research and gives some hagWtjtt of the post year, ft shooed 
thai these nvtrodnctsoctt give a clearer pasture of the rnanner m winch the individual 
programs are interrelated and aho show how the research activities of the Sotid State 
Division contribute to varions programs of ORNL and ERDA. The bnt section on 
Isotope Research Materials represents a new research area for the Division but not tor 
ORNL; the Isotope Research Materials Laboratory was transferred into the Solid 
State Division on July I. 1975. 

In the last Annua! Report, rt was appareM that the Rmnation of ERDA. with its 
broad Amnion in the development of new types of energy systems, would bringihanges 
in the research emphasis of the Solid State Division. These change i are easily seen 
throughout this issue of the Annual Report. Research contributions in every section 
include investigations associated with nonouckar energy tcchnologies,and the section 
on Physical Properties of Solids is devoted almost exclusively to investigations of that 
type. This is certainly not surprising, because essentially all nonnuchar energy 
technologies arc limited by materials piubhinv, and the solutions of those problems 
must rely heavily on information obtained from scientific research. The new program 
that were initialed during the past year resulted almost entirely from the reorientation 
of existing programs. 

I 
t 
t 
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I. Theoretical Solid State Physics 

The members of the Theory Section have continued during the past year to 
work on a broad range of problems directly related to the diverse experimental 
programs within the Division- The period covered by tbb Animal Report was one 
of change wrdun the Laboratory and within the Division, and this is reflected m the 
theoretical effort for the year. Tows, although theoretical research has continued in 
a number of areas of longstanding interest, some redirection of previously existing 
efforts took place, sad new areas were entered. The emphasis on nonnuciear. 
energy-related research has grown rapidly. As the scientific staff has explored new 
energy-rctsied areas m which the facilities and capabilities of die Division can be 
most cffccUveiy utilized, the interaction between die theorists and experimentalists 
has been further strengthened. For this reason, several contributions of the 
theoretical section wiU appear in research studies reported in experimental sections 
of the report. As in the bat few Annual Reports, for convenience of discussion, the 
theoretical research can be grouped into the four areas of surface studies, lattice 
dynamics, particle-solid interactions, and electronic and magnetic properties. The 
work in these different areas b often interrelated, and any one theorist may work in 
a number of them concurrently 

Research in the area of surface physics has continued to grow m the Division 
during the last year, once again emphasizing the increasing importance of surface 
studies to materials problems related to advanced energy systems. Studies of 
reflection of light atoms from solid surfaces, which arc important for the 
plasma-stability problem in controlled thermonuclear reactor (CTR) devices such as 
ORMAK. have been expanded in scope and improved in methodology. Two of the 
most common experimental techniques for studying surfaces are lew energy 
electron diffraction (LEED) and Auger-ekciron spectroscopy: the Division has a 
substantial program utilizing both of these methods. The theoretical interpretation 
of data generated by LEED and Auger experiments suffers from the lack of a 
well-developed theory of the various surface and near-surface effects leading to the 
observed results. The theorists of the Division have made significant contributions 
during the past year in this area. It has been rather straightforward to modify many 
theoretical ideas and computational techniques, previously developed for describing 
bulk properties, for use in surface-related work. However, it also has been necessary 
to develop new techniques, and this development will continue in the future. An 
exciting new area is the use of ion channeling and backscattering and the use of 
LEED and Auger spectroscopy as complementary and contrasting techniques for 
determining and verifying surface structural information. ORNL appears to have 
unique capacity to exploit this area experimentally and theoretically. 

Research on lattice dynamics continues to cover a wide variety of theoretical 
studies and calculations on the vibrational properties of perfect crystals, random 
alloys, and crystals wit.i point imperfections. One of the most interesting pieces of 
work reported in the fast Annual Report concerned the possibility of observing 
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JCST i—erHitMb in Ice mctab directly by neutron ^altering, file coafqpaaiNMi of 
the xM interjiitbl has long bee* a matter of controversy. bM recently conjidcrahfc 
progress has been made in tmhliihmg « 10 be of the dunmitll or <l09>-*pM 
inttnlJtwl form. Direct observation by neutron icjtttring experiment) of effects 
due to iclf mtcntitiah has now been node and is reported in Sect. 4 of tbb Annual 
Report. These mcaiuremcwij. in connection with theoretical work, open up the 
pouiibihty of applying ncuuun scattering to a variety of prohfcms not heretofore 
acccmibsf to this powerful tool. A potentially impuruni rcibrntitbtion of the 
random ahoy probkm fans been carried out by a number of die fhcor> Section 
working together with a mathematician from the Computer Sciences Division. At 
the very bast, this reformulation helps to elucidate some of die approximation* 
made in previous treatments of random aUsys. and it may had to improved 
mmpWlinntl approathei. Another worthwhile step forward in alloy cakutafkm* 
has been taken with the construction of a computer program lor the cakwfatton of 
the lattice dynamics of large clusters of atoms. Cluster cakubums arc useful in 
providing insight into certain aspects of ahoy theory, and if the dusters can be 
made brgc enough, while the computational timr » kept within reasonable hnumii. 
the calculations may provide valuable quantitative information. 

The theoretical studies of particle-solid intcraclious deal with problems that arc 
cither directly or indirectly rcbied to atomic collisions in solids. Some of these 
topics, such as ion radiation damage in metals, are of direct relevance to technical 
problems in the development of both fission and fusion power reactors. Others, such 
as channeling, arc primarily of interest either to fundamental studies of solids or to 
detailed studies of the atomic collision: themselves. Recently a proposal has been 
made by a member of the Theory Section to use ion-channeling tectuwu,iKs to 
investigate rntcrstital configurations in copper and other Ice mctab. Such work, if 
it proves to be feasible, could complement and supplement studies by neutron 
scattering of the configurations and vibrational properties of inicrstitiab. As in 
previous year*, work on channeling has continued in an effort to make it an 
accurate and reliable method for probing lattice potcntiab and ion positions in 
many different maleriab. Theoretical work on the simubtion ol fast-neutron 
damage by heavy-ion bombardment has abo been pursued during the past year, a 
description of this work will be found in Sect 3 on Radiation Effects in Mctab. 

The theoretical research on the electronic and magnetic properties of matcriab 
b concentrated on studies of hulk properties of metab. insulators, and 
semiconductors, both with and without point imperfections. Results of electronic 
energy band cakubtions are often used directly in the interpretation of the 
electronic structure and optical properties of perfect crystab. but more importantly, 
they form an indispensable basis for the cakubtion of magnetic and vibrational 
properties of materials. In bst year's Annual Report, calcubtions of the 
wave-number- and frequency-dependent magnetic susceptibilities of iron were 
described. These calculations yielded satisfactory agreement with the experimental 
results obtained by the neutron scattering group in the Division and. together with 
earlier calcubtions on nickel, showed that at low temperatures the band picture of 
electronic states in crystals is not incompatible with the occurrence of 
ferromagnelism in nickel and iron. Recent work in this area provides an excellent 
example of the effective interpby of theoretical and experimental research: the 
cakubtions on spin waves in nkkel motivated new experiments which verified the 
theoretical predktion of "optical" spin waves. Theoretical work on the electron* 
susceptibility in high T, superconductors was continued during the past year, but 
this is a formidabk probkm and further development of both the theory and the 
computational procedures is needed. Cakubtions of the ekctronk structure of 
simpk defects in alkaline earth oxides were abo continued. This work has 



partKiuar significance tor the cxpcrimtntal match on higtMemperaniie ceramic*, 
and tt t% anticipated thai similar calcuiaiio... can he made on semiconducting 
material* which arc of direct MpHfkaiict ior the program of sohr energy 
cunvcraon m developing in the Division. 

SURFACE STUDIES 

THEORETICAL ANALYSIS OF ANGULAR 
DEfENDENT AUGER SPECTROSCOPY 

H. L Dwis Theodore Kaplan 

Theoretical studies have been initialed concermng 
the possible utilization ol angubr dependeni Auger 
spectroscopy I ADAS) as a tool tin quantitative surface-
slrucinre determination. Recent observations have 
shown thai considerable structure exists in the angular 
distribution* of t»2-eV .W; SVV and 107-eV M,VV 
Auger electrons emu led from 1100).I1101. and 11111 
clean copper surface*.1 J As an illustration of the 
siruclure found experimentally, ihe loner curve in Fig. 
I. I represents data obtained at ORNL for n2-eV Auger 
electrons observed about a<100) copper surface.3 The 
angles 6 and 0 describe the angubr position of the 
Auger electron detector above the surface: the polar 
angle 9 is measure ' relative to the surface normal, and 
the a/imuihal angle 0 is measured relative to the (0111 
surface directum The measured intensity variations 
with 9 are seen to be large: large variations also have 
been observed* s m intensity vs 0 plots lor other 
a/imuihal angles above the 1100) copper surface and in 
angular intensity distributions above the Cu 11101 and 
(Ml) surfaces. Such variations have given rise to the 
hope that ADAS will eventually evolve into a quantita­
tive tool for surface-structure determinations. However, 
difficult questions remain to be answered before ADAS 
can be firmly established as a useful tool, and addres­
sing these questions is the major thrust of the present 
program. 

In order lo ulili/e ADAS for surface analysis, it n 
necessary to fully understand ihe fundamental mecha­
nisms responsible for the observed angular variations. 
The most likely mechanisms are (I) anisotropic Auger 
emission at the individual atomic sites and/or (2) dif­
fraction caused by the scattering of .he Auger electrons 
(after emission) by ihe atoms in ihe surface region. 
Both of these mechanisms might reasonably be assumed 
to be operative for Auger emission from a general 
crystalline surface. To test their relative importance for 
(he specific case of copper surfaces, wc have performed 
model calculations in which ihe emitted Auger elec­
trons are assumed to have various angular momenta. 

Thai is. die amplitude at r one to emission at the 
atomic «iie r, is taken to be of rise form * / " 
(cr - it'lKi,* (r - r„l. ».>ere */ •' is a spherical Hankei 
function of the first kind and the Y/m are complex 
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spherical harmonics. The complex wave number is «. = 
iF r 0 » ' ' . where if is the energy of the emitted 
eiectron outside die crystal and Vm is a complex 
background potential within die crystal. In addition. 
V\ has an imaginary component in order to simulate 
absorption of the emitted wave via inelastic scattering 
processes, which cause electrons 10 have a finite path 
length inside the crystal. The magnitude of this path 
length is such that only Auger electrons emitted in the 
first few atomic layers of the surface can effectively 
reach an external detector. 

In our model, the emitted partial wave is allowed to 
scatter from atomic sites in the surface region, and then 
the total wave amplitude and die corresponding inten­
sity are calculated at the detector position. For fixed 8 
and 0. the total detected intensity is the sum of 
intensities for emission originating in each of the 
individual atomic layers of the surface region. These 
individual intensities must be weighted by probability 
factors for the occurrence of Auger emission in the 
respective layers: for example, the experimental results 
of Fig. I . I were obtained3 by stimulating the emission 
via bombardment with 350-eV electrons whose path 
length m copper is approximately 10 A. Because of the 
probability weighting and the absorption of the Auger 
electrons after emission, only emission in the first five 
or six layers of the Cu (100) surface will contribute 
significantly to the observed total intensity. The scat­
tering of the partial waves by the atomic sites has been 
accounted for by employing scattering parameters 
(phase shifts and F 0 values) identical to those used by 
others 4 in calculations which produced reasonable 
agreement with results from LEED experiments on 
copper. 

Calculations based on the above model were first 
performed using emitted partial waves having com­
pletely isotropic or s-state emission; that is, (Ijn) = ( 0 , 
0). Single-scattering approximation results obtained 
for this case, calculated employing a formalism due to 
Holland.1 are shown as the middle curve of Fig. I . I . 
Quite similar results have been obtained by McDonnell. 
Woodruff, and Holland.' who also employed the 
single-scattering approximation but used a different 
formalism. Although there is nci good agreement 
between the theoretical results and the experimental 
data, the calculations do reproduce some general 
features of the experimental results, su Ji as the general 
magnitude of the variations with angle. However, if 
only single-scattering results were available, it would be 
difficult to determine whether the discrepancies be­
tween calculation and experiment would be assigned to 
anisotropic emission mechanisms or to multiple-scat­

tering effects. In tact, it has been speculated4 that the 
principal cause o( the discrepancies beiweva die lower 
two curves in Fig. I I is the neglect of mMliiple-tcai-
tering effects in the calculations. In order to test din 
speculation, we proceeded with cak-ubiions m which aH 
multiple-scat k-ring effects were correctly included. 

The results given by the top curve ot Fig. I . I were 
obtained for s-state emissior. Sy employing a mulinjrie-
scattering formalism described by Pendry.7 Although 
the multiple- and smgte-scatteiing results do differ 
significantly, mapr differences also remain between the 
multiple-scattering calculations and experiment. Thus, 
even though multiple-scaiiering effects are seen to be 
very important. Woodruffs speculation* concerning the 
reason for the differences between the lower two curves 
must be discounted. The must obvSms difference 
between the multiple-scattering results and experiment 
occurs near 9 = 0 ° . where the experimental intensity is 
almost zero. In an attempt to determine whether this 
large difference near 0 = 0° could be removed by 
varying the calcubtkmal parameters (phase shifts. E. 
and K 0 ) while retaining the assumption of s-stale 
emission, a series of caicubtions was performed in 
which these parameters were allowed to vary over 
physically reasonable ranges. None of these calcinations 
produced results in which the 0 = 0° intensity was 
greatly reduced from that of the top curve of Fig. I . I . 
At present, then, we are forced to conclude dial a 
principal cause of the discrepancies between the calcu­
lated and experimental results is anisotropic emission at 
the atomic sites. In fact, we have performed multiple-
scattering caicubtions for emiited martial waves having 
H.m) = ( I . I ) and I I . I ) : these produce zero intensity 
at 9 •- 0°. This also occurs for any partial wave withm 
# 0 rebtive to a coordinate system whose z axis is 
normal to the surface. 

Since the 62-eV Auger emission for copper involves 
electron transitions between the valence band and core 
states, it appears highly unlikely that any model dial 
represents the emitted electron by a single partial wave 
can produce results in good overall agreement with the 
experimental results. However, by full consideration of 
the details of the emission process and of the electronic 
band structure of copper, a model could be formulated 
in which the emission is represented by a linear 
combination of partial waves having different [I. m) 
values. Such a model would not only entail rather 
elaborate calculations, but it would also require knowl­
edge about features of the electronic structure near the 
surface which are not adequately understood at present. 
Thus, it might be more fruitful for die possible 
development of ADAS as a tool for surface-structure 
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NIMBbXAL TECHMQUB FOB LOW D O C Y 
ELECTRON DaTT*ACTON ANALYSES 

H L D m 

Low energy electron diffraction I LEEDl H aow an 
c\nVkSr4 techaiaue for die anvstigatioa of stride 
stractar*. VaftnUe ariormatiou umu I I I W ifce w n 
metry of surface sum, tares C M be obtained dwectry 
from die diffraction patterm observed m LEED ex­
periments, and n d i more informatior becomes 
poteatialy j»jdjpfc it bean mieaaties are measured as 
a function of etenron energy. Given mteussty data from 
a surface, however, extensive — I I K J I calcatatiomaie 
requiud for me extract*** of mfonrutioa such as die 
atomic locations and die i ond distances in die sarface 
region. These calcabtions uecessardy I M be con­
cerned widi die wit thank J of bow die nmnenf etec-
irons air muttipr) scattered by die atone in die sarface 
region to produce dw reflected beams observed m me 
LEEDcxpriimintv In die past tew years, mitiupments 
in the aftwenymg dttoftiical foundations have resahed 
in several refcaMe MihnhajtJ for perfomraif midtipte-
scaiierinf catenations, bet each of diese techniques 
reojaires die construction of elaborate compute i codes 
before M can be exploited. 

As pan of die growing sarface-sradies program 
wHIun die DwidoH. computer codes dial wdi be useful 
in exiraciiag surface mformafion front LEED mteusify 
measareiaenis have now been developed. The codes are 
based on die reaomtanzed forward scattering method 
of ttmky* mi shoahJ prow asefai for ireatmg data 
obtained from dean sarfaces for energies in die range of 
about 20 to 250 eV. The codes have been extensively 
debugged by comparing die remits obtained from them 
with those of several pabbshed LEED cakulations., 4 

It is anticipated rtut die first new application of oar 
codes wdl be to the treatment of LEED intensity data 

from me 1110) surface uf cupper, which B soon to be 
considered by dK Drana's experimental surface 
groap. At the same taae. several aMdu;de-*caiicratg 
rabpmp—r of the codes hare already bee* very asefai 
m dx dKoeetkal analyse of angular dependent Aager 
spectroscopy.5 
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COaVUTER STUDIES OF THE MTCRACTMN 
OTU)w^Ni!ltCYUC»TTIONSwTTH 

SOLID SURFACES' 

O.S.Oea M.T.Robauoa 

Throujdt chare* exchange, mas can escape from the 
majmerka'ly cfafmed pbsma of a coatruted thermo-
nnclear reactor and can interact with dK wads of die 
contamment vessel. Some of thes* escaping neutral 
atoms wdl be reflected from die watts back mto ihe 
prrrmi with reduced energy, and others wdl slow down 
and come to rest widun die waBs. This panicle 
lecychng a very important m die design of a thermo­
nuclear reactor since it affects dK particle energy 
balance «,f die svsiem. A comprehensrre program ,j> 
stady AK mteractioa of bght inns with solid surfaces 
was antiaied two years ago.2 wd during dK past year 
two papers have been written3'4 describing some of the 
resaits. The studies utilized dw binary COBBIOH cascade 
program MARLOWE.' which was modified to treat the 
reflection of low-energy tight ions. The calculations 
were performed for 0.01- to 20*eV H. T. and He ions 
incident upon amorphous targets of Al. Cu. Nb. and 
Au. In the amulitiuii dK incident particles are fol­
lowed, cidhsoa by cotnaon. unld they either leate dK 
target surface agam or dow down to some cutoff energy 
<5 eVi. Each cobninn with a target atom consists of an 
etastic part described by a Thomas Fermi potential and 
an melastk part based on a semirmpirical model. For 
each set of mitwl conditions. 1000 or more incident 
particles were foiowed. and statistical mformation was 
recorded tor those panicle* coming to rest within the 
solid and for rhoar reflected. 

The mean penetration depth for low-energy hghi 
ions is found to be only a smaH fraction of dwit total 
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path length. Thb is due to die many large imdotn 
deflections, which lead to a diftustoa4ike m«4ion for 
the projectile. For a specific project** ;he mean 
penetration depth in any «>t the target materials is 
expressible in terms of a universal curve. This unnrei 
sality breaks down at die lowest projeciNe energies, 
where the nuclear stopping component is an appreciable 
traction of the total stopping. The penetration depths 
calculated for hydrogen ions are from SO to 100^ 
greater than those found analogically by SchnMt.* 
These differences are believed to be due mainly to the 
different treatments of the free surface, which is 
difficult to include properly m an analytical treatment, 
the presen! computer smuiaiion automatically treats 
the presence of the surface by separating die reflected 
particles from those slopping within the solid It is also 
found that the meat, renetration depth has onh a weak 
dependence on the angle of beam incidence, whereas it 
might be expected to have a cosine dependence. This 
rather surprising result is understandable on the bas» of 
the diffusion-like motion of the projectiles, which 
quickly "forget" their original direction of motion 
up«>n entering the solid. However, the fraction of the 
beam that stops within the solid decreases a., the 
incident angle increases away from the surface normal, 
and total reflection occurs at a critical angle which 
depends on energy and •*> the protectee target com­
bination in a manner analogous to thai for |-ionar 
channeling. The calculated penetration depths are 
found to be rather weakly dependent on the etectromc 
stopping. For instance, increasing the electronic stop­
ping by 50^ decreases the mean penetration depth oi 
4-keV 'He in Nb by only I.V7 and produces only small 
changes in the overall penetration profile. The calcu­
lated penetration profiles agree fairly well with the 
recent experimental work of Behrisch et al.7 for 
low-energy J He in \ b 

The fraction of particles and the fraction *>f energy 
reflected are found to increase with increasing atomic 
number of the target material ami to decrease with 
increasing incident energy For hydrogen incident 
normal to amorphous niobium, the reflected particle 
number fraction decreases from Oh.! to 0 14 as the 
incident energy increases from 0.1 to lOkeV. The peak 
in the energy distribution of the reflected particles 
shifts to a lower fraction of the mc:dcnt energy as the 
incident energy increases. A qualitative understanding 
<>f the overall results can he obtained by viewing the 
reflected fraction >l naMicles as consisting of two 
components Hi particles thai are directly backseat -
lered from the surf* e layer ol the target and 12) pani­
cles that penetrate the surface and undergo a diffusive-

type motion m the solid before escapmg through the 
surface. The calculation^ agree fairly well with the 
hmi».*d expenmental data available 
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RELAXATION OF SURFACE ATOMS 

John H Barrett 

Oavk-s et al.1 recen'lv reported channeling meas­
urements showing the effect oi relaxation of the 
topmost layer of atoms on the ( N i l surface of 
platinum. Their method was to measure the effective 
number of surface atoms per row contributing to 
backscattermg. From their results, they inferred that 
the surface layer relaxes outward by 0.31 • 0.05 A 

A series of computer simulations has been com­
pleted for the *.me set of conditions. The results are 
shown in Fig. 1.2. The general natu'e of the calculated 
values rs similar to thai of the experimental ones, but 
the magnitude oi the relaxation inferred is appreciably 
smaller, being 0.20 • 0.0.' A. The error estimate here is 
partly due to scatter in the simulation values but is 
mos'ly due to scatter in the experimental values. The 
main difference between the relaxation value just given 
and the earlier one of rcl. I is probably due to the 
inclusion here of the effects of thermal vibrations and 
the exclusion of them in the procedure used by Davies 
et al. A value <>f 0.040 A was used for p, the 
root-mean-suuarc displacement of an atom from its 
row. at the experimental temperature of 40 K. It is 
possible that interpretation ol the experiments will also 
need to lake into account the special nature of surface 
vibrations and ihe correlation in vibration", of neighbor­
ing atoms: then' factors will be explored in future 
calculations 

Computer simulations can be of value in inter­
preting such "xpcnmenls in a number of ways. At 
present they offer ihe most accurate method for 
determining the magnitude of the relaxation A second 
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useful conirrbutiop would be to establish a more 
accurate expression than now exists2 for the effective 
number of surface atoms per row in the absence of 
relaxation Such an expression will be helpful m 
determining just how much of the backseat tering is due 
to relaxation of the surface layer rather than to other 
factors such as thermal vibrations. And. finally, com­
puter simulations could help to validate analytical 
approaches to the problem: one such approach is 
already under way along the lines of earlier blocking 
calculations by Oen. J 

I J. A. Davit*. 0. r. Jackwn. I . B. MitcheH. P. R. Norton, 
aad R. L Tappa*. / * . n l.rtl 54A. 239 (19751 

2. J. H. Barrets.mrf Rrv Bh 1527 | |97 I> 
3. O. S Orn. #*«•« l.rit 19, 358 i l9*5>: O S . Oen. 

"Bfovkinjr O k u b o o m for Suriacr-StriKiiw* Anarytn." thi* 
report. 

•LOCKING CALCULATIONS FOR 
SURFACE4TRUCTURE ANALYSIS 

0 . S. Oen 

The theoretical blocking model1 developed several 
years ago to interpret the first blocking experiments 
from bulk crystals has been found to have a new 
application in connection with two techniques 2- 3 

recently developed to measure atomic surface relaxa­
tion. Tne two experimenlal methods, although differing 

m principle, make u x of the channeling and blocking 
phenomena. The two-particle, analytical Mocking 
model includes effect* of thermal vibrations which are 
described usmg a Gaussian probability distribution for 
ihe relative transverse displacement of the emitting and 
scattering nuclei. A computer program has been written 
to evaluate the mtegral gmng the Mocking pattern. The 
model, m addition to helping interpret experimental 
results, is expected to complement the detailed sinuJa-
tion analysis program of Barren. 4 
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L A T T I C E D Y N A M I C S 

LATTICE V I M U T t O N S I N R k , , K, ALLOYS 
I N THE COHERENT POTENTIAL APPROXIMATION 

Mark MostoUer Theodore Kaplan 

Coherent inelastic scattering measurements of lat­
tice vibrations in a sequence of Rb t r K r alloys were 
performed at ORNL several years ago ' The concentra­
tions of potassium in the crystals studied were c = 0.06. 
0.18. and 0.2V. and as expected, a local mode band was 
observed which grew in intensity as the concen ration 
of the lighter mass atoms increased. For comparison 
with the experimental results, coherent potential ap­
proximation fCPAi calculations were carried out in 
which the potassium atoms were treated simply as mass 
defect; in the rubidium lattice, and force-constant 
changes in the alloys were neglected.3 

The mass-defeci CPA calculations gave results m 
poor agreement with experiment. In particular, the 
calculated local mode band fell above the observed peak 
position, suggesting the need to incorporate force-
constant changes in the theoretical treatment. Also, for 
scattering wave vectors near the /one boundary along 
ihe 1110) direction, the observed longitudinal in-band 
and local mode peaks were much sharper and more 
distinct than predicted by the mass-defect CPA- This 
kind of discrepancy is not unexpected since the 
single-site CPA is a self-consistent mean field theory not 
capable of reproducing stupe structure in Ihe local 
mode region. 1- 3 

As shown by the authors.1-4 force-constant changes 
can be treated within the framework of the single-site 
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CPA if the force constants m die aBoy ate arn—ril to 
bnearfy. A restrictive statement of diis 

but otr winch K apphcabk for nearest-
iorce-coes<*** changes • an aloy tike die 
potassium system, is dial die A-B force 

constants • die aloy are dK arithmetic average of die 
A-A and B-B force constants. For die Rb ( ^ alloys, 
we have made die farther assumption that oak changes 
• die radial at awst atiffcbot force constants are 
important: diese are dK spring constants for nbrations 
of a pair of first neighbors along die direction between 
them. 

Despite dK apparently drastic natwe of dK saaph-
fymg aarumptionr node concerning dK force-constant 

dK CPA-F. n n r w i K K T to our CPA 
•ding force-constant changes, is compu-

tatwnaly soaKwhat drfrkaH to apply. For bcc atoys 
with mass differences and radial nearest-neujbbor force-
constant changes, die CPA-F yields six complex equa­
tions that must be solved setf-consisientty. aad m these 
equations appear real-space CPA-F lattice Green's 
functions dut can oaiy be evahuied by nuaKhcal 
integration over die Btuknun zone. The numerical 
techmojues used are dacnaed in rets. 2 5. 

Figure 1.3 draws dtustrative calculated resorts for 
Rb» . a 3 Kf t . | i for diree values of dK local force-con-
staat change assumed, ranging from mass defects only 
I A = 0 ) to a neptive change of roughly 2 0 £ ( A - 400 

ifyn/cm). The calculation* were performed for a neu­
tron scattermg wave vector \*( Q = t - * < r l I J . 5 J . 5 J Q I . 
and dK remits mown mciude mslramenial resohilion. 
For the host or reference crystal, a virtual crystal model 
was used: that B. dK force constants of dK reference 
crystal were taken to be concentniion-wcujhted arith­
metic averages of dK force constants in pure rubidium 
and potassium crystals.*-7 As indicated in Fig. I J . the 
local mode peak duffs down in frequency as the 
force-constant change becomes more negative, while the 
in band peak shifts relatively little. 

F * . 1.4 compares calculated mass-defect CPA and 
CPA-F remits with the neutron scattering data for Q -
t2*-«> HSJlSto m R b i M * * • • • * * <•» C A - F 
calculations, a local fence-constant change of 300 
dyri/vTOwasusedAtttusscatteriug wave vector for this 
concentration, substantiaty better agreement with ex­
periment b achieved when force-constant changes are 
mctuded. However. dK experimental peaks remain 
sharper and more distinct than those calculated. Fur­
thermore, the same force-constant change does not give 
agreement as good as dut mown in Fig. 1.4 for other 
scattering wave vector directions and/or other aloy 
concentrations, although the CPA-F does generahV do a 
better job dun dK mass-defect CPA. 

A number of conclaaons can be drawn from the 
comparison between the experimental data for Rb, .,.*%. 
aloys and the calculations just described. As suggested 

•-*! 

A - 0 
: uo"- A - - 9 0 0 

<L« in 
MfVVCNCT ITNfll 

Ffc. I.J. Cnlinam manim narnuua cam auuam tor m » . n t V i > inuwCPA-f fordnuv 
i A The fattertan v m vector to 0 * f2*/#N2 5.2.5,0> ami the reruns tnnwn mctuar a G 

width of 0.10 HbtFWHM>. 
rcintvf ion fvncf inn villi a 
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F « . 1.4. CfA-F aad n n » * f a c f CTA n w H s c i i w i w i lo ike 
T V cakubled i u n o mciiHic a Gauvsun rc«>hiiinfi function with a ««dth of 0.1 ft TKzlKWHMi. 

for O = 1 2 " N l^XSjm m RbQ „ , K 0 , s . 

in ref. I. the discrepancy between calculated and 
experimental results may reflect the single 'l ie. mean 
field approxnuiiont embodied in the CPA-F. which 
cannot describe scattering from clusters. On the other 
hand, inclusion of more force-constant changes within 
the CPA-F might improve the agreement between 
theoretical and experimental results More sophisticated 
theoretical approaches* and brute force calculations for 
large clusters of atoms* may provide the answers to 
these questions. 

I W A Kamitakahara ai»1 JJtJY. Copley. SohJ Xuir 
Oh Awm frag Rep Dn .*/ ">7J. ORNI.-4952. p 96; W. A 
Kamibluhan.Aiff Am /*»•• So, 19.321 il974» 

2. D. W. Taylor. r*v< Rex 15* . 1017 H 9 6 7 I . T Kapbn 
n r f X N n i « « f l . n > i Ret * 9.35311974) 

3 T Kapbn and M MostoOer. » » « K«-v 0 9. 1783 
«I974» 

4 T Kapbn and M. MmloHrr. ttivs Rex B 10. 3610 
•19741 

5 P I Taylor. Sold SuitOtmmun I J . 117 11973) 
6 J.R D. Copley and B. N RrocMitMiie. Cm J flnri S I . 

657 119731 
7 R A Cowley. A. 0 R Woods, and <i. DrriHac. flm 

Ret ISO. 4S7(1966) 

% Theodore Kapbn and L I Gray. "Off-DopHttl Disorder 
m Random Sutntnutiorui AUnyv" this report. 

9. Mark MoMottrr and Theodore Kapbn. "Laltnc Dy­
namics ol Lar^e Clusters " this report. 

OFF DIAGONAL DBORDER IN RANDOM 
SUBSTITUTIONAL ALLOYS 

Theodore Kaplan L.J. Gray' 

A theory lor elementary excitations in random 
substitutional alloys with off-diagi>nal as well as di­
agonal disorder has been developed The theory paral­
lels Mookcrjee's2"' treatment of alloys with diagonal 
disorder only It can be divided into two parts: 
11) construction of a new (nonrandomr Hamilloman 
such that configuration averages in real space are equal 
to inner products in what we shall refer to as the 
augmented space and (2)evaluation of the Green's 
function in the augmented space by applying a recur­
sion method4 to the new Hamiltoman. Transformation 
to the augmented space (which we shall define shortly) 
allows one to evaluate the configuralionally averaged, 
real space Green's function directly by computing the 
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Green's function of the transformed Hanulionian This 
method has many advantages ovei other thev>nes for 
disordered systems. Besides incli.ding off diagonal dis­
order correctly, it works well in both the short and long 
mean free path regions and it generates a trans-
lationally invariant Green s function that is always 
analytic. The essential difference between ><ur treat­
ment and Mookerjee's involves writing both the di­
agonal and off-diagonal elements of the Hamiltonian 
matrix in terms oi functions oi an appropriate set oi 
independent random variables and applying the trans­
formation to the augmented >pace in its most general 
form. In general, the malax elements of the Hamtl-
tonian in real space must be represented by functions 
that involve products oi Kronecker delta functions By 
treating the Kronecker delta function as the limit of a 
exponential function, the transformation to the aug­
mented space can be easily handled 

The theory is quite general and can be applied 
equally well to phonons exciions. magnons etc. In 
order to be more specific, we investigate here the 
electronic properties of a binary A-B alloy with a 
nearest-neighbor, single-band, tight-binding Hamil 
toman. The Hamilton tan H. is given by the relation 

H„ = efi„ + Wlf. Il» 

The diagonal element e, equals either r A ore~n. and the 
oil diagonal element W., takes on the values l» ' A A . 
•^BB- o r ' 'AB = ^H\ depending on the occupation oi 
sites i and /. Also. W,, = 0 if / - / or if / and / are not 
nearest neighbors. The relative concentrations of the A 
and B constituents are denoted by <-A andc% = > l'\ 
respectively. The theory treats the diagonal element e, 
as an independent random variable with probability 
distribution fAe,). Th-n Wlf can be written explicitly as 
a function ofe, and ey as 

K = w\\^;^.\ W<*,<\A>+ Kufrw***',<»> 

* ^BA^i en^e,.eA\* V/^Me,.«-BWr, e B » «-> 

where Me,. r A i i s the Kronecker delta function. 
We want to evaluate the configurationally aveiaged 

Green's function G,flt). which iv given by the relation 

kV/tO = / / ' 7 <w/i' «l - H H*-*I) ' w,) 

x /Mr-illPfOi . . 

I*ek)...detdri ...dek O i 

where CJ, is the vector defined such that H„ = 
«•;,. H w,>. 

To construct IIK augmented space as described by 
Mooker«ee.: proceed as follow* F:ist. choose a llilbert 
space 0*. a unit vector v n m Ok - ^nd a self-adnnni 
operator Mk such that 

/*«'4>= - hm Im v./ («l M ^ l V v . / v l-li 

Such a retailor! can alway-> be found for any positive, 
integrabie function p If the Hainiltomaii is onginallv 
defined on the Hilben space £2. then construct a new 
Hubert space which is the direct product oi the spaces 
of the random variables and 12 This *pace is the 
augmented space and is defined as 

v = n :-: Oi .< 3 ; « - - - * 0* . . . = B : • - '>' 

where s indicates the dicect product. In this space, we 
define the operator 

H^ ZP , x0 , •ZT,, : R„ . th» 

where P, is the protection operator onto the site /. T v i> 
the projection operator onto the pair oi nearest-
neighbor sites i and/. 

Q , = I K 1 : : l < M ' x I . |?i 

R f / = l i r A A i l N | K . . . s f A « . . . z f A

, x l . . . > 

• *A* t l : : I > •. s fA' 3 fB' X I . > 

• fcyA il s I s ... :, f B' . . x fA' :< I . . . » . 

• WBB (I v I v. ..?. t„' . . . s f B ' s I . >. (8) 

and 

i \ ' = * i r A I . M ' ) . f B ' - * i r , , I . M V l«» 

The superscript / on W and F indicales that these 
isperators appear in the same position in the direct-
product definiiums of Q and R as 0, appears in the 
definition of • given in tq |5». For a binary alloy, each 
3* has dimension 2 and 

[a A] 

L* -J 
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•there 

«• = t - A * eg a. 

-=iij 
•V approximate the Kronedcer deiia as the limit *>o-» 
0 or the exponential 

Mext.tt)= f A ' = lim expl e A l MV o : M i l 
o - 0 

and find that 

' \ V«\VB vG <A'B 

f* = . f . = ; 

V'A'B 

In the augmented space formalism we then have 

C^ei = <u>,:-: 7« « • H>"' , us, z >„>. 

where 

7„ = v»' x v „ : :% . . . v„* x 

(I2l 

t l - ' l 

<I4> 

We have defined ihe augmented space and the 
relation between the averaged Green's function and the 
matrix elements in this new space. Even-thing to this 
point is exact. The approximation is introduced when 
the Green's function m ihe augmented space is evalu­
ated. W» ihooie to use the recursion method of 
Haydock. Heine, and Kelly4 as did Mookerjec in his 
theory for diagonal disorder. This method generates a 
continued-fraction approximation to the Green's func­
tion. The accuracy of the approximation u determined 
by ihe number of levels of the continued fraction which 
are evaluated exactly. For n levels ihe contributions 
from the first 2n moments are included exactly, while 
ihe effects of larger moments are approximated as a 
background effect. This method ts particularly attrac­
tive since it always generates an analytic Green's 
function. 

As an example, we have calculated the density of 
stales of a one-dimensional binary allov with r A = 2.5. 
r» = 2.5. rV A A * 0 5. H\n - W*A - OS. W9n * 1.0. 
and r A = »u = 0 5 using the augmented space theory 
with a recursion level of •>. The results of these 
cakuialKins are shown in Fig. 15. where they are 

5 i-

3 >-

-4 -3 -2 -t 0 t 2 3 4 
ENEWT 

F«. !_S. Cakvtatm of * r fciin of M a wjr 
amMca space ftcmy MNk s M R M k w l w 91 
ami exact ncnrils taiiluajaao km a oar-Mamma 
a*» wrtfc rA = <•„ = IS. » A A = «L5. * A » = VUA = 
»,,„= I.OuaaTi, 0.5. 

compared with essentially exact results obtained using 
the Schmidt method.5 Note that with orrfy 9 levels in 
the recursion approximation, the theory agrees reason­
ably well with the exact results, even lor this split-band 
case. The theory correctly predicts some of the major 
peaks in the density of stales and approximately 
matches the unequal band widths of the two bands. For 
a simitar three-dimensional system, the exact density of 
states is considerably smoother, and even fewer levels in 
the recursion method shou'd he needed. 

One final comment is necessary. Mookerjee* has 
also attempted fo include off-diagonal disorder using 
the augmented space formalism. As he noted himself, 
he failed to int.ude the correlations between sites 
correctly. He simply replaced the hopping integrals 
randomly and thus neglected the fact that if sue i 
contains an A atom, then W„ must equal H'A A or h A » 
for all; coupled to / Similarly it site i contain* a B 
atom. W„ must be K'gA o: (Vga.. The theo-y we have 
presented here property accounts for these correlations 
between sites. 

I Computet S«-ICIK« Di>r«inn. ITf-ND. 
I Abhijit Mwkeijce J #*»•« T * l .»« i lT.t i 
.' AMIIJK MooketK*. J fftv« f m. I VM» i 111 J i 
4 R Haydovk. V ffcinc. and M I Kelly. 1 ,*>« c g. 

5 H Schmidt. Phy* Re* 105.425 < l"57i 
ft Abrupt NWk*iK» i rtirt C*. :»« » «l°75i 
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LATTICE DYNAMICS OF LARGE CLUSTOo 
Mark MostoHer Theodor Kaplan 

When analytical theories cannot adeypaifly describe 
the vibrational properties of attoys. it b sometime* 
possible to use large duster calculations to Ttodel these 
prooerties directly. However, despite the -or 2nd speed 
of present computers, relatively special techniques mm. 
stii be sought in order to treat iuffkieTitly large 
•-lusters that is. dusters comprtsn!^ hundreds or even 
thousands of atoms. One technique mat has been used 
successfully by Hay dock, Heine. andKcHy' la :m? »?*• 
electronic properties of afcVys is the recursion method 
This is a form of a technique origmafry devised by 
Lancros.2 Using the recursion method, we are able in 
principle to calculate any desired elements of the 
displacement-displacement Green's function in the 
duster. 

At present we are investigating the speed and 
accuracy of the recursion method for simple cubic, fee. 
and bec crystals. A particular .ystem of interest is :r»' 
metallic alloy K rRb, r . Calcinations based i?-.«» tiie 
coherent potential approximation (CPAi do not yield 
results in satisfactory agreement with the neutron 
scattering studies of these alloys performed ?! CRN'L. 
even when force constants are included within the CPA 
framework in the manner proposed by the authors.) * 
It is hoped that by studying Urge duster models, we 
may be able to gain some added insight by accounting 
for those variations in ihe force constants and those 
multi-site scattering correlations which the CPA does 
not include. 

Resuia of one of our typical duster calrvlatinns are 
shown in Fig. 1.6. The curve plotted b ir>- density of 
states at the central site of a 259-aiom duster, averaged 
over ten randomly generated cluster configurations, for 
a nearest-neighbor force model of Ko.nRbo.ai 
(nominal concentration). The sharpness of the structure 
in Fig. 1.6 is in part due to the relatively small cluster 
size. ar*> to the small number of configurations aver­
aged ovtr 

It is hoped that the recursion method will enable us 
to evaluate neutron scattering cross sections, but it is 
not known at present how well suited this method is for 
such calculations. Another technique which may be 
preferable for neutron scattering calculations is the 
equation-of-motion method, which has been used by 
Alben et al.' to calculate electronic spectral density 
functions for large clusters. This method is also undci 
investigation. 

I R. Hay dock. V Heine, ind M 1 Kelly. / f*vy C 8, 
2591 <I97S> 
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Fig. I.*. D w e j «f states »* t \ * «en*B» sist of a 259 a m i 
dmiir «f K,-Kk| . *wa»* over m laweamly gemmMl 

2. J. H. WMUUMHI. Thr Algrlmtk aTqji.iietei Prmtkm. 
CbrtwlMi Pre» Orient. i*CS. 

J. T K->r'in irt M. Motcoftrr, K n Her » 9. 1713 
,I*I4». 

*. Mark Mmloftn ami Thereat* Kapba. -lattice Vfcra-
liMt* m Rk | . . r K r ABoyt m (he Coherent "Mcwiat Approxi­
mation." ikk report. 

5 R. ARwa. M. MM**. H Kratoesi. J«KI I S J I K M U . 
Fhv% Rtt. B m ptrai. 

NEUTRON SCATTERINC FROM COMPLEX 
DEFECTS IN SOLIDS: SELF INTttSTITI ALS 

IN FCC METALS 

R. F.Wood Mark MostoHer 

When an atom enters a crystal as a substitutional 
impurity, it perturbs the phonons of the h«ni material. 
If the impurity atom is lighter than the atom it replaces, 
or if it is much more stiffly coupled to Us neighbors in 
the lattice, the impurity vibrations may be local modes, 
with frequencies above the maximum frequency of the 
host crystal. A heavy impurity, or one thai is more 
loosely coupled to its neighbors, may give rise lo 
resonant modes with frequencies within the phonon 
spectrum of the host. Local or resonant modes of 
simple substitutional impurities can be observed by 
inelastic neutron scatrering at impurity coficfn'rations 
of a few percent. 

If a molecule, or molecular-like complex rather than 
an atom, is introduced substitutional^ inio a crystal, 
the center of mass perturbs the host phonons in the 
same way as a simple atomic impurity. In addition, 



13 

a atokctthf sapurity may have internal 
vibrational, rotational, or ^rational degrees of free­
dom, and these internal modes can produce effects not 
found fur simple defects. Specifically, the internal 
modes of complex substitutional defects may hybridize 
strongly with lattice modes of tbr same symmetry if the 

ide frequencies lie within «he host phonon 
The theory of the hybridization can be de­

veloped m a form smubi to focahted perturbation 
theory for s-drstitutrqnal delects bat ~i'« a resonant 

. that H. -*~z •men involves an energy 
?:~ ( t / - <«%*) which becomes large in the 

•righborhood of the resonant frequency 
h%-' Through their resonant hybridization with the 
lattice modes, the internal modes of complex substitu­
tional impurities may be observed by neutron scattering 
at impurity concentrations orders of magnitude smaler 
than that required for simple atomic impurities.2 ~ * 
Several examples cf complex defects in wKds recently 
have been studied and currently are being studied in the 
Solid Slate Division. Here we will discuss the theoretical 

n die <KO-spto or dumbbell interstitiais in 
and akunimmi: two other systems will be 

comidiitn m rhe loRowing two contributions to this 
ammai report. 

At tow temperatures, the stable configuration for 
stif-mtersiitiais M copper and aluminum appears to be 
•he (1009-spht configuration, m which the tetctstitial 
and a host atom form a dumbbell centered at a not mal 
lattice : tie and oriented along a cubic axis. The 
libralional modes of the dumbbell arc expected to be 
quite low in frequency* and to undergo resonant 
hybridation with the lattice modes: thus they should 
be onset vable by coherent inetasik neutron scatter­
ing.2 •' In experiments performed last year at ORNL. 
unusual structure and i resonance-like frequency shift 
were found m the coherent scattering MUSS section cf a 
matron-irradiated copper crystal at very low tempera­
tures.' However, the structure did r.oi rary as expected 
with changes in the wave vector, and neither effect was 
cornpktel/ removed by annealing at 30T/K. where, it 
has been thought, single intetsiitiaU are no longer 
stable. 

Several approaches are being pursued in an effort to 
explain some of the unexpected features of these 
experimental results. One approach is to include the 
experimental resolution function in the calculations, 
and preliminary results indicate that this may have a 
significant effect slthough it seems unHkcry that it can 
explain all of the discrepancies between theory and 
experiment. Another approach is to use simple models 
to mock the effects thai modified intcrstitials, di-
interstitial* or other interstitial complexes might pro­

duce. We have further developed our computer pro­
grams to include die effects of two resonant denomi­
nators in the perturbation matrix. It was not im­
mediately obvious how to do this, but die present state 
of alloy theory indicates that a suitable appraurnxuvo 
for the si!u*iio»s envisaged here is to write the 
self-energy. £, as » concentratJonweadttcd awac? of 
the two' iwjirices: that is. 

* " « V I * ' I ' I - <D 
The concentrations of those defects which have reso­
nance draouunatonfw1 - u t t ' l a n d f t j 2 -tJ^jVlare 
f, and r>. and tt and r2 are die corresponding 
f-ma'-rices for the individual scattering-hybridization 
processes. Calculations within dtis approach show that 
comphcated patterns for die shift of die phonon 
frequencies can occur: Fig. 1.7 ulustratcs one such case. 
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Although we could continue calculations of this nature, 
the numocr of parameters involved in the model and 
the degree of accuracy of the experimental data make it 
unwise to carry out extensive new calculations unl i 
further experiments can be undertaken. 

1. St. Wagutt. rtrc Krr. A 133.730 II9M>: M. V. KM*. 
» . « Kn Itt. S3* J I9t9>. 

2. ft. F. W«od ami Mwk Me«oft«t.r«ri Iter lerr IS.4$ 
U»7S>. 

3. H. It. SdMkcr. V. K. T i ray . am) P. H. Oufcikts. £ 
/*rsiC2l.2S5tl97S>. 

4. D. Watto*. H. A. MMfc. and ft. M. NietJvaj. Jftrx * * r 
Irt l . 1J.4I2«I*74>. 

5. ft. M. Nkkb* . K. ft. Cohan*. Jr. F. W. Yaw*. Jr.. ami 
K.I--. W«wd. /ftrs Iter i f f f IS. 1444 <l973»:ab». "Nratrau 
IntfaMK Scalttrinf i l t a i i i n w u «C Pa« — rXilwfcitiwu by 
Dcfcctt in InadnMi Coffer." rim teeuil. 

•V ft. F. UJovu M U Msfk Mvstomr. "iuiwey vl NmivA 
Stattcrinr tnm Pbainw in KCKTt ."ibaiMfMf. 

7. It. F. Wood and Nark MMJIUUH. ~NeMraN ScMfcria* 
from IMcnMnb in A/Cliad AgUr al Wuk T-.-np«iai»re»." raw 

! A. SeMi.lftj*. Jtrr. ». P. H. 
Lrtl. 11.1130(197)1. 
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R F Wood Mark MosioBer 

Cyanide ion impwilies in the alkali hafedes appear 
to behave as hindered rotators rather than as fixed 
Isbraiors fas the (lOOt-spni mterslitiab in copper and 
aluminum might be described). In the cubic crystal 
fields of the alkali habJes. the rotational ground state is 
a tuunel-spnt mutliplri invotvmg the eight tquwahnt 
< 111> orientaiions of *he CN ions, and die lowest 
excited states are coupled to this tunnel-split ground 
slate by tow-frequency phonons of the host crystal. In 
the first neutron scattering experiments carried out for 
the purpose of observing the resonant mixing of 
impurity mtemal modes with lattice modes. Walton, 
Hook, and Nkktow' reported striking new structure m 
the one-phonon coherent crass section of KCI doped 
with CN ion impurities. This is shown in Fig. I A. 

We have performed simp* model calculations, 
based on extensions of Klein's two-level theory for such 
systems.1 which ghre qualitative agreement with the 
experimental results of Walton. Mook, and Nicklow. 
These calculations could easily be refined to obtain 
information about the coupling of the CN ion 
impurities to their neighbors in the lattice f more 
experimental data were available. The original experi­
ments were intended only to show that the resonance 
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hybridization effect does occur. Kid additional ex-
perimenu have not yet been carried cut. It is not dear 
that such experiments mould have a High priority on 
the Division's list of neutron scattering studies since 
other, similar systems may be of mire immediate 
interest. The theory of resonance hybridization effects 
m KCICN differs somewhat from the theory for the 
scif-mtentitial in copper and aluminum. The reasons for 
this are too involved to discuss here, but the most 
notable result is that the perturbed Green's functions 
become strongly dependent on die temperature. The 
results of Walton. Hook, and MkHcw clearly show this 
sensitivity to temperature in thi i the structure intro­
duced by the resonance hybridization is present al 4"K 
but has disappeared al 300"K. Our calculations are 
based on a model in which resonance scattering of 
phonons occurs by way of virtual transitions to two 
excited states of the hindered rotator. The r-matrix is 
written in the form of Eq. ( I ) of the preceding 
contribution to this report.1 and the Green's functions 
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are made temperature t p t a t w m the mmnrr pre­
scribed by Klein for the case « which only one 
excited stale is involved- The concentrations r, and 
c 5 m Rq. f I I are assumed to be the same. From the way 
m which ihry enter "he theory, they dtouhJ be 
lowudmd as "eflective concsntntions~ since irausi-
tiou probabilities are •npfcitty iuctudru i i then. We 
have, in effect, anumrd that both the couccitranoa 
and me traasitioa probabflities arc the same for the two 
levels. Figure I J shows the results of our calcinations 
when w t , * 1.64 THz. w» 2 * 1.71 Tib.andc, *rt * 
OJ00IS. Clearly the cakubiieus pre the same behavior 
as dai unserved cxperimeataBy; however, we have 
made no attempt to fit the experimental results 
carefuRy. and we bate not included instrumental 
resolution effects. 

It is interesting lo observe here dial had dreuimry 
of nentron scattering for dus type of measurement been 
fcatjecd earlier, die long-standing controversy over die 
orientation of die CN mottcwe in KX1 could probably 
hnve been resolved mnch earner. Even at the ome 
Walton, hfoofc. and pwcldow did danr work, it was 
beneved dm the CN molecule had potential aimima 
along die <l »0> direciions. Aldtough this controversy 
now seems to have been resolved for KCI:CN~. there 
are undoubtedly amdar systems dial conhJ brnefii 
from neutron scattering studies. 

1. D. Wahta. N. A. n M . aid R. M. StMmm. #*»» **w. 
fjrft. 19.412(19741. 

2. M. V. KM*. Mr* iter IK , • » I •«••>. 
3. R. F. «wd ar* Mark M»wfci. "Tttunun SotnrMv, 

Awn Cvwplrx Detent m SvfaV Sin* InwritiriwTi m FCC 

MEUnONWCATttMNG R O M MTERSf l f lAU IN 
AgCI AND Aftr AT H K H TEMTEaUTUIES 

R. F. wood Mark Mosfoucr 

Many of die stiver hakdes exhibit anomalies in dwir 
hndt-wmperamre physical properties which Mtm to be 
associated with an abnumniy large number of Frenket 
defects just below die merlins porni.' In Agftr at 40T/C 
(7jg « 422*C). for example, die concentration of Ac 
ions in mtcntitial positions b approximately 71. These 
kms ate bcHrved lo move thrown the bi lk* by a 
so-caRed mterslitiaky mechanism in which the inter­
stitial km moves on to a normal lattice dtt by 
displacing the km previously at dial die into an 
interstitial position. This is in contrast to a motion in 
which the interstitial km migrates from one interstitial 

site to anodter without displacing lattice ions. Uncer­
tainly about the nature of die mechanism of kmk 
migration is increased by dvt results of calcinations by 
Hove1 which suggest dial a Ag* ion is not m its most 
siabk configuration at any normal intrant id site of die 
NaCI structure but pairs widi a Ag* km at a lattice site 
lo form a dumbbrfl interstitial oriented in a <l 11> 
direction. The same cakdatmns suggest that the irans-
btkmal motion of die dumhrll along die ( H I ) direction 
{so-caned "cohmear ratcrstrtiaky motion'') has a «ry 
low activation energy, the motion in which die dumb-
b d changrt from one to anodter <l 11> orientation has a 
somewhat higher activation energy, and die direct 
interstitial migration has a very high energy. The results 
of these cafcublkms were pubfahed m 1956. and high 
accuracy cannot be ascribed to diem. Nmidnbss. the 
calculations together with die aaomdir* in various 
fkyacd properties are suggestive of a situation resem-
bkng that for srlf-inierstitiab m copper and aluminum. 

We have been carrying out die grcap theoretical 
analysis of die ( I I I ) aumfcliill m AfCl and AghV. The 
symmetry about die d-jmbbrf axis is D M . and die 
symmetry coordinates of die duaibbcH and its six 
fesi-nearesl-ntighbui kms have been constructed in dm 
representation. Since die symmetry lOurduMtei nor-
mafly used for 0» symmetry ate written with die <!00> 
directions as die principal axes «*f rotation, a transfor­
mation between die two sets of symmetry coordinates 
tot die firsmearest-ntighbui hahJe ions must be carried 
out. This group theoretical work is tedious and tune 
lunjumnif but is an essential part of the problem. It is 
now substantially Lomphred, and after further 
checking, die computer program) for calculating die 
Green's functions, r-matrkes. etc.. wil be constructed 
and the cohrrent mriastk neutron scattering cross 
section computed. Tins pan of the cakubtion should 
proceed rapkny smce it involves only retotrveiy minor 
changes in already existing computer programs. 

The apparent similarities between the Ag* dumbbeB 
interstitial in the sdver hahdes and self-mtersiit»ab in 
fee melab are mtrajmng. However, enough differences 
exist to make one wary of conftdendy predicting 
success for neutron scattering experiments on the 
resonant hybridization of internal and btlke modes m 
AgO and AgBr. The most obvious difference is that die 
number of mterstitiab in silver haMes is a sensitive 
function of the temperature. Near the melting point of 
Agtr, there are many more inlersiitiab present than in 
thermal-neutron-irradiaied copper at 4*K. but the 
temperature dependence of the phonons and the high 
degree of anharmonkity in tne silver harkJcs at elevated 
temperatures mav maw the interaction of the mirmal 
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and lattice modes. On the other hand. :t hybridizaiMr 
effects can be observed in Agftr or AgCl. it way pomi 
the i w to studies of superionk coadncmity and 
Mgh^emperaturc phase transitions by way of neniron 
scattering expiiimcnls. 

A. W. Unsau. I*n Ker. ML 127* l l f t t ): Rakttt J. Fran*. 
/ Affi Urn. Jaapt ii. 494 <I9*2»: K F U j c i d D t 
SdMdt / M n Cfcrm SM*V SI. 3uSI II97D). 

2. M M E . H n t A n Jtrr MO. 915 |I9M». 

PARTICLE SOLID INTERACTIONS 

ENERGY LOSS ASSOCUTED WITH THE 
PROPAGATION OF ATOMIC COLLISION 

SEQUENCES ALONG LATTICE ROWS 

D. K. Hulines M. T. Rob**** 

There is a cunimume controversy over the role played 
b> correlated cottbiou sequences in the production of 
radiation damage. The present study is an attempt to 
establish limit> to the k-nfihs of inch sequences, since 
some current ideas suggest extreme sequence lengths of 
hundreds of atoms. It is also of merest to compare the 
results iif improved cakulalions with the MARLOWE 
cascade ttmulaiiuu prufram. for which the banc binary 
collision approxunaiion is imrefcabic in ihc low energy 
range ««f mieresi for these odfaion sequences. 

The cakulaiionaJ method used for this study is the 
Small Alomk Group Program I SAGP). This prufram 
accurately computes the classical trajectories of mnR 
groups of atoms in motion and can thus he set up lo 
represent the transfer of momentum down a lattice row 
in the presence i>f ch»sr neighboring atomv Ji is the 
energy l»*s to these neighboring atoms which limits the 
fuwl length of collision sequences, and M is ala> just 
such hn«s that are poorly cakulated in the bmary 
CONISBHI approximation. The mteracliim potential has 
been taken to be the MoluV * iht Rom Mayer with 
parameters chosen lo repress.• copper. 

Table I.I gives some typical values for energy losses 
las c.ilcuialcd by the SAGP) lo rings of neighboring 
atoms lor the <IIO) row m the pnfcci (no thermal 
vibrations) fee laifice. The h»ss ±t.,. lo the ring alone, 
agrees fairly well with MARLOWE and quite wcl with 
the calculations of Andersen and Sigmund.' The more 
realistic losses ^A : are larjxr because of the slowing 
down cf the moving alom in ihc region of the ring, and 
they agree well with the results of brdcriths and 
Lcihfried1 ami of Gibson el al.' Losses. AA.'j. in ihc 
<I00> and (III) directions have also been cakulitcd by 
the SAGP. and they arc much larger, as shown in Tank 

TaMrl.l. b m w l H m n m j i r f 

t^icVI J**"'"*! »W**mifcci-e 
lpnaui> tmcity* mnhihr v u 

J u a Jt-nm fmemt 

5 o.4fc ».»l 
10 tt.2a » M 
>» 0.1* o*» 
50 o»7 «.5* 

Irtl 0.OJ •»*» 

1.2 ( lo be discussed blerl. The * \ losses arc greatly 
icndercsimnied by MARLOWE. 

For the Muhere potential, the SAGP shows that the 
moving atom fads to break through the rmg of 
neighbors below a certain "penetration energy ~ t . t 
is found to have the values I Mohcrc potential I 14 eV 
l.w ihe <l 10) dnvemm. 10 eV lor the <I00> duvet**), 
and 40 eV for the v| I1> directum, M o w these energiev 
imh momentum rs transferred down the row: ihc 
replacement process ceases. The energy transferred may 
Mill he significant, amountmg to «»5' < m the (110) case. 

Another quantii) of interest is the focusing energy 
t:F. winch is defined as that energy below which the 
angular deviation i4 ihe immon from the lattice row 
decrease* from step io step down the cham. In Table 
1.2 these energies are given as calculated by the SAGP. 
both for ihe "hare" row rV f ' ' ' «•! atoms and also with 
the rings of neighboring atoms #Y (' J > . The presence of 
rings steers the movmg atom hack toward the row. and 
Ihe resultant effect is caRcd "asusied focusmg.~ Thus 
the quantity | *>«" * ; | ' 4 f t j | f t V 2 , | is some 
measure «Hf the rmnanum number of replacement 
collisions to be expected in a coNisiou chain. This ratio 
is also given m Table 1.2. 

These results of ihe SAGP can he used to improve ihc 
-.akubtions of MARLOWE. In a given 40OeV radutmn 
damage cascade in copper, the MARLOWE program writ 
slum a certain number of long replacement sequences. 
I'sng the results of ihr SAGP. such sequences can be 
corrected to more reanslk. shorter lengths. Averaging 
over 1000 different cascades, the following results are 
obtained for the numbers of replacement events lo be 
expected: 

Iwfcilrd Kft*xmcM\ S.4 
HrpbiTinni:i m unr* 7.0 
Rrpbormroi* m vqarmetnf 15.0 

ifcrec m mntt jt»n» 
iNawKtr «f «qwmt>» 3 jlnnw lurg nr lunnrri l3» 

T«lat irowtrr <»f KffjKcmrnu Jn.4 
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1.2. Fan 
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Almost af the long « « M K O are ul dar <l I0> type, and 
oaH under a l R M t h tavoraatr cuadKiuas can a se-

ar found to travel SO atouac distances, even 
fur a* Mini drtocaang puniua aad a lata! 

aaasfer oaW~ purtiua idowu I U 2 eV). 
A farther amsMrratwa m the shuaeaaa; of coNfsun 

char's » i l r presence of thermal vmratnms. The SAGT 
has MM been adapted h> mdadr dine: so the calcula-
nuas have hem performed itsmg MARLOWE. Tha» the 
influence ni ibe neajhbormg nays has not k m so wrH 

(for smut consrartamwi of tins pom. see 
r* ami Flan* l. but the result of the displacement 

of cbam atoms from iheu proper pout aw* has been 
emphasi*ed. In general. tttttmM vibration* lend to 
deflect the u A m srqnence .4*1 the perfect lattice 
duecliua. with omseouenity greater *nrrg> knur*, 
ajhie the fotasing ttndenc) al lower energies max 
partnRy compensate lor ibis effect. (These pumt* hate 
been discussed with analytical caicaiaiiuas and cum­

in Nrb-ui. Tmunpioa. and Musl­
in Ftegacbrva.* and by Agranovich and 

KuwjiM.'l The MARLOWL program alow* ihe mtro-
ductiou of ihrrawl vmrauuas. and the procedure » to 
prrfurm many catcubtmas of ihe comsvu cham length 
al a given temperature and lo average over ihe results. 
Thr datfrmniam of lengths turns out h> he broad and 
sfceweu. 

The rcmtl for the redaction m average teaaencc 
ng amplitude of thermal vibration • 

Fig. I.°. In ihr fame, me average sequence 
length it plotted against ihr recmrocal of the root-
mean square (raw) of the ampbtude of ihe thermal 
vibration, expressed m units *4 the lattice parameter. 
(To make the comparison more evident, xero-pomt 
vibrations m copper would correspond lo an rms 
jmpliludt of V l # . of j btiice distance. I The sequences 
averaged for ihr remits of Fig. I.° are <l Iff sequences 
m copper started at 25 eV and terminated ai 10 eV. 
For this caar ihe MARLOWE program gives a length of 
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104 atoms in ike perfect, static lattice. The results given 
show ikal even /ero-pomt vibrations will reduce this 
value 10 ten cham distances. 

Ii may be seen on this plot thai ai high amplitudes of 
thermal vibrations there is some tendency for the 
average length to vary hnearfy. The particular form ot 
the plot was chosen as a result oi' a suggestion by 
Thompson and Buck* that sequence lengths might 
decrease as the reciprocal of the square rout of the 
absolute temperature increases. 

In conctusmm. it must be pointed out that the effects 
ot' thermal vibrations, along with large losses to 
rings of neighbors, severely bmit the expected lengths 
of aH corpebied COHUMI sequences. The present cafcu-
bisons wooU seem to indicaie that (at least m copper! 
sequences kmgrr than 5 10 atomic distances au 
nnprtihjbte. 

I H. H. Ambrm ja4 l». Sk-mnl. A. tJmt. V*trmk. Sthk. 
Ifcf. fvi MtJJ. 34.X*. I5«I9**». 

2. T. II. DtArocfc* M* O. IvitMnrd. A Hivt IT*. .*»! 
H4»Jl. 

5. J. R. i*b*m. A. H. <«4md. M. Mutum. jnd «.. 11. 

4. J. B. SjaJn. jud J. M. Hun. A r m J*. I >» • l%4l. 
5. R. S. VU'ii. V. w. TlfcHnp*<«. JOJ II. M»nia>nK-i\. 

M n Ifae- 7.1**51 !*>?». 
6. r. SL N c k h o i . S>r /»»>. .W»J .Vtf/f » I P . 75 ll«*>7i. 
7. V. M. hfijn*<*Kh jnd V. V. kifvHVn. £»r. /* ; t. .VI/JJ 

.tor/.- l>>»». :i47rl<»7l». 
it. IX O. Tl»»mp«<r jng <>. Rtuk. /*». Sunn .W»* J7. 5 > 

H»7o». 

EFFECT OF CORRELATIONS IN THERMAL 
VIBRATIONS ON COMTUTER SIMULATION OF 

ION SOLID INTERACTIONS 

J..hn II. Barrett I). P. Jackson ' 

In computer <>imulalioti of rnr, solid interactions, i' is 
often important to include the effects <•! ihermal 
vibrations. The •mly method thai has been uiili/cd in 
the past is one in which each atom in the solid is treated 
as it it vibrated independently "( each of u» neighbors. 
Although this approximation i. much better than 
assuming a rigid lattice, there is some question ahinit 
what effect correlations m the vibrations may have. 
Jackson. Powell, and Dolling3 have caknlaied a set ol 
correlations from a seventh-neighbor Born von karman 
tensor model which was fitted to experimental phonon 
dispersion relations tor molybdenum.'' A method ha> 
been devised to use such a set ol correlations together 
with a random number generator and appropriaie 
matrix operators to produce as extensive a set of 

properly correlate*! lattice vibrations as needed lot 
computer smwlation purposes. A very large number ot 
such sequences has been aenetaled and their correla­
tions checked in order to verify that the correct deaec 
;H correlation is Jtemg produced by ins method By 
filing a suitable analytical expression to the icxili. 
obtained from the Born von karmah model, u appear* 
possible to extend the ranee of correlations with 
accuracy, n desired. Considerat^m has been given to 
rmninu/me computational lime by expressing the re­
quired matrix operatk*ns m the mosi efficient form and 
by utilising look-up metliods in compuicr->H«cd tables. 

Minimum yifld and surface yield m channeling are 
quantities that have been shown lo be strongly depend­
ent on thermal vibrations. So the lust lest of ike effects 
of correlations will be to uiai/c the resuf<. of Jatkson. 
Powell, and Dotting* m • akulaime these two quantities 
for molybdenum both with and wiihoui cotreblions. 

1. (luk. Rr*c< Nuvk'jr LabMfjiofm. Xt»m. I «CTS> ••( 
CMUJU Limned, ("tuft. R»v-i .<1UI.UB>.( .nudj 

: l>. r. JA.k««. R. V. tWi-R. jad ('.. l>4hK. Hit-t. I.n. 
5l,».S7il"»7Sl. 

t. R. M. f..«vi. r. Ujrl. i . jna A.IIJI. W.-NK. A n «. r 
I7l.7*7i|1wi». 

INVESTIGATION OF INTERSTITIAL 
CONFIGURATIONS BY ION CHANNELING 

John II. Barrett 

(liannelmg has been uiej .;•» many years t« locale 
position, of impurity atom* :n w4ids. More recently, 
this technique has been used to study inter>tiinl» 
trapped at impurities.1 I'se ol axial channeling is more 
convenient m such studies because acceptance ancle* 
are large and minimum y lelds are small. However, use «4 
planar channeling has frequently been lound lo he more 
powerful in deciding between different pitssible con­
figurations. Because o( the powvr ol planai channeling 
demonstrated in several studies, an exptoratmn was 
n u k ol ways in which t.ie sensrtwiiy ol planar 
.hannelme measurements cou'd he increased sufli-
cienlly v> thai sell-inierslituls at aliamahie concentra-
ID4IS might he observable. A handKap is that the usual 
measurements of planar minimum y ield give a value of 
about li.2. whereas the axial value may he as low as 
0.01. The use of double alignment results m each case 
in values thai are aryroMmaiery the squares of those 
ins! given. A further reduction in the planar case can he 
made by taking advantage of the depth dependence, 
which, for urns that are inciieni panriki lo the plane «>f 
the channel, consists of a large peak af ike surface. 
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First results indicate that sanu'ation will allow consider-
JM> mtHe precise detcrmmation of" the displacement of 
JII impurit> j * j consequence ot us havm*. trapped an 
interstitial. 

I. M. 1. Sm-m-m. ». Mw> ja* *. I . g m w t i r . J*r» 
Hex. Irn. J l . | i * " i l«»TJt». M. L. SVXMUB >n4l-.ttMr«.<;»i 
/ fl*vi.SJ.Iiril«»?5i. 

?. M. IX» jou jnd RJIJ. 1 ..tier*, p. 7* m I*HKT fVfvvr< 
«*J Tfcrv •ff<ntrr»i«i. e4. t* It. * . Ib^ppri. (••KUoa jn i 
h e x k . V i Y.wt. 1*6? 

Et^RCY DISndMJnONS AND RANGPS OF 
nUMARY RECOILS RESULTING FROM 

MGHENERGY rf-Rr NEUTRONS 
IN MORHJM AND GOLD1 

J. B. Roberto M. T. Robinson C. Y. Fn 2 

The use of high-energy neutrons tram the druteron-
breakup reaction presents an attractive possmrUiv for 
sunulaimg! the 15-MeV compor it of a fusion reactor 
neutron spectrum. The deuteron-brejluip scheme oilers 
definite advantages m flux and experimental volume 
over other proposed sources bu» it is characterized by 
an energy spectrum that is ver> broadly peaked near 15 
MeV compared with the monoenergetic distribution 
characteristic of d t fusion. We have mvesligjled the 
effect of this broad energy spectrum on the resulting 
primary recod energy distributions m niobium and gold 
and have correlated the results with experimental 
measurements of the ranges of prunary recoils resulting 
from htgn-enerry ln.2ni reactions using the Oak Ridge 
J Re neutron source. 

The primary recoi! spectra were computed using 
techniques described m the foUowmg article ol tins 
report/ The results of the calculations for mono-
energetic 15-Mt V neutrons and <f Re neutrons I hroadry 
puked near 15 MeV) are shown for ntobnim in Fig. 
I 11. Although the neutron spectra are m > different 
ft the two cases, the resulting recoil energy distribu­
tions are quite similar, each dominated by elastic 
scattering at lower recoil energies, with a broad 
shoulder due to nunebstic mtcractiuns at higher ener­
gies. !t is interesting to note that the a* Re neutrons 
produce * recoil spectrum that is softer than a 15-MeV 
spectrum over much of the range of high-energy recoils, 
even though there are significant numbers of a* Re 
neiiir»n\ jhnvc 15 MeV. These higher energy neutrons, 
hovttver. tend to produce relatively fewer high-eneigy 
recoils since the nonclasiK scatterings are spread over a 
wider range of possible recoil energies. The overall 
results are similar for gold and mdicale that spectral 
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InwHi itxun. 

drfterences between pure 15-MeV neutrons and deu-
leron-breakup neutrons peaked at the same energy are 
not strongly reflected in the ciwrcspundmc primary 
recod duiributninv. 

A s*»»d mdicalion of the rdrabmu ol these recoil 
calculations can he obtained by comparme experi­
mental ranges ol primary reoids resulting from J Re 
neutrons with theoretical ranges based on the calcu­
lated recod energies We have made this comparison 
for radioactive recoris resulting from im.2*t reac­
tions m niobium and gold. In the expeinwtntal measure­
ments, the number of radioactive recods collecied .m 
giaphite catcher fods was cumrured with the remaining 
activity in the target. The emitted fractum oUn.2nl 
activity from the forward surface of the target foil is a 
direct measure of the protected range of the recoils 
These experimental ranges are compared with predicted 
ranges based on Wmterhon's* treatment of the 
Lmdhard theory in Table 1.3. The l * > » reaction 
accounts for the majority of the high-energy recoils m 
niobium and gold. a*4 the close agreement between 
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theory and n | A M n i tugprvtv that out theoretical 
cjLidaliimv *4 recorf enerpn are rca»«ahle * c ufl 
omcMd* that neutron damp: eflecH AWKMCJ with 
rcci«d vpectrj vfcuwJd he vnwuar !•« pure 15-McV jnd 
deuteion-hreakup neuir<mv •* the vimc IIUMII encrey 

I h M i n .it pepn :•• br y h n f c i 
» Xnmun !%»*.* Dfciwm.llltM. 
.V I. ft. R.4rn.. j«d M. I. •>•**•*>*. I k r »nr«> Urprarf-

CIKV M N™u.* Owner a <<*pnri J>4 N»*m»»." tWtKpof: 
4. K. wanrtfc»« Aw Imftmatnm fcifr ami tmrm Drfu-

rtm thinttmtmm* >,A H . r 1 n u B r V u . V * Y-ffc. I»75. 

THE ENERGY DETENDENCE OF 
NEUTRON DAMAGE « COTTER AND 5H0MUHI' 

J. C. Kofceito M. I . Rohimon 

ftmuiy lecod «pectra and specific danupt enerfpf. 
have hesn computed lor neutr<« mteravtiom w copper 
and mutant for neutron encrpev up ii> 5- MrV. TW 
cjlciibl**!* are based on the-«efical neutron cii»» 
«ect»w*} jnd are useful m the devcrnftion of both 
tpwflermf and hunt radut»*i effectv Prevn»". irea'-
ments nf hifh-enerj£ neutron darnafr have been limited 
i.i neutron enerprs hr» than 20 MeV. the upper limn ntf 
.-\iMMf nuclear data l it* such a> tNDK B. The 
externum nl the damasr caJculatfcWv to huhet enereev 
» nccmary to undervtand raduinm effect* from 
proposed deuteron-hreakup or spallation neutro'. 
source* that nKhide neutions Willi enerpes up to X> 
MrV and more. 

The prewnt cakvlaliom divide the pmsrNe nuclear 
reaction* mio four groups elastic scattering and non-
elaslic utier actions wiih a neutrtw. a profon. or an 
alpha particle at ihe fn«i pariKlr ermued. Subsequent 
parlidr enmMiws m mwieiiiiic .-vents are tptorcd This 
apnfivach amplifir« runh the nuvlcaf ph>MC» and the 
damafr cakulalums and aHim> a ciimemeni mtam for 
ounparing retime cimintiutHim front the pimvipal 
reaction lypev For elaMK vat term?, the primary recoil 
prohahibl> drmifm were compiled a» wrm of 

learndre pohnomuK wiih energy dependent ^>«ct'i-
«.ieni% derived tunti the the»>«-.-lfc.jl va>cuiaiiur.> * \hi>»c 
a lew mdhon ele«;u>>n \<>ltv die cU>tfc.jlr> -wanetcd 
neutfon^ are arnodx peaked in the liKWjrd direK.tiun. 
drw.Minim* the rebine ctntK ^»nirihuiii«i to the 
damace enersy rn k>wcTinr the averacr revotl enertv. 

t>H nonetastic nueracnkHtv the theoretical mwiear 
data7 were •» die t.wm "J tnttss ^pê tra Ux l^hr-
partKie l«. p. or at ernrv*«n» The^e d^trihaii>«> were 
fran>t>Kmed mti> heav>-partic!e rê -oti tprcirj h\ WSMK 
the Lmemaih. •waiterwe e«|iui»<n> i- c\pre»> the pri-
mar% 'e^.-d enerri a> a lunctton *4 the lrsht-paith.ie 
reoid enerj^ and dKe^tumv It w?> A«umed that the 
enercv and aneutii dMntiuiMo «K the l«ht pariKle> 
were mdepmdent. Tknnar> reo«! pr><hahtitt\ den>ntr> 
tor l»î r I and l«_*rrl event» IT. n»>ivaRi jrc dsixir, ir. 
l ie I I.* for »ar*H»-»neutr>«n enerpcv In the ftsure. Tn 
the rec«i! eners\ »i?h Tm^ it* nuximurri pi«viihk-
vjiue The-*- JistriNif»>n> jre Saved •••': the awumpThT. 
fhaf the It^it paitK"k> are emitted ••"•i:>-pfc.jlh m the 
Har\ceairic vvaent The noneiauic recodsare peaked a: 
TmM% 4. which correvpondv to the maxrmuni Kinema'i-
caN> allowed melavticitv jnd fheief.f e to Ion laji: roni-
vk" enerpev. Thrv result wpf»>rt> the appr«!cinuti<>n ••? 
nerieitnt* the contribution ol vuhvequent pariicie 
enw»(i>nv t<> the recod eneijv. 

Dainaa: enerprs were derived U-ta the lecoii >peciu 
uvms the lindhard theor> »t elecironic vioppnc. The 
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TnRMCTICAL CALCULATION OF 

Fb> 1.17. « 

J.F.CfMkc I I L D K B 

I * die rare eanb sines, liar s / exchaNpe mcraclMi 
hrnwtm ihr locaferd 4f etrcliMis ami ifcr <«m*iftioi> 
d r e a m s is d w j f c i 1 J be bask 10 any p r a m dncrip» 
linn of ifce musette properties «f rtmr materials. As 
J w m i by tbtAtmum. KMKf. Kassya. and Yodda 
(KKKYL dm dweel s Yexdmpje n i p l w y kadi to a 
bwy-fanyje. mdirvci •Heiacium between ibr bxatara 4f 
moments wtacb. in IMTW. it ibnadii 10 he icspDMnde 
for ibr wide vatiriy nf wupnik nrdrriRf and wblcd 
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who:; piopeily catrtei out. yield- icas«*iabh go»>d 
agreement with the available experimental IIII.HIIUIKHI 
ind thus suiyoiis the view ilut IIK* K k k V theory 
provides a cornel description ot magnetic m doting in 
the iarc e.i;th metals. 

1 (".. Ulirunn -ul M. | j u ! . « ( n . Sljtu* .W»/ift > i . 4».V 
i l : »"> i. Rath jnJ V J. Iranian. « m . A". > H II . Jin* 

ELECTRONIC STRUCTURE OF 
THE / CENTER IN SO 

I . M. Wilson' R. H . W I H H I 

I IK- energy levels and wave functions of ihe f center 
I;\\I> eieeiioiit in an •)"" vacancy) in SrO have heen 
v JU-iii.ited as a (miction M the .1 , displacements of (he 
ncucsMicmlih-H i<wis of the .>x\i;cn vacancy. The 
.jiciiljiioiis were nude using methods previously dc-
w!i -j>.d and applied to j similar study of the /-'center in 
< ,i< I .ii.J \ M l . : l itt le t-. known experimentally abotil 
this center, and no prior theoretical studies have heen 
reported. I he ahsotption band lor the /•' center has 
'veil idcniilied .nid peaks at ahotil .'.5 eV: J no 
itiminoceiice hinds have Ivcn reported. 

'Ihe icsiilis o. inn calculations lor the lowvst lying 
stales ot ilk- /•" center .ire shown in lit;. 1.20: lliey are 
<|n.ilu.itrvciy similar to those tor t h e / c e n t e r in t'aO. 
I lie ' . l 1 ; . • ! r , „ absorption occurs al 2.4h eV lor a 
; 'iiw.ml ielj\.ni"ii of IIK." first-nearcsi-ncighbor 

• i»i«) *si"" ions l o r small distortions, the '.Ti^ and 
/', „ sijies weie Imind to be considerably more 

iocah/ed (dan (liev were in either MgO or (a t ) . The 
..•barge densities "lit lo second nearest neighbors, shown 
in I able 1.4. clearly demonstrate the sensitivity of the 
electronic w.ive liinclions lor these stales lo the 
[s..in..|i. ,•! ||K- \nn ions. The rapid variation in the 

fabk- 1.4. Integrated charge within the 
second Marrsl-iieigMMr shell of mns in SrO 

as a turn mm of the I ,„ outward 
distortion <if the finf nearest-ncignhor inns. 

I IK- <>ul»ar«l distortion '• of the urns is 
measured a« a pcr< enrage of the prrfcvl 

latin - anion cation distance 
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Fig. 1.2a f venter energy levels in SrO as a fanclinn of 
lattier rriasatioM. A. The abscissa fives A. esprcssed as a 
pericnljte ••:' rhe anion eatiim disunec in the perfect crystal. 

localization ol' the electronic wave I unci ion in the 
region S - 0"' lo h = 6'.' accounts lor lite nonparabotic 
shape of the energy curves for these states. 

The calculated curves predict a T | „ — l A\s emis­
sion hand at about 1.0 cV and a ' T%„ — xAif band al 
about 1.3 eV that should be weak al low temperatures 
and should become more intense al higher tempcra-
i'lres. The calculations also suggest the possibility ol 
observing (he excited Mali- absorpn HI for the i T i u -* 
iA,x iransiin>n al abiml 1.4 eV. Furlhcrnnwc. since 
both ihe 37",„ and ' - l i e wave lunclionsare compact in 
;\K reuion ol the absorption (o *• 2 to V>). 'he 
oscilialor strength lor this t ran si I ion should be large. 

Calculations of the Jahn Teller coupling parameters 
of th. ' T , „ electronic slate io the f."v and 7" l jr 

vibrational modes is in progress and will he used later to 
calculate the absorption and emission band shapes 

I. Present address (tklahoma Stale t.'niversil). Stillwater, 
ilkU. 

1. R. I . WI»MI .md I. M. ttil-on. S»lhi Stale Cmmmm. 16, 
s4>ll'»7.S». 

\. B. P. Johnson »nd I . B. Ilensky. Mrs. Rev. ISO. 9JI 
H%ii. 



2. Physical Properties of Solids 
During I'.IC past year the research programs concerned with ttie physical 

properties ot solids have undergone a change in emphasis which reflect* the 
expanded goals ol both I RDA and the Laboratory in areas related to nonnudear 
energy. So in many ways the research results reported here arc ol a transitional 
nature. It would have been unreasonable to discontinue abruptly ongoing programs 
which were ol primary concern to the AEC. but a part of the research in such areas 
is being dc-emphasised and attention is being directed to broader based studies in 
other than nuclear energy areas. Most ol the work reported in this section of the 
Annual Report represents cooperative efforts between various groups within the 
Solid State Division as well as with scientists in other ORNI. Divisions and in other 
laboratories. Such interactions and cooperation continue to he one of the vital 
strengths of the Division. 

Huxoid-latticc properties and structure have been investigated by means of 
small-angle neutron scattering. Such measurements have shown unambiguously the 
existence ol a mixed intermediate state in niobium which permits a quantitative 
study of the attractive fluxoid interaction. Ihese investigations have also 
demonstrated the capability of this technique to obtain other valuable information 
concerning fluxoid arrays at the microscopic level. Other work has provided insight 
into the limitation* of the critical-state model for describing flux pinning in 
superconductors. 

I be surface properties program has increased research efforts related to 
calalytK. phenomena and has continued measurements of high-energy neutron 
sputtering yields, which arc of interest in controlled fusion device technology and 
which have been a subject of great controversy. T' ; latter measurements have led 
to the conclusion that erosion rates of candidate first-wall materials due to neutron 
sputtering processes are not of technological significance. The research concerning 
catalysis has cniphasi/ed the development of new methods for determining lattice 
site locations of adsorbates on metal surfaces. Low-energy electron diffraction data 
can define the symmetry of adsorbates but not the lattice site or layer spacing. The 
angular dependence of Auger electron emission and a combination of Rutherford 
ion-backscattcring and ion-channeling-spcctroscopy techniques can be used to 
augment diffraction data in establishing adsorbate lattice sites. These studies have 
been strengthened by strong interactions with the theory and ion bombardment 
groups in the Division. 

Examination of the optical, electrical, and nvignctf properties of 
high-tcmpcraturc materials is one of the major .search programs within the 
Division. Some new aspects of the program initiated recently are beginning to 
produce some very interesting results. A new method, utili/ing FI'R spectrometry, 
has been developed to measure diffusion rates of impurities in ceramic materials: 
the method is quite u-clul for impurities having no radioactive isotopes or 
short-lived ones. Studies of the effects of high temperatures and high electric fields 
upon impurities contained in MgO have produced some rather unusual results. 
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Such cooditic-ns were found to reduce iron, chromium, and vanadium from the 
trivalent to divalent state, while manganese was unchanged. Subsequent reheating 
without the applied electric field led to rcoxidation of the reduced species. Data 
analysis shows that neither reduction nor oxidation is a single simple process, nor is 
the redox process simply reversible. In related areas, examination of various defect 
centers in the alkaline earth oxides continues to be of interest, and a comprehensive 
study of f centers in these materials has been completed. The identities of several 
defects were clarified, and some discrepancies concerning structure of the centers 
have been resolved. Initial data from lithium-doped MgO suggest that the net 
production of stable, intrinsic defects produced by knock-on processes b 
suppressed, and a reversible coloration effect that can be conebled with a known 
defect has been observed. Resonance Raman scattering studies of crystalline 
NaCK): has shown that an unstable form of O.- is produced in the crystals by 
gamma rays at room temperature. The observed thermal instability and photolyric 
decomposition of this Ch form lead to the jnggestion thai this species b involved in 
many solid state photochemical reactions. The invocations lor photocataryzed solid 
state reactions.oxygen binding and transport in biolcgical systems, and appbeauons in 
fuel cell technology are being examined. 

Photovoltaic conversion of sunlight directly into electricity b a major clement 
of the ERDA program in solar energy. The Division initiated a small research 
effort in photovoltaic conversion carry in the 1975 calendar year, and Utb effort 
quickly developed into one of the most important nonnuclear. energy-rebted 
programs of the Division. The program has been based on our past experience in 
the growth and characterization of ultrapurc germanium and on our capabilities 
and facilities (primarily reactors) for the study of neutron-transmuUtion-doped 
silicon. At present, the work b concerned primarily with transmutation doping, 
annealing, and electrical property measurements of both single-crystal and 
potycrystalline samples of silicon, but research on other materiab b also planned. 
.\» order to utilize effectively the results of thb research, it b desirable to have the 
capability for fabricating and testing the solar cetb within OR NT.. Therefore, as 
part of the overall effort, facilities have been set up for carrying out these more 
applied aspects of solar cell development. In fact, tests have been made recently on 
solar ccUs fabricated entirely within the Division from our transmutation-doped 
silicon. From the experience gained thus tar. it has become apparent that although 
the elementary principles of photoconversion are understood, bask research b 
badly tKcded on many important electronic and ionic processes that affect the 
conversion efficiency in a variety of photoconverters. 

SUPERCONDUCTIVITY 

SMALL-ANGLE NEUTRON DIFFRACTION 
STUDIES OF SUPERCONDUCTING NIOMUM 

D K. Christen S. Spooner1 

F Tassel1 H. A. Mook 

An understanding of fluxoid behavior in Type II 
superconductors is important in the development of 
thus msttriah for technological application. For a 
Type II superconductor :n th<? mixed Male, the interac­
tion of fluxoids with one another, and in particular 
with pinning sites, determines Ihe bulk magnetic prop­

erties of the material. On a fundamental level, small-
angle neutron scattering » a powerful tool for the 
investigation of fluxoid lattice properties and fluxoid 
structure. 

A high-resolution silicon double-crystal diffractom-
etcr has been used to measure precisely Ihe fluxoid 
lattice parameter in a large single crystal of pure 
niobium. Two perfect crystals of silicon in a focusing 
geometry are used in this arrangement, which has been 
previously described.1 The distinctive feature af this 
comparatively simple lechnique is its high resolution 
capability with the use of the 0RR-HN4 thermal beam 
(i.e.. without the need of a cold source, filler, velocity 
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selector, or Softer drtsl. The staple was a 14.1 — i 
dnk-i spari\-machined sphere dial was chemicaRy 
poMshed and annealed. Ii was mounted with the <l 11> 
axis in a vertical position. paraHei to dw? applied field of 
a split-coil supeKonductmg magnri. The sphere was 
situated in die horizontal neutron beam between the 
flkcon munochromatoi and analyzer crystab. The 
ssncon-anatyzer rotation table facattated measurement 
of tfce fhaoid Bragg scattering angle lo an angular 
•estautwn of t ! arc sec. with an overaB accuracy of 
about I*. 

It •* known dial fluxoid lattice symmetry is cor­
related with dial of die Fermi surface.4 and for die 
(111) crystal orientation, the two-dimensional mucoid 
lattice was o h * wed to be hexagonal, as expected. With 
dns mformation and with die knowledge dial one 
(huoid filament possesses a single quantum of magaetic 
flux fe * 2.07 X 10 T G-cm1. one may cakntate from 
rfce observed scattering angle 2f die magnetic dux 
density B ave raged over a unit cell of die fluxoid lattice. 
This is given for the measured (10) reflection by die 

( I I B'y/i+tXfiiZ*1 

field equal to the lower critical field H<x. The i 
netirmg effect of spherical geometry serves to broaden 
this transition such that die interpretation a dial of an 
"intermedial* mixed state" tor applied fields I %»V f l < 
Hs < l i S l W , l • <WnV whereby fe sample possesses 
domains of a constant-parameter ffux</d lattice. At die 
applied field / / , * i%*lcl • l ^ a V dus constant-
parameter bttice completely (Mb die sample, and for ail 

fields above das value (mixed state) die 
is smaller. 

Although die fluxoid lattice parameter is a nearly 
uvenibh function of an apphed field- the neutron 

•rcmenis did reveai magnetic hysteresis in the 
Tins was manifested by fiehj-hgtory-dependent 

rodung-cwrve integrated intensities, vnih the decreasmg-
field-history reflections yielding die larger intensities 
and narrower rodung-curve widths. In ad cases the 
fluxoid diffraction width was tanned by the instrument 
resohriioa (a FWHM of about 30 seel. These results 
indicate thai the toxoid bttice n always wet! defined, 
but the mosaic spread and general lattice perfection 
suffer when ihe lattice is formed by ffuxovds having 
entered the sample. 

where the neutron wavelength X for the present setup is 
2J9*A. 

In F'g. 2.1 the results of a systematic investigation of 
fluxoid neutron diffraction angles and the correspond­
ing average flux densities calculated from Eq. (11 are 
given. These measurements were conducted at the fixed 
temperature T* 5.06°K as a (unction of the applied 
magnetic field Ht and of the field history. Each applied 
field was established either by increasing the (kid front 
zero (fluxoid entrance into specimen) or by decreasing 
the field from above the upper critical (kid Hcj 

(fluxoid exit from the specimen). It is evident thai 
field-history effects on the fluxoid lattice parameter are 
minimal. This result is striking because it is a well-
established fact that a pure, well-annealed bulk sample 
will exhibit some magnetic hysteresis, a phenomenon 
that is presumably due lo surface effects, since previous 
work has shown thai this hysteresis largely can be 
eliminated by the formation of a thin thermal oxide 
surface layer.1 

Another noteworthy feature of Fig. 2.1 is the knee 
thai occurs at the applied field 1054 Qe. oelow which 
the fluxoid lattice parameter is essentially constant. 
This is a phenomenon that occurs hi low-* Type II 
superconductors, such at niobium, and is the conse­
quence of an attractive fhixoid interaction which 
defines an equilibrium (lux density B9 at an internal 
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To jvsev. these hys.ieretic effects ijuantiiairvHv and i<> 
facilitate due l comparrson «»i the neutron data with 
bulk measurements, the following procedure was 
employed. Ai a oven applied t'leM m (he mixed stjte. 
the averaggr ftiix density. calculated from Iq. 11». was 
assumed (o represent the real nucn'scopic avera*.-
matneik. induction in the vjmpte tor the decreased-
field-history a x - This avMimptum i> justified by 
previous experiment-* on pur.- niobium which indicate 
that when surface hysteretic ettciN are removed b> the 
oxide treatment, the reversible bulk property Joseh 
coincide with those • I the initul devreased-field-hisiorv 
*ase.* The average hulk induction tor the field-
increased ease was then computed bv normjli/mge the 
calculated tlux demitv by the ratio of the tluxoid 
rockmjt-curve integrated intensities lor field-increased 
and field-decreased history For the intermediate 
mixed-state-lield regime, .ill inductions were derived 
from the observed B0. normalized by the ratio ot 
intejir.i.ed intensities tor r»nth field hi->'one> with 
respect to the field-dec reascd integrated iniensitv it 
//., = l : .» / / , 1 • t ' \ tW» Finally, all averase induciion-
and applied lields were lived !•> calculate ellcciivc 
neuiron data mapieti/ations 4rrW. 

Because >»t tlii- Ijrlie saripie size, iii.iuneli/.ilinii 
measurements have heen perloriiK'd In date • >til> on a 
smaller sphere l.v.' nun 111 Jiauietcri. which was 
spjik-macliincil ln»in (he >aiiK- iiiohmni stuck .111J siivcii 
identical polishm;.: and aniiealini: treatments |-<>r pre-
liniiiiarv coinp.iri>oii. theieioie. we present in I iv:. 2.2 
birth the derived neutioli results and the magnetometer 
data, (leiieral .ijiceiiwii 1 is am id. and die hulk magnetic 

hysteresis svems "•• fv ik-s.nK-d jdcouaSeiv <<i the 
uiKio^opu lev -i "n the dllirattcd llileiisitv :csiilts BV 
ir.vpev lion "f I i:.r ' I jiid J 2. it i* jppjrenl tha! the 
neuir.ifi e\pvrir:icn:s \ iclj flic .rilKai parameter* /# , 
and Hlt •>• .1 prcsisji.ii tlu! , JIKI -l he j'Uiried Ir.Hii 
riUhr<>>.<*pu tiK-iMiK-rik-ni- <>II the sample in its present 
annealed -Ijte Ihcsc qiMi'lriiCs J:C >>> luiidjiik'nial 
interest jn.i ludnioiuily hjve been ditli^uti i.« de'ei 
mine •>»m--- ;•• the efk\i <>l weak K'SMIUJ! hvsteresis 
near / / , |-\|vriuierirs presenriv are IIIHICI WJ\ !>• 
deterriuiK- precise)v Hu and / / , j \ j luiKtii.ii > t 
ter.perjfiire .::id t.» mvotisute tin- elle. I< <»l cr>-»ial 
ams.»tropy >>n these paraineref 

I l.iws' sk-nn.' tr.-iii InsiituI MJ\ v..n I jih- fjiii LJIU-C-
•.in. l.t.-n-t.K I :.m><; 

1 i •»n-.ulijnT Tr *in <^-.»ri.,ij InsTirur.--'T le«hn..l<*i.% tiljnr.t . 
t . i 

• M \ M-k.t i/yv « » . 45.4;.1 ra . 
4 k Ijkjruk.i./V.^ fh,,f. ffci. a*. >5< JFI.I I >>l • l'»"l» 
< S I Vkuli .nil K II keim.h.m. «M» K.-i H 5. •*>** 

^LrtRNATIM.lURRtM LOSSES 
IN TYft II StrERt OMIHX TORS 

II K keulmci N I Vki.l.i 

We have undertaken a sludv o| .i>. losses in ll»v mixed 
sijte >il Ivpe II supercopdiK tors when lliix-lme molion 
is hmiied both h\ VIMOW. damping and by the 
interaction between llux lines and delects in the 
siiperiondiit tint' 111.1ler1.1l Moiivjiion lor this study was 
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FAST-NEUTRON DAMAGE STUDIES 
IN SUPERCONDUCTING 

VANADIUM GALUUM COMPOUNDS 

D I (.ubser' II K kercbncr 
I) k Christen S 1 Sekul.1 

\ cttPaborative pftncum i> m prtigres* to study tht* 
influence of fast-neutron irradiation in weil-charac-
len/ed V G J simple m order to clanfv further the 
role of raduinw-nfoduced Artec IN m the superconduct­
ing behavior <>r technologically important compounds 
with the A 15 ..rxstai structure 

Several hulk samples of' (he nominal composiiiim 
V,(' .j were cast containing 2» » j i . Ci>. 25 r» at. 
<»j. and 2".5 at.'•' (*J. Spccmens ol these samples were 
heai-treated al 14011 1' lor 4 hi while others received an 
additional heal treatment jl 1 I50T for ? hi to increase 
the degree <rt' at<tmic order Prior to irrjdiaimn. 
measurements were made .>l the superconducting transi­
tion temperature, the isothermal dc magnetization 
behavior at 4 2 K. and the ac perrreahiliiv * These 
samples have been irradiated at an estimated maximum 
temperature of ftO'(' in the ( P I 5 fast-neutron tacdit> 
at the Bulk Shielding Reactor lor various last-neuirun 
fluence> ranging up lo o X lo ' * neutrons cm 2 (£' > I 
MeV, 

Earlier studies2 have shown that the transition tem­
perature 7\ in all the samples decreased by about 2'< 
following an irradiation to a fluence of I X Id '" 
neutrons cm : if > I McVi In addition, the magnetiza­
tion measurements and ac permeability data at 4 2'K 
indicated an increase in flux pinning in these samples, 
and itVre was a simultaneous decrease ol magnetic 
stability as evidenced by an increase in the occir'tnce 
of random-tike flux tumps thai resulted from radiation-
produced defects. 

More recent irradiations to a fiuence of 1 X 10' * 
neutrons cm : 1/ > I MeV» indicate a reduction in Tt of 
jboui V; in all the samples, lattice parameter studies 
using x-ray techniques revealed that the lattice pa urn 
cier ol all the V (ij samples had increased following 
irradiation The increase is similar to that reported by 
Sweedler and Cox 1 for neutron-irradiated NbjAI For 
this neutron fluence. any expected changes in the order 

pjumetei would be small, and r»> .lunges could rv 
detccted with x lav measurements \llhoudi T .4 
these samples wj% sie-iili. anils leduced K neutr>« 
irradiation, it is mieifxttne. to n»»te thai the inaowii/j-
IHW curves shi«wed no tuithei mciease in hysteresis due 
l<> tlux prmtme.. but the samples dcm.anslr.itcd .in 
increase in the number •»! ilux romps I he JC peimej-
bdtiv measurements up t>» tieldx .>; ^l k(le also showed 
the increased «vcuireiKe ol flux iunq?x bui ihc (arte 
.iitkjl current densities <»1 the viirfrie^ in th:% lieid 
repon cere to>> large ti>r ifijnlilatisc a^^essment I Ihc 
upper limit ol combined jpparaiu\-u«nf«*e iei>sttivi:> <> 
estimated to be about 2 * Mr* % v m : • 

With turlhci irradution lo a lluence nl n < H i ' ' 
neutrons cm : t / > I MeVi. it wax found that T was 
reduced m all the samples by about 2»> The ac 
permeabditv measurement showrd that the critical 
curreni densities in lieUs up f» M»k(V renumed abuse 
the upper limn i4 apparatus >ensitnii> and the tamptes 
exhiNted a large amount ol llux tumpine Magncti/a 
lion studies and x-ra> meamremeni'v are .urienttv m 
pr««rew 

1 I S NJVJI Rfv4r.l11 JKI-II.TV . •j<hmri'>ii. I>.( . 
2 |> I *iubvt joi S I VkuU. SfbJ Slit. Ikr tmmt 

IS»» Rep IV. SI. IV4. I>RM so^H p 44 
.V V R VnvJict jnl | ) | » , . x f j , , , nn g | J . 147 

il»TS, 

A SURVEY OF RADIATION DAMAGE 
EFFECTS IN SlirCRCONDtiCTING MAGNET 

COMPONENTS AND SYSTEMS' 

J t Crttess* K K (oilman. Jr 
R W. Bo«<m' S T Sekula 

A compilation and study of published work on the 
low-tempeiatuie irradiation ol' .«mponenl> ol super­
conducting magnets has been completed in order to 
establish potential radiainwi damage proMems tn the use 
of superconducting magnet* m (*TR system*.. 

For last neutron fluences up to annul 5 X 10*" 
neutrons cm 2 If > 0.1 MeV|. it appears that the 
problems of degradation of important superconducting 
parameters \JtMl). the critical curreni density, and Tr. 
the transition temperature) by radiation damage for 
NhTi alloys and NbjSn ate minimal. Abinw this 
fluence. JfiH\ for NhTi material can be decreased 
substantially It is also expected thai significant degra­
dation of 3r\H\ and Tr can occur foi Nb,Sn for 
fast-neutron fluences above 5 X 10*" neutrons/cm2 If 
> 0.1 MeVr as based on correlative comparison with 
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•ua-radatna snakes sad avariaMe lasl-
f t » * araJnlioa data 

Ike i i t o t M i awaked awfe»e> m «es*stnn> «4 ^ f -
per aad jlaawaiaii Ihoth med as the normal o M u m r 
metal matrix at the lahritaiMi t4 aaritildaaKMjr\ 
«,««apmil< tMpeT<.««ahxtaM; »n< l >.» he «MtK larpe. 
J B W I M ••• about IUU nil-cm I.«t ..oppei awl . * « 
ail-cm l»r ainaaaam. lor bw»-temper * • re fncace% t>t 
about 2 • lt»'* aratioas«.m : I h n i d m » « damaee 
m tfcne maeenaH can hr expected to have coainViahh 
effect • * ike J a M N ) characteristic M the ..oaMMiiie 
•we aad ..able few o r m inajnrt s% bleats Thn hav her* 
borne ••Ml i«» wane extent bv stadK* of iaduiioa effects 
m i , i i f m i w a * material Aiiiit.ilme at . W K can 
remove approumateh *5T of the daaanK-aataced 
lesalmts m ••offer aad abont 100^ for aaaaaana 

<% auaihii of puhmrr matenats have been demon­
strated to He pHiinbh asrtal lot doses of aaaroxnaateh 
x X Mr* rads I * . * 2 X I0»* nrati.ini car / > 0 I 
MeV| tbmrever. aotbaa: B known •>• the effect •>! 
low-temperature araaBMma on the JKhvtrk. break 
down sireactb ol their maKriab or the effect <>| 
subtetaurat anaeaha; «»f radiation defect* «>n !••»• 
temperature performance. 

Studies •-»• ihr mechanical proprrtK* of stiuciural 
aamtm sleds nradiaied at k»w temperatures indicate 
that an deteternm* chaanrs at these properties are 

expected lor riueaces ••( abuat I X 
lA - O l UeVi 

. • f K * . * t ( I B M . l w - 5 I S 7 . D c u r a * n 1*75. 
<Mt%l !.•>.£«> i n c . * * * (MtKakHH tr>M> X^r^te— I n 

j ( . * t c . VrdnaV. lean 

amsraiimoK or SQUD rftXAMTunat 
H R iLerihner t I Watson1 

* e base c«a*tructed j a uitrastaMe. ulira-kiw-aotse 
preawahfaer based on a supercondactmc quantum 
mierfeieace device t S Q U D l The S O U D t* nummed m 
a xanahle-temperature vrvosut: so the preamplifier a m 
he used m measurements of low-level sasiais en-
»••uatered m KOSK rrfcarch *m the propertie> «»f Type I I 
>operci>aaactors. We huat dm preamplifier l ire Fig. 
2.4) hecaav of ••wr aneresi ai aieasuriaf the derivative 
•>t the maoMtwcaipia .If of «vprrvtia<lHt.imf samples 
»Mli respect to the appbeU field H. One can obtam a 
dnevt measurement oi JM JH b> rampatf ihe field at a 
constant rate and tneafurmf the voitaar across two 
menlK-ai cods wotmd HI series oppcsMmn with toe 
sample at »ne M them. The voliape* to be measured are 
of the order ol 10 pV. Other amplifiers avadaMe to us 

o««.-ewc H - M H 

•OUTPUT 

f±lA. Wort <apiw of aa Sqt'lP »nwi>anii. 
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vanety of reannri 

1. JMJH » needed m the mKipniatuni of ac 1ms 
mumieinu 

2. JMaff » * W J I I I ii> at phase t n w i w B at me 
fields Nf r l | l a% and ttf, awl a few* maicnab 
W r l | l w) • J^N. where l i ^ B rhe lamet cnocal 
field. IT , n oV upper critical field. » . B the 
eqjwamrium A n density m the a u n H f a K mned 
siaae. and a » me l i i i iun i i i i f , factor. The 

theories of the u n c i stase. 

3. dnY/«W. evaluated at H c i . am also be directly 
coamaied wim miciaaciipk meory. 

Of particular asterest at S M M M B the unu/tiatuu 
dependence of » # . Vanes of ft, attainted by this 
method « M he computed with values obtained by 
neutron diffraction.* I - addrtiua. we wiH use the* 

leauarratures than can be reached in a neuiron-drifrat-
lion e»peihncnt. We hope that highrr-temp«atwe 
measurements wul clarify an apparent coatraaktioa 
between previous experimental results and the theory 
of the mixed state at temperatures neai ihe super­
conducting critical fempewrw ? 

The design .if the S Q t I D cryustal permits relatively 
easy conveision to an ultrasensitive flux-mt J H M J 
device. Thus une can easdy convert the equip** nt to 
measwe the magneti'aium of samples «wer wide ranges 
of magnetic susceptihwrtt. 

The general design of the amplifier is simple and is 
similar to previously published designs.4 A portion <>t" 
the lock-in amptiTier output h compared to the mput 
voltage. The SQUID, which is sensitive to magneiic 
flux. acts as a nuR detector for current tawing in the 
input. The gain of the preamplifier is I • Rj/Rt * 10*. 
We modified the previous designs t«> meet our special 
needs f«»r a high effective input impedance and a 
high-frequency toM-off that property matches the fre­
quency response of the pickup cons. The entire input 
circuit is at liquid-helium temperature s» that thermal 
electromotive force*, which would degrade stability, are 
miniim/ed. 

Preliminary measurements of dMfdH for a minium 
sphere have been nude at a number of temperatures. 
Three phase transitions diow up clearly over most of 
the temperature lange. As expected, accurate measure-

•Maches me crmcal mtperaim*- tin* ptetnanaafy 
Kintli tm the i f m r i i m i c drpewJence ot J , agree 
wwa pMvww»expera>jeMaI •ewajtv 

1. Saawati n r j t f t fwnuaul rtuat \ j*r I • « ! « . * e» 

2. D. k rkmam. r. U M H , & I T M R I . j a * N. %_ * > • * . 
*SannV.*a*nr Mma>« DWli.ai.iMi Iiawjr. •* Saaiu • n n l i | . 

J. J. I . vMba. K. » . M M V Mm ft. «"km. **».%.. 
I W O H T . A n «rr • ML 117411«7«». 

4. A . 0 ^ « K w . r & V v k M r t . j a i W . R. Br^ln.nVT Sn. 
h M i 4».a m«frra* 

SURFACE Moromcs 
AND1ATALYSB 

uNC-auPE ANALvasor im 
€ • * , ,11 AUCESaVfTTCUnl 

F.». TtthK HI' Marl. Moif *er 
L a Jenkm> D. M. Zehner 

J R. V.«an 

The aneuiar m'^nsily diardniiiini of tfce t n . l l , , I T 
Aager emission spectrum has been measured mmf 
phasc-sensiirve detecti»n. At low mudutatHm voiiapn 
i<2 V pr-i-to-peaki. ihe c<NMrdmtions trt«m the V , I ' l 
and iheJfjIT'iransiiionscanriepaiialy reused. The 
strwciure n the hne diape jnsmg trum the two 
irausrtinw* vanes as a function of emissmi angle. To 
understand tms variation with angle, the Augei ipec-
iram needs to he separated out. or deconvolved, fnun 
other ef'tvets mdnded in the measured hne dope, such 
as insirumenlal resowmni. ciection energy k*u«». and 
true secondary electron cimiributi»ns. 

A sunpte tlrst appn>avSi uiward analysis of the 
observed J#2 , 1 ' * ' Auger bnr dnprs has been made 
based on the measurements of Ym et at. 3 on the 
pbirtivexcited l.}Vl' Auger spectrum m copvei. This 
occurs at an energy of about *>20 eV. while the MJra VY 
iranutnm fans at roughly nO eV. However, if valence 
band effects were the same in the two iransHnins ami if 
Kostet K(omg pnx-cwes were uiinwpiHtant m the 
Jfj yVV ipectrum. then the totter could he recon­
structed from the I.^VY tpectrum by addition m a 2:1 
ratio at the proper energy separation 4around 2 eV> of 
the Mj and M} levels. Snt unexpectedly, tins ample 
approach yielded lesults that did not agree well with 
the data for the M2 tYY spe>;tium. even when such 
ihmgs as the Mj Mt cmMrihuiion ratio, the M3-M} 

energy separation, and the I assumed Ckwssian I measure­
ment function were treated as adjustable. 
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The pruMem «4 dec»mtotVmg ihe "true" spectrum 
from ihe observed data t\ particularly difficult tor many 
election ifMi<>v>^k i m k t became But owly mstru-
meuial btuadenmg but also mtrmsk electronic proc­
esses occurnng m the sample "distort" ihe t ^ n k 
tJtservcd Several techniques lor ireatmr. these problems 
m hue shift w h » aid thus !•« unprocuN; the 
imdersiaMdnig of the undeityutg nuiciui properties 
nmifved hate been pnqiosed 3 I re >4 such techniques 
appears to he teipureii ft* the lull mierpretaiBia •* the 
ingutii miensity dtsinbutioa of the ( u .V, , 1 1 ' Auger 
spectrum. 

I (iten Likrv fuCcpr .Vao»rot»4i O K K C «nrttcr tlaUcai 
from Fjiflun r . * f e . RKtMuontf. M 

2. I. V — . | . \Jtn. I. IVM*. W. M (lva. Jri K w u M 
* v t . n . 44A.II3.H7_V 

i. »,K r\j«utr. H. H. VjMca « 4 I. I . ti.vu.rn it., tw 
t ^ l i i W l . 

ANCULA* EFFECTS tS AUGER 
ELECTRON EMRSUN FROM € • II !•»' 

D. MZehnct J R V o x u n L. II. Jenkins 

Recently. the ejection M Auget electrons from smgk 
crysfaNme sobd* into the vacuum coRtmuum has hecn 
found I« i u u i anisotropicalfy : * We have mvesugated 
the angulai miensrty disiribuiion <»i the ( u W, , 1 ' ! ' 
162 eV) Auger electron emission from a clean Cut I lOl 
surface The coppet crystal, frnm m out laboratory. 
« » cut. lapped, and polished. umtg chenucal methods 
developed here.* ti> proJucc a surface oriented to 
wtthni 0.5" of the (IIOi. The sample was ci.-aned m 
vacuum iK*ng an ton-sputtering and annealing procedure 
such that no Auger signals, other than those from 
copper, could he detected during the data acquistli->n 
period. 

The Aufer electron mtensily varul»»R» as a function 
of emmon angle, primary electron beam energy. and 
angle of mentence have hecn studied. Data were 
collected using a 4-pid LfcKD Auger system, which also 
contained a moveable Fatariay cup I energy icsoluiion. 
•0 .5 r ; . aperture acceptance angle 4«'». The sample 
was aligned by- establishing corieci angular positions Sot 
diffracted primary etectp.m beams I sing this tech­
nique, ihe sample could he repositioned with respect to 
the primary electron beam directum to within • I . The 
data were obtained with the Faraday cup using standard 
phase-sensitive detection techniques and were recorded 
HI ihe second derivative mode. \'itl It was assumed 
that, to the fust order, changes in the prak-lo-peak 
height of Ihe \'i( I signal as a function of the detector's 

pusitmn were a leasouabic approxuaafjou of the 
change i. n nMcassiy ol the c—Hfd Anger electron 
enrrcnt. Data were analyzed as a tuncfioa of 0. the 
emergent polar angle, Jtrmtd wnm the respect to the 
surface normal: *V the x:rwamal angle, defined m a 
vxiuMerclocfcwise dwectwn from the |01IJ: 7. the 
mcideni beam pubf angle, defined ahum a rotation axis 
m the |00! | dneclaun. and the pmnary htam energy. 

The mgiiht vanaUuns as a function of • lor me Cu 
V, j I T Augei transition akmg three prmemai an-
muthat directions are shown w F-g * 5. From the 
results of repealed measurements, the accuracy of the 
mtensMy values is fudged to be :5'f. The angular 
dtstrabutums dum large mtensHy vanations and are 
dummated by a rrouumum at the surface normal 
19 = (I 1. The fi* width at half m u n m f FWtMl ol 
the narrowest peaks appears to he banted by the spatial 
resoluiiun of the detector. However, other peaks appear 
to he quite broad, ("omparrxm with model calculations 
sln»ws that the distribution detaus cannot be fully 
exptamed by a model that considers muitmte scattenng 
of an electron and assumes only isotropic emrsaon at 
the atom.* 

Variation «>t the mcidenl beam energy. f_. at 
constant current and ntHma) incidence produced 
changes m the measured abvituie mteniities but dnl not 
alter the shape of the angular distribution The mienstfy 
sanations ol the distributions closely followed the 
changes <>l the mtegrated intensity of the Auger 
tiansnum as measured with the 4-gnd L t t D tmtics. 
that is. each portion of the curve showed the same 
efcciron-tmpaci n^d/ation yield dependence as the 
integrated signal. Vhe dtsiribuium was strongest for an 
f p between MM) and "'OO eV 

In general, the incident beam direction dsd not alter 
the shape of the angular Auger electron distribution 
Howevet. changing y while keeping lb* mcideni and 
emtsnon a/imuths constant affected the absotute mien-
sify of the distribution, tor example. Fig. .' i» dlusirates 
the effects of routmg the sample about the | 0 0 l | axis 
i l l selecieJ portions of the curse along the f I lOj Since 
the Augci emission process is mri «.oupied with the core 
vacancy crealnm. these varutions reflect a modulation 
of the number of cine vacancies created as the primary 
beam angle of incidence is varied The initial decrease in 
intensity as the beam is moved from normal tncideihe is 
possibly related to changes in the elastic reflection 
coefficient and to different multiple-scattering events 
undergt>ne by the primary beam. The subsequent 
incteases m intensity with larger angles of incidence y 
are apparently due to the fact that, as the incident 
beam angle approaches the surface plane, ihe primary 
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ANCWAI4UES0LVCD AUGER EMSSMN 
srecnu HUDM A CLEAN 

Ca( I t * SURFACE 

J. R. Vaman D. M Zchncr I I I . Jcnkm> 

<«fWvdftjMc ctlori ha\ heen expended I > nuke Aiicci 
ckvlrtm tpr«.Uov:op> I AFSl a i|uanlilalrtc ICLIIIIMJUC ' 
Ihr •tudici uwalK m*i«he vxcral wnpiiiim); awunip-
iionv l«»i example, the cicition remitted iv>tropKall> 
and w •«th J Herniated a* it propjpte-. Ho»r\cf :<-..<"IT 
imeMijphom have dumn that Attfrr ele»in»r. emisM -ti 
tiom a 4n*Je-\ry*lal *>hd iK,.;it- amv>lropKall\ ' * \ 
*lud> of (he angular mlcti\jf\ j!\!:ihu(!<m <•! \ucer 
electron cmnwm ha* heen cxtcnJcd i" ituitidr the t u 
U : , 1 1 ' l'»J eVl i*mi«h>n l i -m a .lean « u I l'«»i 
itnt*.c Ihc ptirpme "t ihe \lud\ »J% 1.' examine 
liulhft ihc emixtton nmotropx l.i JM.AHU- mMSht wlo 
pmtihte mevluniMm •JUII a* multiple v.aitcrnic ami 
talcrvc Hand cllc.lv tcxponuMe lor anitiropx in the 
\ufei ermwion prove** 

The crystal * « prepared in a ladnon umilar io iho 
( u <:i«» crystal dewnhed eailiet ' The . . I V U ! » J X 
oriented '•• «ilhm O * oi the i l d i ) i *c ami U J \ 
aligned ukh ihai the • HUM lave » j« n.-niu! (•• (he 
primary electron hram i» within ' I I I K d j u wee 
toikMed with a moieaMc |-arada> viip employed J-. J 
tctatdint lieW analy/ci \i-»«np voiticfit)onal pha»c 
tcmifrvc detection icchn»|uc» ami sncaMiied a% J !um-
t*m >4 the ancular parameter* de* rihcd carl;." ' 

Fixed a/imulhal dMrihuiHint. 0. ^ > » M^ntiuaoi 
iiriK~lurea«a forKii-m «»f polar antV." . j - . %ln'Mn in 111; 
21. Impmtantly the uiuvture t\ eniireiv dillereni irmn 
that i*hiamrd frum the Cu 11 MM mrlVe tor ihc vamc 
Aia^er iranwiiimt J Iven in ihc vamc dire^iiori. «ikh 4\ 
akmjt the | < H I | . the dnumuttom ate unHpic 10 the 
different uirfxet. mdkaiinft that c m i w n irom v t c u l 
layett mdeed it involved Furthermore, in conirati 10 
ihr (110| surface, the cmi*«on producer 4 deep 
minimum m intenvty at the uirfacc normal Thew 
expenmeniai oNrrvatiom have Seen compared with 
cakuialromof dtrrraclHmriTeiti that inclmkd mnliiplc 
vatlerintc' The nimparrvm »rn>w\ that the deep 

maiimum a: H - •» cannot he explained hx a model 
ilui DK.!>;dr;x the avmmpt«>n >>r an iviiopi<. cml t in ; 
-MiKC at ihe atom Secimdrx. ihc details of >.akuUlcd 
cnnviiiKi pnilick do n>* compare wed with the expen-
mcntalK dc:errmned curxcv From ihcw recalls, one 
.••nvtudcA that an\ theoreiKal model that icpr-tJuvXi 
ihc experimental -untv muM include an arusotrupK 
ckviron xHirce. The djia <.an he compared » i lh 
jnothei cxpcrimentai -.:ud> <»l the ar^ular dumbut ion 
• •! Auect e'e^to-n e m i ^ n m Irom a ( u I ItJUl surla^c 4 
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Tile spectrum repotted here appears to be somewhat 
better resolved, presumably due to the smaller accept 
artce angle of our detector. Furthermore, while the Jala 
of McDonnell. Woodruff, and Hoftamf* show intensity 
variations in azimuths related by symmetry, tins study 
finds that dais lor peak positions from symmetrically 
equivalent azimuths agree to wiihm ±1". and the 
intensities are the same to within ty^. 

The measured intensity variation at 0 = I-' m the 
10011 azimuth has been determined as a function of 
the incident polar angle oi the primary beam. ?. for 
several different primary beam energies. £~p. as illustrated 
in Fig. 2.8. A similarly shaped family of curves was 
observed lor other values of i. As in the previous study. 
the intensity distribution generally remained unchanged 
as a function of 7. although small fluctuations in the 
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Fig. 2.8. Kxpmmenral angalar dependence for wvml values 

of primary energy Hp of the Mj j > V <rV2 eV> Auntr transition 
from Cu 11001 for c * 45 . f001 j' . at a function of y. 

dbiribution were observed. However, the absolute 
mtcnsiiy of the dotribuiion changed as a function of 
both pnmary beam energy and angle of incidence 
Interestingly, the mtensity vs •» curve for a given tf and 
p appears 10 be different for the Cu 1I (Mi. 11 IOI. and 
H i l l surfaces.1 •* Previously. changes m intensity as a 
function of the primary beam angle of incidence had 
been attributed to changes with angle of the elastic 
reflection coefficient and to angle-sensitive effects in 
electron muliipte-scaiiering processes. The changes in 
intensity as a function of the primary beam energy 
would also be consrsteni with this model t.ven'ualty. 
the overall tn^n-my drsinfcnrion increased with mcreav 
ing 7. which agrees with the earlier hypothesis that at 
larger primary beam incident angles, the energy de­
posited in the surface region is greater than at normal 
incidence, causing the intensity increase. Finally. 
sffhough the intensity itjsiribuiion from the 1IOO1 
surface followed the same overall trends with changing 
values of 7. small variations within the distribution 
occurred. Since Auger election emission sfcHilJ be 
decoupled irom the core vacancy creation process, the 
observatiiMi may be related to the number of vacancies 
created. For example, the intensity measured at any 
position is a fraction of the sum of all emission events 
occurring in several atomic planes near the surface, 
weighted by an escape probability for each layer. 
Therefore, a change in the planar distribution of 
vacancies created with a given incident beam could 
result in a change of the traction measure'' The 
absolute and relative changes of the angular distribution 
of the emitted Auger electron as a function of erher 
primary beam energy or ingfc of incidence suggest thai 
care must be exercise I when combining measurements 
obtained with different values of JV or angles of 
incidence. 

In summary, the angular intensity distributions of Cu 
hf2 %VV electrons emitted <rom a Cu (1001 surface 
show much structure Although the intensity variations 
measured are comparable in magnitude to those ob­
served from a (110)copper surface, the emitted Auger 
electron distribution is unique lo each surface. Com­
parison of the experimental observations with predic­
tions of a theoretical model that assumes isotropic 
emission at the atom site provides little agreement, and 
it is apparent that anisotropic emission at the atomic 
site must be involved. Absolute and relative changes in 
intensity distributions are affected by variations of 
either the primary beam energy or angle of incidence. 
AIv it is clear that the simple assumptions that have 
been made in at tempi ing to make Auger electron 
spectroscopy a quantitative technique are incorrect. and 
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ADSORPTION ON THE Cn <IOt> 
SURFACE: ANGULAR RESOLVED 

AES AND LEED STUDIES 

J. R. Noonar. D. M Zehner L. H. Jenkins 

Deierminaimn of ihe angular dependence of Auger 
electron emission from adsorbaie-tovered smgk-crysta! 
surfaces has recently been suggested as a useful means 
for ktcating adsorption sites.' This possibility is being 
investigated in a study of oxygen or sulfur adsorption 
on a Cu (100) surface, using low-energy electron 
diffraction (LEED) and measurements of the angular 
intensity distribution of emitted Cu *f , 3VV (62 eV) 
Auger electrons A (> / ! x 2>/2>-R45* LEED pattern was 
observed after exposures of a dean Cu (100) surface to 
0 2 ^ 500 L. Subsequent to exposure to sulfur (10 -
10* I H,S>. a more complex diffraction pattern, a (2 X 
2) with streaking followed by spiriting of the (kk * %) 
order spots, was observed with increasing coverage. In 
each case, either greater exposure or annealing only 
sharpened the observed diffraction patterns. The prin­
cipal effect of the adsorbates was to attenuate the 
emitted Auger signal and produce a small redistribution 
in the angular emission intensity, as illustrated in Fig. 
2.9. The data are presently being analyzed to determine 
if these types of measurements can be used successfully 
to identify adsorbate positions. Angular distributions of 
the adsorbatc-emified Auger electrons are also being 
studied as anolher possible method of establishing site 
geometry. 

I. D. P. Wnodruff. Surf. Sci. 53 . S3* (1975). 
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INVESTIGATIONS OF REORDERED SURFACES 

D. M. Zehncr J. F. wendelken 

For some t i n * it has been known that clean sur'aces 
of some single-crystalline metals, particularly those 
known to possess catalytic properties, undergo slrac-
lural conversions such that the ordering of surface 
atoms is different from that of the substrate bulk. Gold 
surfaces also are known to exhibit such properties, and 
since they can be maintained clean for long periods of 
time under reasonable ultrahigh vacuum conditions, the 
physical surface properties of gold arc being investi-
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gated using combined LEED. AES. and PICS tech­
niques. 

Although previous investigations1 have shown that 
the normal gold ( 1 X 1 ) surface structure on the (001) 
surface can be obtained by hwg-term exposure to 
atmospheric environment, a mom controlled methuu 
for producing this atomic arrangsment is desirable. 
Recent observations with a (001) platinum surface2 

suggested that mteractioR of oxygen w*th the clean gold 
surface nught produce the desired result. The conver­
sion of the reordered cold (5 X 20) surface structure to 
the normal ( I X I ) , as shown in Fie. 2.10. could be 
effected by bombarding the reordered surface with a 
1-fiA beam of 0 2 * ions at 200 eV for I hr L I an oxygen 
pressure of 7 X 10'* torr. Examination of iMs normal 
surface with Auger electron spectroscopy revealed no 
detectable contaminants. Exposure of the clean surface 
to molecular oxygen at pressures up to I 0 ~ s torr with 
sample temperatures ranging from 22 to 700°C resulted 
in no detectable adsorption or surface rearrangement. 

A clean (110) surface of gold was found to possess a 
( 1 X 2 ) surface structr : instead of the normal ( I X I ) . 
an observation in agreement with previous work. 3 

However, the ( I X I ) structure could be genrrated by 
heating the sample above 500°C. Upon cooling, the 
surface was observed to revert back to the ( 1 X 2 ) 
structure. Studies of the effects of oxygen ion interac­
tion with this surface are currently under way. and 
PICS measurements will be initiated when the studies 
have been completed. 

1. D. M. Zchner. B. R. Appkion. T. S. Noffte. J.W. Miner. 
J. H. Barrett. L. H. Jenkins, and O. E. Sctww II I . / Vac. Set 
TedmoL 12.454(1975). 

2. H. r. Boiuel. C. R. Helms, and S. Kriemen. fhyi. Rrv. 
I*tt. 35.1237(19751. 

3. D. G. Fedak and N. A. Gfostem, Acta MttaU. 15. 827 
(I967l. 

SOFT X-RAY APPEARANCE 
POTENTIAL SPECTROMETRY 

D. Kammer1 D. M. Zchner J. F. Wendelken 

A soft x-ray appearance potential spectrometer, sim­
ilar in design and construction to that of Musket and 
Taatjes,2 has been assembled and its performance 
evaluated and compared with the Auger electron 
spectroscopy (AES) technique. Some of the materials 
examined include gold, chromium, rhenium, and stain­
less steel. A major drawback of this technique is its 
inability to delect sulfur on these materials although it 
can be readily detected with AES. Another rvoblem 

with the particular design concerned sample heating 
which resulted from the high electron bombardment 
current ( 1 1 0 mA) required with this simple arrange­
ment. Surface conditions were frequently modified as a 
result of excessive heating. 

An extensive effort, including ion bombardment and 
high-temperature heating in both a vacuum and an 
oxygen environment, was nude to obtain a clean Cr 
(100) surface. Although the sample contained less than 
10 pom carbon, it was impossible to reduce the carbon 
concentration in the surface region below the deletion 
limits of both techniques. On the cleanest possible 
surface the intensity ratio of the carbon L 3 to L 2 

transitions was found to be almost 3:2 and not 1:1. as 
reported by Park and Houston.3 It is believed that the 
re&son for this difference is connected with the stainless 
steel photocathode used by Park and Houston 

1. Oak Ridge Associated Unrmatiei faculty research partici­
pant from Albion Couege. Albion, Mich. 

2. R. G. Musfcel and S. W. Taatjes. J. Vac. Set Techtoi. 9. 
1041 11972). 

3. R. L. Park and J. E. Houston. Phys. Rev. B 6, 1073 
(1972). 

NEUntON-SPUTTERING YIELDS FROM 
COBALT. NIOBIUM. AND COLD 1 

L. H. Jenkins J. F. Wendelken 
G.J. Smith2 M.J.Saltmaish 3 

High-energy neution-sputtering yields have been 
determined for cobalt, niobium, and gold using a 
neutron source based upon the *Be{dtn) reaction which 
employed 40-McV deuierons from the 0RIC to obtain 
neutron fluences * 1 0 ' * neutrons/cm2. 

Using the experimental arrangement previously de­
scribed.4 two experiments have been conducted. In the 
first, graphite catcher foils were used because of their 
high purity and lack of activation products. In the 
second, polished silicon wafers were used as catcher 
foils in order to facilitate SEM ixamiiv.uons for 
"chunks'* of material ejected from niobium targets 
supplied by groups at Argonne Nati-Mial Laboraiorv 
( A N D and Battellc Pacific Northwest Laboratories 
(PNLi. 

From data collected in the first experiment the 
neutron-sputtering yields of cobalt, m.ibium. and gold 
were determined to be in the range of I 0 " 5 to I 0 ' 4 

particle per incident neutron. Careful examination of 
the collector foils from the second experiment showed 
no evidence for "chunk" emission from any of the foils 
supplied by either ANL or PNL. 
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1. Summary of piper to be published 
2. Prcjem aMnru: Brooklovcn National Laboratory. Upton. 

Lone tsbad.Ncw York. 
3. PhyacsDmuoo.ORNL. 
4. L. H. Jenkins. T. S. Nofgk. R. t. Red. M.J. Sallmanh. 

and G. J. Sown. AppL Mix Lelt. 2*. 42b 11975). 

OPTICAL. ELECTRICAL. AND MAGNETIC 
PROPERTIES OF HIGH-

TEMPERATURE MATERIALS 

AN APPLICATION OF ELECTRON PARAMAGNETIC 
RESONANCE SPECTROSCOPY TO THE 

MEASUREMENT OF DIFFUSION 
RATES: Ma2* IN MgO 

Andre Chatelain1 R. A. Weeks 

The electrical resistivity of an insulating crystal is 
determined by the concentration of vacancies, inter­
stitial* (Le.. the stoichiometry af the crystal), and 
impurities. In many cases, charge is transported through 
a crystal by these defects. Thus, it is necessary to know 
the diffusion rates of mobile charged defects in order to 
determine their contributions to charge transport. 

The most abundant impurities usually present in 
insulating refractory o.xides are elements from the first 
transition series. When present in insulating crystals at 
low concentrations, these dements are usually present 
in valence states which have net magnetic moments. 
Consequently, electron paramagnetic resonance (EPR) 
spectra can usually be detected.2 and the integrated 
intensity of any species* spectrum which is proportional 
to the number of ions in the crystal can be used as a 
measure of concentration of that impurity. For the case 
of diffusion of Mn** from the vapor phase into an MgO 
single crystal, the time rate of change of intensity of the 
Mn}* EPR spectrum can be used to measure diffusion 
rates. 

The solution of the diffusion rale equation for a plane 
sheet sample geometry (used in the experiments de­
scribed here) has been given;3 for small limes and for 
the case in which y/Dt!lx « l . then 

•V(M Ao 
SIC, C„) 

( I ) 

where jV(f) is the number of Mn2* ions in an MgO 
sample at lime I, \'0 is the number present in the sample 
at / = 0, („ is the concentration at / = 0. C, is the 
concentration of diffusion species at the surface of the 

sample. 5 is the surface area of the sample. Ix » one-half 
of the sample thickness, and D is the rate of diffusion. 

The bPR spectrum of an ion in a crystal is determined 
in part by magnetic dipole-dipole and exchange inter­
actions between the ions.4 Assuming that the ions are 
randomly distributed in a crystal, these interactions 
alter the spectrum when ion concentrations are greater 
than 0.1 at. 7 . For example, foi ,jn concentrations of 
0.05*7 or less, the spectrum of Mn2* in MgO consists of 
30 lines, but for ion concentrations oi~ 0.2*3 or more 
there is only one broad line.5 In a first-order approxi­
mation to the case of Mn"* diffusing into a planar 
crystal of MgO. the spectrum that will be observed will 
consist of two parts, one due to the interior of the 
crystal, in which the concentration is less than O.I'*, 
and one due to a region extending from the crystal 
surface to that region in the crystal at which the local 
Mn2* concentration is about O.I'T. Of course, the 
transition from one spectral component to the other is 
a smorth function o( the concentration but does occur 
beiween 0.05 and 0.20T. Figure 2.11 illustrates ihe 
geometry for thb two-region approximation. The 
dashed line labeled f\t\ identities the plane at which the 
local concentration changes from <0.l'7 to X) TV This 
definition of the transition is a mathematical constraint. 

It is assumed that the concentration of a diffusing 
species Ct at 7, and *lx is greater than f'„: that is. C, 
» C„. Hence the high-concentration spectrum is due 
to the diffusing species in the regions lx to *1')and 
£</> to +/r and the low-concentration spectrum to the 
species in the region / , • elM to !x fit). The total 
number of diffusing ions is given by X\t) - S^t) * 
\,\(r). where the subscripts 8 and .V refer to the high-
and low- concentration regions respectively. For small 
times lie.. 2y/Di/I% « I), then \B(t)» Yv'/>and 
Eq. t l ) is appropriate, for which ,V(r) % Ntfrh The 
contribution from the low-concentration region can be 
shown to be 

\yU) 2C„SX\IX (U)\ 
V,(C, C„) 

= <h/Di/'n cxp IflO/VTJrV 

~ y/n/Di erfc ({iM2\f5i (2) 

exp 

| | 2 / , t[r)\l2y/Di\y/ii eric |2/, t(r))l2y/Dr\ 
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In ail c a » considered here. VflfTT;« I and / x » c . 
and hence 

• V y l f l N , 

SxiC, - C.» 

= .*VDf7*|expt » : > pv** «•"«•" l»|. <*> 

where p = fti}/2i/bT. a dimensioning quantity. Abu. 
the concentration at the boundarv e can be calculated 
from the rebtiop 

Qft ~ C, erfc p * comtani. 

since C, and p are constants. If the derivation is valid, 
then it would be expected that C\d * 0.1 f. 

IH BEG.ONS J, 2 > > i , - « i » 
-J.i.t'1, • < H, 

Mr CONCENTRATION 3u">OENT 
*0*> Mn2'«-»MK?*MAGN£TlC : N T C » * I C ' 0 » . S 

!N R£G<0NS - / , • « it; < • < i , - < i t . 
Mo CONCENTRATION INSuFFiOENT 

I 

-H » H-
r - i ; ° : i 

! ! ! ' 

« ( t ) c(f> 

21. 
fig, 2.11. SchMMk wu/iw of suwpte aw—try far umV 

* M • a uwmr ssmflv at nudum* * , . TV <b*«d hwn 
judical* punu in ihr sample acrmt winch ibr cnncrMratinN of 
M** cluwuri from haft cnMreMratinn ixi.l ai. '") in km 
coftcrMnlimi ««r«.l ai.';». 

The diffusion of Mn2* nto MjO smgte crystals was 
accomposned by srabng single-crystal pbteiets in evac­
uated quart; tubes contaming manganese metal parti­
cles and beating in an electric furnace for inrreising 
times at a particular temperaiure. Since the EPR 
measurement was nondestructive, the same sample was 
used for a l the measurements at one temperature. The 
diffusion into the samples occurred by deposition of 
mwigantie vapor onto the surface of the .unptes. As a 
first approximation, it was assumed that oV surface was 
covered with a monolayer of mangancae atoms. With 
this assumption, the value of C, was equai to the 
density of manganese metal: that is. C, * K.I X 10 s* 
c m \ 

Single crystals from two sources. Norton Company 
and Abraham-Chen.* hnth grown by the arc-fusion 
method, were used. Impurities in these crystals were 
measured by flame spectroscopy: in the Norton crystal 
the sum of the impuntics was C400 ppm. and in the 
Abraham-Chen crystal it was <I20 ppm. Both spevi 
mens contained Hn :*. but the concentrations differed 
greatly. The values of C» measured by fcfR spectros­
copy for the samples used in these expehmenls are 
given in Table . 1 . The absolute error in these meas­
urements is iMT'. while ihe relative error is iYl. 
Sample dimension* were approximately 0.1 x 0.3 X 1.0 
cm. In evaluating D. corrections to S, were incorpo­
rated to account for the fouf cage surfaces. 

Diffusion anneals on samples of both crystals were 
made at four lemperai-jres and four tunes up to 7 x 
IG* sec. The Jala arc given in Table 2.1. and in Fig. 
2.12 the diffusion rates are plolled v* I T In Table 2.1. 
the value grven for D at each temperature i* an average 
of che values U* each sample. The value* pven for p 
and (\t I could he Jeiermmed only fr«*n data on the 
Amartam-Chen samples. 

Within the error of the measurement, p is » conslant 
with a value of 2.M * 0.O4. and Or I ah., ha* a constant 
value to withm • 12*V. The value of (If I is in agreement 
wiih measuremenit on the concentration dependence of 
the spectrum of Mn "" which show the transition fn>m a 
low-concenlratMm spectnim to a high-conceniraiion 
spectrum occurring at about 0.2 wl T.' 

In Fig. 2.12. the slope of ihe curve la least-squares fit 
o( the function In D « In 0o A k T. where A is an 
activation energy, k is ihe Bolt/mann constant. and 7" is 
temperature I gives a value rY • 2.10 • 0.25 eV. The 
diffusion constant is D, * 4.f» X | 0 * • . to; cm :/sec. 
Measurements at two lemperaiures on manganese-
metal-pialed samples gave values of D which are also 
plolled in Fig 2.12. For these samples, *.' has the »ame 
value, bui P, is ipprotinuiely three times as large as 
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TaUe2 . l . OMaoudMhtswa rates«( Ma 
• MgO *•*#** crystals 

r 
i t ) 

: ' 0 I Norton 1 
1 spins/cm A ) (spins/cnv*) 

D 
(cm*/seel 

P no 

1223 
1313 
1403 
J5II 

4.65 X 10'" 
4.37 X 10'* 
4.63 X 10'* 
4JXX 10* * 

5.67 X 10" * 
5.50 X 10'* 
5.30 X 10'* 
5.78 X 10" 

I X 10 " 
4.2 X 10 , 4 

1.4 X 10"" 
4.3 X 1 0 " 

2.34 
2-2K 
2JV 
235 

0.15 
O.IX 
017 
0.14 

4.65 X 10'" 
4.37 X 10'* 
4.63 X 10'* 
4JXX 10* * 

5.67 X 10" * 
5.50 X 10'* 
5.30 X 10'* 
5.78 X 10" 

I X 10 " 
4.2 X 10 , 4 

1.4 X 10"" 
4.3 X 1 0 " 

2.32*' 
±004* 

0-I6* 
±O02* 

'rms value . 
*im* devudon. 

9 K - 9 K rj..nm» 

* - ¥*#C» 

t - > - . . 

« * * 

5» 

) «M air-uSiO* cot***!**- • 

["««sa.u*£ £ima» 
3 V » *vo*> 
« M* H.**£0 ON SAW**.' 

a-DO o-so 

Fit. 2.12. - J ^ M M rate ***-**•*«-MgO i ass 

0*90 

ori/TTK). 

the values for the vapor-diffusion experiments. We 
suggest (hat this higher value of D9 indicates that the 
value assumed for C, in ihe vapor diffusion experiment 
tf loo large and that the surface of the MgO crystals was 
not covered by a complete monolayer of Mn1*. 

The values for f and />» cakuJafed from these 
experiments are larger than those reported by Tagai et 
al.' using electron-microprobe techniques for measuring 
concentration profiles. They give values A.' * 1.2 eV and 

D0 * 4.1 X lO"' cm1/sec. For some divalent ions of 
the first transition series(Co2*. Fe*\ and Ni*">. Weunch 
and Vasites" found 1.8 < £ < 2.1 eVand I J X I0~ 5 < 
Da < 5.78 X I0" s em'/sec; the measurements reported 
here are in reasonable accord. 

I . Summer re-eardi participant from F.cok fot-rltcl»»iqye. 
Latrtannr. Switzerland. 
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OXIDATION OF ELECTIIIC f̂fLlMIEDUCED 
MgO SINGLE CRYSTALS 

J.C.Rgg R. A. Weeks 
K F. Kdton1 

Application of electric fields (500 to 2000 V cm) 
through pblinum elecirodes to MgO single crystab 
containing impurities from the first transition series of 
elements reduces the valence state of these impurities.2 

For example. Fe* is reduced to at least Fe3*. Direct 
evidence of the presence of iron in the 2* state has not 
been obtained, and its presence is inferred on the bass 
of the experiments described below.2 These reduced 
valence states are oxidized if the reduced samples are 
heated in air in the absence of an electric field. 

The effect of isochronal anneals on the intensity of 
the charge-transfer band of Fe3* at 2850 A and the 
absorption at 2400 A is shown in Fig. 2.13. After 
treatment in an electric field, no band is resolved at 
2850 A. and a small band rem.-uns at 2125 A. where 
previously the sample had been opaque. At 
temperatures in excess of 1300*K. bands are resolved at 
2800 A and 2125 A. which increase with additional 
annealing. Using the absorption coefficient of an 
untreated crystal cut from the same ingot adjacent to 
the crystal treated by the electric field as a*, it is 
evident that for temperatures above I640°K the 
concentration of Fe** exceeds that present initially. 
Since the slope o» the curve drawn through the data 
points is approximately constant between 1450 and 
I675°K. the highest temperature reached in these 
anneals, it is evident that anneals a* higher temperatures 
wiH further increase the concentration of Fe3*. 

Data for the recovery of the 2850-A absorption band 
for two temperatures are plotted in the usual way in 
Fig. 2.14. The same value for a* was used as that in Fig. 
2.13. There is considerable uncertainty in the values at 
2850 A for values of /I Jo) below 0.4 due to the 
presence of the strong band at about 2125 A. which 
appears to recover in the same manner as the 2850 A 
band. 

It is clear from the data displayed in Figs. 2.13 and 
2.14 that the growth of the absorption bands is not a 
simple process. Activation energies taken from the 
isothermal curves3 increase linearly from 1.5 eV at 
A&a) = 0.4 to 3.9 eV at flAa) = 0.9. This is similar to 

400 900 *00 

Fvj.2.13. 
ofaactaoaal 
for 100 hr. 

no no too woo noo ooo QQO 
•natnjnc TrjnWWTuni m i 

O00 MOD 1700 

Fractional 
' Of I4jff nalani 

coeffiriraf at 244» and 2SS0 A of a snrtroa of Mated MgO crystal a* a taction 
47» to 1*70*11. T V irealnteni of the crystal was ft"» 1000 V/cm.900< T <. 12W Cm air 
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the range of activation energies measured previously for 
electrical conductivity .* ~ * 

From measurements of the intensity of the bPR 
spectra of Fe** in sites of cubic symmetry, the 
concentration of Fe 3 * in these sites was deduced. Data 
for the fractional char.ge of these sites are also si.-mn in 
Fig. 2.14. It is evident from the fcPR measurements that 
the saturation value of the Ft** concentration after 
anneal exceeds ihr initial concentration as measured in 
the untreated sample. The Fe 3* sta:e generated in this 
manner does not bleach wher exposed to room light, as 
does the irradiation induced Fe** stale in the treated 
sample.5 

Healing an untreated sample in air at these 
temperatures increased the Fe** concentration by 
< l f / > . while after the electric field treatment and 
subsequent anneals in air in the same temperature range 
increases of *•}&*• were observed. This effect indicates 
that the movement of the charge carriers through I he 
crystal had increased the concentration of entities 
which, alter oxidation, can compensate the excess 
charge on Fe**. Although the concentration of Fe** is 
greater than il is in the untreated crystal, if is still less 
than the total concentration of iron as measured by 
either flame spectroscopy or x-ray fluorescence 
analysis. Hence some fraction of the iron still has a 
valence less than M . 

at two The irealmml <n laeirystol w » A = 1000 

t . OR.M3 underjaaduate nrtearch mince from Arkaasa* 
Polytechnic Cnhwruty. RaswfhiaV. Ark. 

2. R. A. Weeks. J. < . Hf f . L. t). Hok l l . and K. K Ketlon. 
"Redaction ol F e > in M*0 Single Crystal* by Apptocal»>n »f 
Hecirs: FiriaV* thi< report. 

3. A. ( . Damask and G. J. Dicnev p. 146 m Pnmt Dfffflt m 
Mrub. (inrdnn and Breach. New York and l.nnd»n. 19*3. 

4. S. P. Mi t« f f . / Ottm. / *»«. 31.12*1 119591. 
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6. S.P. Mi lo l f . / fV-.-:. .*!:•:< 33.941 (19*0). 
7. 5. P. Mil irff . / Chrm. l+vt. 3*. i.WJ 119621. 
K. S. P. Mrioff . / Chrm. flkit. 41 . 35ul 119*4). 
9. R. A. Weeks and i . t". Pit*. .W?J 5f«.v Ore. Aunu Pm*. 

ftrp. Pf,-. 31.1974. ORNI-502«. p. 73. 

REDUCTION OF Fe3* IN MgO SINGLE 
CRYSTALS 1Y APPLICATION OF 

ELECTRIC FIELDS 

R. A. Weeks 
J r.prgg 

I. D Hulcti' 
K.F.Kel ion : 

Magnesium oxide crystals, grown by ine arc-fusion 
technique I Norton Company), have been subjected lo 
electric fields (500 to 2000 VVm) at temperatures in 
the range 'TJ0 to 1200°(. in air. for periods up to 150 
hr. Optical and electron paramagnetic resonance (fcPR) 
measure men Is have been made before I real mem and as 
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a function of posilioR in the sample with respect to the 
positive and negative electrodes after treatment. 
Principal impurities present in these crystals, in pom. 
were Fe ( 125>. Mn (10). Ni (10). Cr I 15). V <<5). Ca 
(65). Al (10). Si (10). and Z r ( i O ) . On the basis o f a 
comparison of the amount o i iron measured by x-ray 
fluorescence spectroscopy with the amount of Fe 1* 
deduced from fPR and optical measurements, 
approximately 20'* of the iron present in the untreated 
crystal was in the • 3 valence state, a major fraction of 
which was located in repilar octahedral crystal sites, 
hut some of the Fe** was in noncubtc sites. Before 
treatment, the F.PR spectra of the crystals contained 
components due to the presence of M n : \ Cr 3 *. and 
V : * ( re l .3> . 

After lengthy application of an electric field at had) 
temperature, the crystals were cut into dabs whose 
faces were perpendicular to the direction of the electric 
field. These slabs typically were 0.1 cm in thickness, 
and between eight and ten slabs were obtained from 
each sample. The curves in Fig. 2.15 are the absorption 
coefficients vs light energy before treatment, after 
treatment, and after irradiation in a , 3 7 C s source. The 
two bands with peaks at 4.3 and 5Ji eV are 
charge-fiansfer hands4 of F e " . The decrease in the Fe 3* 
cjnceniraiion following treatment, indicated by the 
decrease in the charge-transfer bands, was corroborated 
by KPR measurements. The Fe 3* conceniraiHm was 
reduced to <0.05 times the initial concentration. As 
can be seen in Fig. 2.15 and corroborated by fcPR 
measurements, the concentration of Fe 3* after 
gamma-ray irradiation was about half the initial 
concentration. Increasing the radiation dose above 19* 
R did not increase the Fe 3* concentration. This 
enhancement could be either bleached with ambient 
room light or annealed at room temperature over a 
period of about 24 hr. 

In samples healed to the same temperatures under the 
same conditions, but without the electric field, the 
concentnlion of Fe 3* increased by <\iYl. Irradiation 
of these samples with gamma rays to the same dose as 
the treated samples did not alter the Fe 3* concentration 
to within the accuracy of the measurement. 

The concentration of iron measured with an x-ray 
fluorescence spectrometer was the same before and 
after treatment to within the accuracy of the 
measurement ( • 10** relative). 

On the basis of these experiments, we tentatively 
conclude as follows ( I ) T h e crystal K reduced by 
healing in an electric ftel<*. the reduction being 
indicated by the decreax in Fe 3* concentrations 
(2) Approximately 50-* of the initial Fc3* can be 

regenerated by gamma-ray irradiation. The regenerated 
Fe 3* is unstable. The enhancement of Fe 3 * 
concentration after irradiation is attributed to an 
excitation of an electron from Fe 1* ions and the 
trapping of the electrons in shallow traps. (3) The Fe 3 * 
which is observed by FPR spectroscopy after treatment 
and after gamma-ray irradiation occupies crystal sites 
similar to those occupied before treatment. Hence, the 
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alterations in the crystal produced by the electric field 
Jo not appear to affect the site symmetry of an 
impurity such as iron. 

I. (iKmKtrt l>l*iM»n.ORSl. 
'. OR.Al" aaietnjiiuiir tmrart.il irainc* ln«n Arkansn 

PotvKvhnii- University. RiruHMk. Ark. 
3. I.».Oft*, chap. 11 in tlf,mm ParamttPtt-ri, Rrm—tmr. 

IhftV fr»4u Lid.. ISfc*. 
-.. R. »". Stvihta. V J. Dekkrt. JIMI J. P. Sinm/. /. ftx. 

Chrm. SoiiJs 5. 23 I l<»5H». 

PRODUCTION OF POINT DEFECTS IN 14.X-MrV 
NEUTItON4Rlt AMATED MfO' 

Y. Chen M. T. Robinson 
MM. Abraham J. B Mitchefl: 

R. A. Van Konynenburg2 

Magnesium oxide is an ideal host to study the 
characteristics of the radiation damage resulting from 
fusion neutrons compared with th«*e resulting from 
fission neutrons, because many of the fundamental 
point defects in MfO have been identified using optical 
and magnetic resonance spectroscopy. Quantitative 
measurements of the various type* of defects are 
therefore readily accessible. In this riudy. high-purity 
MfO cry-stab grown at ORNL were irradiated in the 
LLL l4.*-MeV rolaling-urget neutron source (RTNSi 
to doses varying from I.X X i o " to 5.7 X | 0 , T 

neuirons,'cm;. The optical absorption spectra of these 
cry-stab resembled those irradiated m fission reactors 
and exhibited hands principally at 4.*>5. 3.5. 2 J . and 
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I J eV. as shown in Fig. 2.l*». The band with the largest 
absorption coefficient, that al 4.45 eV. H due to anion 
vacancies. The hands at 3 5 and 1.3 eV. attended by 
/ero-phonon lines at 3.430 and 1.1x7 eV respectively, 
have been attributed to different optical transitions of 
anion dhracancies. Our investigaiHHts indicate that the 
net production rates of the point defects resulting from 
irradiations with I4Jt-MeV neutrons •»:«• about twice 
those resulting from fission rteu'rons m the Oak Ridge 
Research Reactor lORR). as shown in F«e. 2.17. This 
ratio is in reasonable accord with theoretical estimates 
eased on damage energy calculations. 

Fig. 2.16. Optical sptcin ni an MgO crystal i 
l4jl-NrV Rcarmn* to a rnwnrt nt 5.4 x 10* mtmlmmJfm 

1, Smmmuty of Joacr: KtMrtmrn Hf<\ n jnj Tnimm 
/>i kmiktfv far Ftntm Rrmchn. rd. In' I . **. Wtffrii jwt J. S. 
Walwn. FRDA rrpo-l fOM-- 7W4W. Oak Rriev. fnm.. m 
pre**. 

2, FUwrnicc liwrmtorc Latnratnrv. I n m n m . ( jfcf. 

OPTICALLY DETECTED PARAMAGNETIC 
RESONANCE OF DEFECTS IN taO* 

F. A. MndW Y. ("hen 

There has been long-standing interest in BaO because 
its eke ironic pmpcrlirs have found us«ful appikatii>n 
in oxide-coated cathodes. These pioperlies have always 
been attributed to defects that donate electrons, but 
only recently has progress been made toward 
identifying these defects.1 Although several defects in 
BaO have been revealed by their optical spectra and to a 
lesser extent by their paramagnetic resonance spectra, 
their identities have been much debated. Most of the 
controversy has concerned the identity of the defects 
giving optica! absorption bands al 2D and 2.6 eV.'-* 

http://tmrart.il
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bach band has been variously assumed to the 
one-electron F* and the two-electroR F center. 

An optnaly delected paramagnetic resonance study 
was undertaken to esuMBR conchrsnth the identities 
of the defects winch produce the optical bands The 
study utdi/ed a microwave-optica! d-juMe-resonance 
technume that detects the changes in the mafneticany 
mduced circular dichrotsm iW. Dl of an optical band 
resulting from the ground-state spuHemperature 
variations caused by resonant microwave absorption. 
Figure 2. IX shows an optical? detected resonance 
spectrum measured for the largest dichrotsm peak of 
the 2-eV tiptical band. The F*-center tl*R spectrum* rs 
dearly revealed. The brer central bne derive* from the 
3Kfi of the centers that hare no neighboring magnetic 
isotopes. Hyperfine hnes are *!s«» seen. Thr b.ies 
mdkaied on the figure derhre from the 4C? of the 
centers t w i g only one near-neighbor magnetic isotope 
(/ = 3/2 S. eilhei ( .^abundant "*Ba or 
11 J^abundant ' 3 ' t o . Many weaker unresolved lines 
can be attributed to centers with two or mare magnetic 
isotopes. However, the spectrum abo exhibits 
prummem linn not attributable to F* centers, notably 
one near X.63 kC and a paw flanking die central hue. 
These hues are associated with other defects. They 
appear because the optica) bands of these defects 
underbe the F* band and because of cros-rctaiafiop 
processes. 

Thr bands that underlir the F* band were revealed by 
measuring ihermatH annealed crystals. A short anneal 
at I50*C removed about **51 of the t" centers, and the 
spectra of defects having greater thermal stability than 
the F* center were better resolved. Optical spectra 
showed weak overlapping absorption bands at U . I .7. 
2.0. and 2.6 eV. The optically detected paramagnetic 
resnnance spectra measured at the dkhrortm peaks ot 
these bands are shown in Fig. 2.19. Hyprrfine structure 
is unresolved in these weaker spectra, but three stronger 
lines are dearly delected. The center line has* - l.°35 
* 0.002 and is a remnant of the F'-center spectrum. 
The lines fbn&es the F* line werr revealed as due to 
<I00> axial defects by standard microwave absorption 
measurements. Actually, the axial lines belong «o two 
auai sets. The low-field Ime is a doable perpendicular 
with g * I <U0 * 0.002. The higher field Ime is 
composed of Ihe parallel line of this set with t% = I «».H) 
• 0J002 and ihe superimposed double perpendicular >»f 
anrlher set with*, * I °.M) • 0.002. The parallel line of 
this other stl has jr ( = IJW6 • 0.002 and is al a higher 
field than measured in ihe optica! spectra. 

The differences in the optically delected spectra 
reveal the origins of the optical bands. The M0-nm 

dKhrotsm peak *4 the 2-eV hand •*©** the strongest 
respunse to the center Ime. reaffirming its assignment to 
the F* center A relatively stronger respimst to the 
axial hnes is f<und lor the SH D peak at 720 and -MO 
nm. implymg that the I.?- and 2.n-eV hands are 
associated with the axial defects. The peak at N00 tun 
conelaies with none of the strong hnes bu; displays a 
broad decrease at about H.Wt k t which probabK 
correiates with an bPR line that is too broad to appear 
m a nucrowave absorptiun-drrrvatrve spectrum. 

This study eumiaaie* furrher doubt regarding the 
•denary of AV F and F' hands m BaO The 2.0-eV 
band is due to the F* center. The 2.6-eV band is due to 
an ZXBI defect and is. therefore, neither the F nor the 
F" hand, although it may hr due to an axial variant of 

f'%. 2.1*. An «n>ucan> nnuvtu samnmrncuc 
•anaB-vkwjMnui M ^ M W * n U AT* ^^nkavawJI IJ^BB ^ H J L H A ^ ^ -"{•MWtJull an««pWff«a*| nTJT r (WWtmm vVJPr S w N uTyftWnvuvnT 

• 3 M *? tM m» t o *i 
•MSftKTlCFClOUCl 

Fb> XI*. Optkjny dtftrMw fn i iu jufc mowmct sprcvn 
tMnnTMM ftftVf ft uWffTMl ftMvfftf f > VJVKIUPV Wtt r X9Q/9K9 
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the #•'* center Moreover, other imesiigaior*"* have 
recently nude J weH-hased assignment >4 ihe f " hand ai 
2-5 eV. and i l l questions regarding these hands arc. 
therefore. resolved. 

I . Si wmjis ill pupn !•> br poMnfccd. 
: . S. H. Rote and t . B. Hra*k>. / * i v #T<r. / , • » . 29. H«>l 

« l«?* i . 
i. r. J. turner. W««/ Star Commurt 7. 635 i l < M l jad 

MtCmKXv InYfeW. 
4. P. O. Tt»OTBead jad J. ( . K d v . <".*•«/ ( , « / r n anJ 

Importer turn* m ImuUl'trt *tJSrimnmJl$*lm. Cu«f RuvuL 
jnd( .> . . V * V « l . 1*7?. 

5. K. K U M M . 1 . V. Hi4r.>>d. and D. I . ( ' . m a n . M i v Sutuy 
Snlhh 33.391 l ! •» •> . 

M A C N E T O O m C A L STUDY OF f" 
CENTERS IN M f O a a d t o O ' 

F A.Modme R * Major" 
Y.Chen 

Magneto-optical spectra of neiiron-irradiaied MgO 
and BaO have been studied in order t o complete a 
spectroscopic investigation ot the properties of §•" 
centers in alkaline-earth oxide crystals Optical 
absorption and magnetic circular dkhroism I M C D I 
measurements were made in order to verity the optical 
band assignments and to determine the spip-orbit 
interaction between the excited e lec t ro and the lattice 
ion cores. The results i re pertinent to the understanding 
of delects in oxide materials. 

Spectra of the f" center were more difficult to 
resoh/e in MgO and BaO than in the CaO and SrO 
crystals investigated earlier.* Other spectra overlap the 
h" hand in both cases. For MgO the problem was solved 
by using very high purity crystals thai were especially 
low in impurity Fe **. which on i r i bu ted most ol the 
difficulty. In BaO. itvcrlapping spectra are contributed 
by other irradiation-produced defects, and a complete 
.csolulkm o f the /^"-center spectra was not possible 

Spectra were analyzed by the method of moments.4 

In the BaO case, the strong overlapping spectra 
necessitated an approximate analysis, and only the 
lower energy portion of the spectrum was analyzed. 
The spin-orbit splittings in the unrelaxed optically 
excited states were found lobe IK t j c m " ' for MgO 
w d .WO » I'M) cm ' for BaO. Both results are in 
surprising agreement with values previously obtained 
from less accurate Faraday rotation IFR I 
measurements.5'" Although there is no basis for 
disagreement between MCD and I R results, agreement 
could not he foreseen. Prior to ihis investigation only 

disparate MCD and FR results lor the spm-orbit 
spblimgs m CaO and SrO had been obtained.' Foi 
MgO. higher mcnenis ol the spectra could be aiuly/ed. 
and they m p h an optical bandwidth predominanily 
conirihuied by rtonculHc \z—ve modes. 

I . Summjrv -t p jpn ••• tv pttMhhnl. 

*. On kraw How I nnefMI> - J Rk-tun»ml. RKtnn»ml. \'j. 
.». I . \ . VjKdiw. R. W. XLt.«. \ . fhen. ja>i I . \ l . » * » m . 

* * J SUIT iln. Annu. !>»>*. Krp. / V . . «7. /<• V ( H t M -5«2X. 
p. 7X. 

<l. I . I I . H m n . S. ». Vhn j i .n lv . jml «". P. SkhrrT. /Km. 
Krr. 137. 45K3«I*»5). 

5. J. ( . kVmp. I . t . Chrne. f . I I . I/en. JI»J I . A. M«dinr. 
/ * • v K.v. 179. XIK 11«••»I. 

fc. R. <;. ftcvicni. R. (". ( j w o r u . jnJ I . <". Hunter. 1. Phi ». 
( V m . S-iiJ% 29.IV?(I«»W>. 

EFFECT OF M A S T I C DEFORMATION ON 
HOLE-DEFECT FORMATION IN MgO' 

Y. Chen L. C. T-mpleton 
M. M. Abrah-m t . Sonler 

Prevnws investigators have shown thai plastic defor­
mation causes the intensity of the J..»-eV I rapped-hole-
center band in MgO to increase, fhey interpreted this 
increase in terms of formation of new vacancies. Our 
present study indicates that the de'ormation-induced 

M - M n-if. 

\*>Y> UV MOC MOO 
» » v f '»JW** Urn- ' i 

F ^ 2.2IX Infrafed adsnrnffimi nf a kvdfnnjM*eoiitainillg M^t) 
crysul after (aI antncMint. </>» pumm tnMulwm. i<> derVmna-
lirMi «o tjh'i. and <</) gMMM imdnti im. 
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increase occurs only in hydrogen-containing crystal* 
hPR ami t-NDOK ie\ulis have shown ihat im such 
crystals, the increase i> aimost exclusively due to the 
increase »l I \ | (fciieai configuration \V~ <)" |Mg 
•. jcincv | (> I ^nd I o n tconfigursrion O- |Me 
vacancy | H"() : I centers. For the i W <»l r , ,n cen­
ter*, we have »unher Seen able c<> show by observing 
the mtrared Oil stretching vibration at .?.*?.• cm"' 
< I'OH sites) and .s2*>r» cm ' I »' 0 |i site*), shown in Fig 
2.JO. thai the numt>er oi I ,,u cc-nters increases at the 
expense of the !<>» centers and that no new 
hydrogen-avMrCiated vacancie> are formed by deforma-
titin. The increase in the optical hand is. therefore, due 
to impurity -associated vacancies present before defor­
mation, t-nr hydrogen-tree crystals, deformation does 
m>t increase the l't and I A ! concentrations, jnd 
furthermore no I' <»r I"" centers could be detected. 
Hence we conclude that in hydrogen-containing crys-
."als. deformation stimulates the conversion of existing 
vacancies to their trapped-hole counterparts, the ' \, . 
I ,,!,. jntl I ^ centers. 

I. Sumnury ot paper to he published. 

LUMINtSCEXiE I* DEFORMED 
MgO. CaO. and SrO' 

Y. ("hen T. J. Turner 
M M Abraham < M Nelson' 

Plastic deformation in the aUaline-earlh oxides pro­
duces optical absorption hands, the most pronounced 
of which occurs at 5.7 eV in MgO. 4.h and about 5.K eV 
in CaO. and 4.1 and about 5.0 eV in SrO. Fxcitation in 
these energy regions generates luminescence bands, with 
peaks at 2.'» tviolet). 2.6 (blue), and 2.5 (green) eV in 
MgO. CaO. and SrO respectively. The dependence of 
the emission spectra on temperature »"•' on anisotropy 
give clear indications that multibands ate involved. The 
visible emirv.on provides a convenient means ot ob­
serving slip systems without artificial decoration tech­
niques. Correlation between emission intensity pattern 
and dislocation etch-pit density has been demonstrated 
in MgO. The luminescence effect permits an instanta­
neous and clear observation of gross imperfections as 
they are being formed in a solid. ci:her on she surface 
or in fhe bulk, so that the dynamical proceives of 
dislixation interactions can be studied. By monitoring 
the emission intensity as a function ol stress and strain, 
such as shown ir. Fig. 2.21, it was found that the 
delec(.> responsible for the emission are formed at fhe 
onset of plastic deformation. No observable emission 

V%. 2.21. Intrmil) of hraMmreace tapper CMVC) a*d aacar 
sues flower carve) as a fmmcuo* of coMpmaJoa « M a CaO 
crystal anaer attrarinlrt rxcitarJo*. I'pprr abscissa represents 
wanning time l»r both turvev 

was detected prior to compression, and emission did 
not lake place during the initial phase of compression. 
Luminescence began to take place when the stress-strain 
curve deviated from l«r*3rity. as indicated by the 
vertical dotted line near the 1" compression mark. That 
the luminescence intensity was not enhanced in the 
linear portion, which has previously been attributed to 
the elastic region, is evidence that the luminescence is 
due to intrinsic defects induced by plastic flow. As 
cracks developed, evidenced by the spontaneous de­
crease of the shear stress with presumably more delects 
being formed, the emission intensity increased corre­
spondingly. 

\. Summary of paper: Phil.n. Mag. 32.99 »I975». 
2. Wake lore*! University.Winsion-Salem. SX". 
3. rmory and Henry Cofkft. r'mnry. Va. 

THE USE OF SELF-TRAPPED HOLE-CENTER 
EPR SPECTRA FOR DETERMINING CRYSTAL 

PARAMETERS CONNECTED WITH THE 
CUBIC-TETRAGONAL PHASE 

TRANSITION IN RbCaF, 
K. Sonder' I.. F. Halibnrlon: 

If is now well known* * that RbCaFj. which has a 
cubic pcrovskile structure al temperatures above 200°K. 
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underg»»es a phase change and becomes increasingly 
tetragonal as the temperature is !'.»»ereJ fccloi* r'"» k. 
I p<>ii ci>ohng through the critical temperature, single 
crystals de%ek>p domain* whose unique axes are usuall-
aligned along two of the original - UK)1 aves. It ha> hoe." 
shown that the ietragoiul symmetry oi a domai.i results 
Irom the twisting oi CaF» ojlahedra about the tetrag­
onal axis.3 

Irradiation oi RbCuF* at Km temperature (tor 
example. 15 mm at ">'K in a It^R hr 1 3 * f s gamma 
source) produces an (PR spectrum thai can he identi­
fied as being due to a sell-trapped hole ( | F : j 
molecular ion I. Trie following discussion concerns a 
portion of the tPK spectrum, in particular that portion 
which in a cubic crystal leg.. KMgF.») I ret. t») corre­

sponds to a single line that appears at the high-field end 
oi the specr;-ni ot' a sample with a cuhic axis parallel to 
the magnetic field. That line is single because all 
self-trapped holes have their axes aligned -15 to the 
magnetic field. Rotating such a sample around an axis 
perpendicubi ;u the magnetic field increases the angle 
he;ween the center axis and m^svric Held directs—' oi 
some oi the self-trapped holes and decrease* •> for 
others This procedure produces splitting of mat line 
which increases with rotation. 

In our case lRK"aF»). for which tetragonal domains 
exist, (he high-field KPR line will he very similar to that 
for a cubic cr\s»?l for rfwur domains whuxr Mragonal 
axes iwhich are aLo the axes of Cah'fc octahedra 
rotation! are parallel fi> rhc magneik- fit-Id. For those 
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Fig. 2.22. High-field portion of F.PR spectrum of a nearly wnv̂ e-domain sample of RfcTaF.i. The measuring trmperaturc is 95" K. 
fc).Spectrum l»r .]m orientation with domain axis parallel to majw'ic field. O) Spectra for sample rotated around an axis 
pcrpe.idicitlar to the magnetic field. 
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domains, however, fur which the tetragonal axes are 
perpendicular to the magnetic field, the CaF* octahedra 
are rotated so that some of the self-trapped hole axes 
are off the 45 angle. This produces a line splitting, ibe 
amount ot' which depends upon the angle of rotation of 
the octahedra. 

Fig. 2.22a depicts the high-field portion of the bPR 
spectrum for a sample with a majority of domains 
having their axes parallel to the magnetic field. This 
orientation produces the large line in the center of the 
portion of the spectrum shown. The two satellites are 
due to domaK>s with perpendicular axes. Figure 2 .22A. 
drawn on the same i«M scale, shows the splitting of the 
large line due to rotation of the whole crystal about an 
axis perpendicular to the magnetic field. The splitting 
becomes the same as that of the satellites in the (I00| 
indentation I Fig. 2.22a) when the crystal is turned 
about o ' / j 3 off the jlOOj axis. This correspondence in 
splitting shows that the satellites correspond to domains 
rotated around the unique crystal axis by about t>'/2° at 
tlie temperature of measurement. 95°K. Detailed com­
puter calculations now in progress confirm this reason­
ing and will permit accurate determination of KPR 
llamiltonian parameters and bending angles, as well as 
rotation angles, by using not only the extreme lines 
shown here but the entire KPR spectrum. 

1. The author carried <>nt ihn research while on leave at 
Oklahoma State t'nrtenity. StiCwater. Ofcla. 

2. Otbhoira Sl«e UntrerMty. Stillwater. Okb. 
3. K A. Mndine. r. Sonde?. W. J>. I nruh. C. B. Hnch. and 

R. O. Westtxook. I*v«. Rrr. 0 10.1623 11974). 
4. <". Ridou. M. Rousseau. J. Y. (ieiland. i. Novel, and A. 

Zarembowitch. Frmtrlfi-iru-*. to be puMithed. 

S. J. R. Run. R. W. Mafw. aad K A. Modnr. Sobd S*lf 
Omvmm 17.1347 !|»75>. 

*. T. P. P. Hal./ Appi. flkii. 17.1011 «!H*>. 

RADUTKKMNDUCED OfTICAL AK0WTI0N 
INNaMgF, 

J. R. Seretlo' t Sonder 

The compound NaMgFj is one of a number of 
orthorhomtNc perovskite fluorides.2 Comparison of its 
tadioU sis behavior with that of cubic KMgF, permiis an 
assessment to be made ot the effect of crystal symme­
try on point-defect production in similar materials. 

Large-grained poly crystalline, multidomain samples of 
NaMgF, were irradiated in the electron Van de Graaff 
accelerator. Sample temperature and radiation dose 
were varied, and growth curves were obtained lor the 
radiation-induced absorption bands. From the spectra 
and growth-curve shape*, it was possible to identify 
tentatively a number of radiation-produced defects. 
These are summarized in Table 2.2. The identifications 
were based upon analogy with the radiation behavior of 
alkali haiides and KMgF y . as well as upon comparison 
of the growth rale; of the different bands observed for 
NaMgFj. For example, the Fz center was identified by 
the fact that its absorption band intensity varied as the 
square of that of the F band as the bands grew. 

The results indicate thai differences in structure have 
little influence on the defect production behavior of 
these perovskiie compounds. 

1. I ulbnjtfit-ltayt Scholar from the Umverwry of Port Hare. 
South Africa. 

2. M. H. Lew* and M.W.A. Brinhl. Am. \fmmi. JA. I." * 
11971). 

Table 2.2. Optical absorption band m MaMgF3 

Band peak 
position <nm) 

Half width 
at 80°K (rV) 

Temperature range 
in which band 

can be observed (°K) 
Tentative identificatior 

290 
350 
230 
405 
500 
700 

0.7 I0->300 
10 130 

80 >300 
>200 

>200 

F center 
Self-trapped hole 
Interstitial clusters 
Fj center 

F aggrcpte ceme~s 

file:///fmmi
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TEMPERATURE DEPENDENCE OF FRENKEL-P.AIR 
PRODLTTMM FROM f-AGGREGATE-

CENTER DESTRUCTION' 

t Sunder 

Measurement* of lite radiation destruction of f • 
aggregate center* between 7U and 250 K have yielded 
values for the primary Frenkel-pair production effi­
ciencies in NaTI. RK1. KBr. and Kl as a turn.turn of 
temperature. The so tar unexplained increase in pro­
duction efficiency with temperature originally demon­
strated for KO has also Keen observed m these materials 
and has beep found to be only a slight function .if the 
species of cation but a strong function of anion species 
nuking up the alkali haJides. The apparent agreement 
between the activation energy obtained for KBr in these 
measurements and pubed radroksr* measurements a 
discussed, and a problem concerning previously pro­
posed explanations is indicated, tn addition, the very 
strong temperature dependence previously observed in 
Kl and attributed to it. e disappearance of luminescence 
has been observed and correlated with the thermal 
quenching of the .v.M-eV component of the funda-
nienlal luminescence. 

I. Attract <>f puper /"Tn . K,i. R 12. I<lfcil»75l. 

REACTION PRODUCTS AND STORED ENERGY 
RELEASED I ROM IRRADIATED SODIUM 

CHLORIDE BY DISSOLUTION 
AND BY HEATING' 

G. H. Jenks: C. D. Bopp ; 

I .Sonder J R Walton' 
S. I.mdenbaum4 

As a part of a study of energy stored in irradiated 
Nj<! we found that heals evolved upon aqueous 
dissolution of irradiafd samples were consistently 
about W' lower than the stored energy released dun -g 
healing of the samples. It seemed likely thai these 
differences could be explained in terms of the reaction', 
(hat lake place during dissolution: therefore we con-
dueled a coinbinahon of measurements to help identify 
such reactions. Parameters determined included heal 
release upon thermal bleaching and upon dissolution of 
irradiated samples, identity and quantity of gases 
evolved during aqueous dissolution, and concentrations 
<>)' hypi>ch!onle ion in solutions of irradiated salt. 
Analyses of our experimental data and other informa­
tion indicated that during dissolution a reaction occurs 

between iiraduiion-acinaied Natl molecules and I I ; 0 . 
in which the principal sututHm products ate tHi~. 
IKX'I. ant* H : in addiiior. to Na" and I'l . The results 
indicated that the energy pet radtation-actrraied mole-
cule of Nad is approximately equal to the heal of 
formation of Natl from th* elements The results of 
this work confirm that heal of solulion as well as drop 
cakmntelry can be used it* measure si-ned energy m 
irradiated NaCI and. probably.other solid" However, it 
ts esteniu! that the species formed by dtssoiuiion of the 
displaced atoms he known in order lo mtevpret the 
solution calorimeter data conceits. 

I. S» Mm .* p*n / **t«. firm. T*.M7I ll*7Sl. 
:. i V m i l levfmnfne* l«m»«i.O*!\l. 
X VaotytKat tlhiiHUO IHnwn. tUtM.. 
4. l:aw<.Tsiiy tx kjiruv I j««tKv. KJM. 

THERMAL CONOUCTIYITY OF NUIADIATEO. 
ADOITIVELY COLORED. AND DEFORMED MgO* 

Judith B.' la.imjnn-' llaioid Wemsiock'' 
Y < ben 

l.ow-iemperaiuie thermal conductivity measurements 
have been made in neulron-irraduied. electron-irra­
diated, addilivdy colored, and deformed MgO. 
Resonant scattering of ph.mons is observed in all these 
crystals at T * 15 to 20 k. ("orrelaluuis with optical 
absorption measurements indicate that lifts resonance is 
associated with anK.n vacancies. In addition, a reso­
nance al T * I K in neutron-irradiated crystals is 
attributed to defect aggiegates. which are virtually 
absent in eleciron-rrradaied and addilrvdy cotWed 
samples. 

Thermal .onductiviiy measurements on high-punly 
MgO dentrmed to about ?- along a |IOO| direction 
show a decrease after the deformation over a broad 
temperature range, with mxKimum decrease occurring 
-ri T * 15 to 20 K Optical measurements mdicale the 
presence of a broad defiwmaiitm-induced absorption 
band a". 5.7 eV. which is probably caused by highei 
order point defects. An MgO crystal deformed ?'• 
normaliy contain*, aooui I X 10"" /•" centers per cuhk 
centimeter. In addition, dislocation dipolV* and other 
defects are also produced during deformation. Hence, al 
ihis lime, it v- not certain whether il is the anion 
vacancies, other defects, r. dislocaikm dipoles thai are 
responsible for the decrease in thermal conduclrvily. 
However, fotinwing anne?ling at about I000°K. the 
thermal conductivity over pari of the temperature range 
approached values .(blamed for the undelormed sample. 
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At I M S temperature, must «rt the poinl defects, m-
duding anion «xa«cin . were awtakd out. and some 
of die dislocation dipuies were converted into disloca­
tion luops. 

I . S M B H »l nanet: p.l**mfhmmmSc€ttrrmemSaaih. 
Htmmm ftitli fcus < %•_ Not Y-Jtfc. 1*7*. 

:. NhvnlMMMCdf TnlMutary.dfc^u.a. 

DELTFJUTION OF CKYSTALUNE Q O 

N N A W n Y.Chen 
V . P. I o n * ' 

Single crystals of * a O duped with deuterium have 
been giown by die submerged arc fusion mediud. and 
• o » enter* were prudmxJ J> jammi irradiation at 
77"K. AJrhough ihe observed KPR kne widths are 
extremely narrow, electron-nuclear double-resonance 
(F.KOOR) measurements at 4.2"K were required to 
ohum Ihe quadruple mteraction constant and the 
signs of the byperfine parameter* FPR and I.NDOR 
measurements yield the following tptr-Hmulloaian 
parameters g, = 2.0O2OI2I. jr. = 2.07.HH2I. ,« , = 

oaat-»*6 rt- " * • 

«<»*i) i l ' m ' i 
Fu> r J i . Ompvnan of gihinatin cwxttic twM grafeM. 

4(H>> * * • 'M> « — — » MgO Md C'aO and far iminiwn. 
pMMMd M M in MjO. t'aO. and M>. N n w d * jkm jrr 
pVrfied tfimtt ikr m»muli/rt •rfJvnuci f m U M i>f the 
itwrtrw /'Uoi'It. TV «nwd tiMtn reaw-nl pxmi tiurnr 
'*Mkv-*MH lewrawmtiKiH »* y«p»»» m twin bitwr*. .mummr J 
nnmnri -4'; Iwal jsul unfnrlnm. 

40 .42*1 ) MHz. A = 0 -2 I2MI MHz. and i» = 
+0 i m t l ) MHz. Relative sips were obtained expen-
nentaly. and the assignment of the absolute signs 
foMovs from die awumption of a positive dipolar 
MMeractioa of the hole with the reported positive 
deuterium nuclear moment. The magnets; hypertine 
interaction it esKMianS a l dipolar and implies a slight 
outward <I00) relaxation of the axial oxygens. The 
measured electric field gradient at rhe deuteron is 
compared in Fig. 223 w i n the corresponding case in 
MgO and w j h odter subs'itut.'unal-wiipurity trapped-
hole centers m the cubic oxides. 

I . flesetw aMmt. CwWtiHT) M Kawtu. U n t w c . Kan. 

F1RST4MUIER tMrtKITY- INDUCED RAMAN 
SCATTERING FROM NF* IONS M UO ' 

J. B Bate* G t Shankkr 

Firsi-order Raman scattermg rs normally forbidden by 
symmetry m alkali-halide crystals. However, introduc­
tion «>t a substitutional unpurity ion mio die cubic 
lattice destroys the translational symmetry at the 
substitutional site, and Raman Mattering from vrbra-
t tonal motion of ihe impurity and its nearest neighbors 
can be observed. In simple terms, the Raman spectra 
can be viewed as arising from the normal modes of an 
MXi ociahe&al specie*, where .If is a substitutional 
cation wnpwiv and X i* a halide «iK>n. The measured 
frequencies and observed band shape* depend on the 
.If X force constants ;nd «=n the Matte and dynamic 
interaction of .IMC* with the surrounding lattice. The 
^a»c -»f Nt :* ion* m LiCI present* an additional 
complication to this situation became there must exist 
an equal number •>*' L: * vacanc** .•> compen*ate tor the 
ex».e*s charitc <>f Nr* . Thu* in addition ;•) induced 
*catlermg about the N i : * center*, induced ^altering 
ctHild al*o IKCI I I jhtHit the 11 * vacjnete* 

Raman measurement* were made at 12 K «m l.iCI 
cry *tals conuimn^ 0.2 and 0 J wt of n icM Ihe*e 
weight percentage* correspond to a y 10* * and H X 
10 ' * Sr" n>n* cm * re*pecirvel> P«»lan/ed Ranun 
*nectra from IUU> and 110^ cryMal* were obtained 
The *callering «>bserscd from -• • MM)'1 cry«tai v «h«»wn in 
Fig. 2 24. For an ivtahedral MX, *p^cies. the irre­
ducible representation* lor the I'undameniai vibrational 
modes jre given by 1*10*I - Atf • f ' r • T2t * 2T,U * 
TIu. The A,t. ¥.t. and T l t mode* are Raman active. 
and the T,„ and 7"«u modes jre inlnred active For a 
(tlM> crystal, the A,K and ht mode* a>*pear in XxxW 
p«4ari/aii>m whde the T i f mode apnea'* in .1r . rh \ 
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rt.vrh. and -».rr h poJan/iiiom For a <1I0> crystal, the 
/4 i f . t.t. -nd r : , moiki arc active in rt.tr>r polariza­
tion, the Tig mode is also active in zixzty and rtvrh' 
polari/aiK-r.. while only the f., IWHIC IS allowed in 
rt.t'jrn* poljH/afKin. Based nn the polarisation data, the 
hands at 24? 216. 161. and 122 cm ' I F * 2.24> are 
assigned to Atf. Tlt. A.f. and Tig im>drs tcsprctivelv. 
Smce an W.V» octahedral structure ha* <>nl> one Tit 

mode. i*ne of the iwn Tjf Kinds observed is probaM) 
due to the charge-compensating cation vacancs. 

1 Sumnviry <>f paper i.> be pwhtohed 
2 Oak Ridrr AMWHWII tTm»mil«e» fatuity march mi-

f» ipanl turn Sjn Anprlo Suit I'niw »>>. San Angrio. Tex 

RESONANCE RAMAN AND tXHURED 
SPECTRA OF OO. RADICALS W 

ELECTRON-MRADUTEDNaCM), ' 

J. B. Bates H D. Stidhanr 

TheCK), radK-aiha*beenide-.h'Vdby ESRmeasure­
ments'* as a pro±».; tunned by x-ray madntion of 
SaCIO) at 7 T K or at lower temperatures It was fov..d 
MI this work thai OOj fc> formed at two noneajnvaieut 
sites aid that the radicals formed at one site were 
raftdh decomposed at 7T"»£ when the irradiated 
sample was exposed to bghi with wavelengths lunge* 
than 5500 A. We have observed the Raman and infrared 
spectra of ClOj radkrab produced m crystatine SaOOj 
b> ..cafation with I 5-MeV electrons at 7TK. To the 
beu «!" ««r knowtjedfr this is the 'trsi observation of 
any ot the vibrational bands of this spe.-m. 

Irradiations of NaOOj samples were made at TTlC 
using a I 5-MeV beam «>t electrons from a Van de 
Guatf acceietaior. The beam current was 20 to 4 0 K * . 
and the irradiations were made for 30 to 120 sec. 
depending on the sample r\d the experiment to he 
perfoaned. Single crystab oi NaCTO, were vied m the 
Raman and electronic absorption mevmements. For 
the infrared studies a film of NaTIO» was formed on an 
Vaf I window bv slo-iy contong a melted sample of 
powdeied material imp ~ 2*4"C» between the salt 
window and a glass sbde The slide was remored after 
the frnn had cooled to room temperature 

The Raman measurements -.were made using the 
f>?!HA Imeof aHe Ne laser and (he 5145-A kne of an 
atgon-ion laser as exciting hnes in different rum The 
laser power was maintained at 50 tnW or less to present 
Me«chmg. ^nd xixf

:}r waiiennft geometry was em­
ployed in all measurements. The results €>f the Raman 
measurements are shown m Fig. 2.25. With o.'28-A 
excitation, the band assigned to r, of CIO) radtcab at 
site* appears at M12 cm'' .and with 5145-A excitation 
the band assigned to r, of CK), radicals at site h 
appears at 81° cm"' The decay rates of the "red" 
lf»J2S A> sensitnre radKals and the "green" (5145 A) 
sensitive radicals weir determined by measunng the 
respective band intensities relative to the intensity of 
the v, band of CIO. at °J6 cm * as a function of 
time The decay curve of the Hl'» cm*' band had the 
form / - t»e "•'. where ft * 0.024 mm and the half-life 
of the decay was 2° mm. The decay curve of the 
MI2-cm ' band was linear oi-er a 2-hr interval wi!h a 
small negative dope t 0.11 mm ' i 

Infrared spectra of irradiated films of NaCtOi on 
NaT I were measured with a Fourier transform spec­
trometer By plotting the ratio of irradiated sample 
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spectrum lo unirradiated sample specfmm. two bands 
were found at 950 and 857 on"' . which swie assigned 
to the Pj modes of ClOj radicals at sites 0 and ft 
respectively. The disappearance of these bands upon 
bleaching the sample with 4M0-A light at room 
temperature supports this assignment Taken together, 
ttr remits of the Raman and nfrared spectra of CIO, 
radkaH m NaTIOj. including identification <»• v, and 
f, of " O O j . support the hypothesis of a pyramidal 
«Cjr 1 structure for this species. 

of paper Cfcnn Pan l>» J7.25 1 »*"*». 
2 On hut froiu nV Vmmt^iy of MmHlMMettv Amkmi. 

1 0 VnHhrr y O b i Pfcv» 57.I»J »l»72f 

REMNANCE RAMAN SCATTOtRvG FROM 
METAfTAtLE 0 , MOLECULES IN 

GAttW*^RMDlATED*C»> ' 

J R . Bates H.D.Stidham2 

It has been known for some lime that 0 4 is produced 
m atkaii-rnetal chlorates by the action of loni/in* 

nutation ' In aE case* dte O2 «as detected s i p s 
Iterated from wtssohed or crashed material. Appar­
ently no direct observation of O; m an inaduted 
chlorate has brer made In a recent study4 M 0 3 urns 
m irradiated KCIO, and XaCIO,. a band was reported 
jt 1547 cm"' m die Raman spectrum of nraduted 
SaC10>. Subseojuent unirsiigatio** mere mitiated lo 
determine the orwjn o» the band fobsemd at 1544 
cm ' m more careful measurements), its pobnzation 
propertftf*, and its behavior m terms cf mteusm 
nrnticn with different excitation hues 

In order lo confirm *at me 1544-cm"' band is due 
10 an oxygen species, the Rmrm spectrum of an 
inadnted powdered sample of NaClOj contammp 46 

•red The observed bauds reported 
i« Table 2.5 agree within expc/imesvial error with the 
calculated values assutning " O substitution of O; to 
produce ' * 0 '"O and " O " O motecuhn A search 
for a resonance Raman effect with the 1544-cm"' band 
was made by imamiing rhe mienstty of the band .•* a 
function of exciting Ime wave length. The Measurements 
were made with the eight tee* of an argon laser and 
several frequencies from i. tunable cw dye laser usmg 
rhodanune 6G. The results obtained in the 1520 
'5*0-cm"' region are presented m Fig. 2.26 for several 
of the exciting nrm used. As shown m tins figure, the 
intensity of the 1544-cm ' band decreases from a 
maxunum for 457.9-mn excitation to a minimum for 
625 6-nm excitation. These results show that a reso­
nance Raman effect occurs with this hand. Usmg the 
»,i0,» band of CIO)' as an internal mtensiry standard, 
an excitation profile of intensity vs exciting wavelength 

y%.-Mi •» • •**• 

*»K, i"! : %a :, 

J » 
» . . * • * * f l 

A 

J \ J w 
• • * • ••••>. ••JT) >Mf f j i c •»*" *SUC 'tf. 'IK 

Fig. I K . Ramw spirmin ww IS** so iSJu*** ' r a m 
of rinnuawd *aOO, MMUMW at If K. Tfcr wawtetuth of 
Ihf rucitmf. line it pnen by ikr valur of x 0 . 
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Since the aMeasity of me 1544-cm ' baad r» derived 
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was constructed. An excitation profile closely follows 
the optical absorption band tor the particular electronic 
transition that is coupled to the vibrational Mate lor 
statesl through which resonance Raman scatierrnjc 
occurs. For the 1544-cm"' band, the excitation profile 
appears to approach a maximum value nisi above 457.4 
ran. which indicates the presence ot an optical band 
assocuted with the 0 ; species in this region. The 
spectra in Fig. 2.2t> also show another band at 1557 
cm ' Thrs band does not exhibit a resonance Raman 
effect and is assigned to ordinary O j trapped in the 
NaCK), lattice 

Raman spectra of irradiated Naf lOj were measured 
daily over a period of up to six days after irradiation 
and after sixteen days of storage at room temperature 
in the dark. The 1544-cm ' band intensify decreased as 
a first-order decay process described by / = /<,e"°'. 
where a = 0.50 days ' and the half-life r, / 2 - 14 day*. 
Alter vxieen days, the 1544-cm ' band was not 
observed with 457*>-nm excitation whereas the in-
lensiiy of the 1557-on ' band remained iincrwnited. 
within experimental error. The 1544-cm ' nami was 
also found to decay when exposed to 150 mW of 
457.0-rm laser radiation at temperatures above 130 K 
These results ihow that Ihe O j species associated with 
the 1544-cm'' band are I I I unstable in the dark at 
room temperature and ( * l can be pho!oiyticaliy de-
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enhanced The overtones observed are reported m Table 
2..V The gumi agreement between rbe observed and 
calculated values tit 2» and 4r jang the umple dratonwc 
lean value equation. (Mm) - u»Jf w * \ a t : . lends 
additional support to the amjg—irnt of the 1544-cm ' 
band to dtfonuc oxygen. Abo. the large value ol u^ \ * 
(Table 2.3) is chatactertsiic of a dnlomic species. 

tVfanzrd Raman spectra of nradnted <IOO> crystals 
of NaTIO, were abo measured with difieieni exciting 
lines, and die results are dhni rated m Fig. 2 27. Several 
nvpoctani ptmuscan be noted from these spectra. First, 
the 1557-cm ' band is polarized, wim a Imnr depolari­
zation ratio, pf = HxylHxx}. of less than 0.1. This 
means ihat the ordinary O2 molecules are either I I I 
randumK onentcd or (2) oriented along theeqmvaleni 
(111> axes at the crystal. Second, the 1544-cm'1 band 
appears to be depolarized with p;" c - 0.44 (average of 
the rai MIS for the three off-diagonal pobrizaiions) for 
A* - 4571 nm. Because the 1544-cm ' band ts due to 
the totally symmetric 0 0 stretching vibration, dus 
resuli means that the meiasfaMe O* molecules have 
preferred orientations along the eouhralen* :::S> or 
• l l l> directions in the crystal. However, the observed 
dispersion m the r(_rrrr componeni (Fig. 2.27) compli­
cates this situation so that a unique orientation cannot 
be specified. 

The results of the measurements described ^bore 
show thai an unusual form of O* B initially formed in 
NaCIO) upon gamma irradiation at room temperature. 
This species is unusual because a resonance Raman 
effect was observed with the 0 0 stretching mode, 
which means thai the vibration is coupled to an allowed 
electronic transition located near the visible region. 
However, the lowest-lying allowed transition of 0 } 

I 1 ! , " — '£,,*) occurs in the ultraviolet region (r > 
50.000 cm''). A model to account for the resonance 
effect and the instability of the 0» species has not been 
developed Possibly the metastable oxygen is a complex 
of 0 : weakly bonded to an unstable radical such as 
CIO: • T this » the case, then onance could occur 
through vrbronk coupling of the 0 O stretching 
motion with an electronic transition localized prim nlv 
on ClOj. An |f>:. CIO: | "exchange" complex has been 
proposed in explain the FSR spectra of x-rav irra-
dialed KCK)*.5 

1 Smnmjiy M IWQ paper* Chrm ffiv If if J7.2n«l»7ft» 
**4J Chrm Hiy< imprrt<i. 

2 On lejvr from ifcr l'r»mrwl> nt Mj«achu*rlfv Amhrro. 
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.V See. fnr exainpW. ('. Y HttrcMI. P. (•'. Kiirirk »M K i 
MVCiHwn. J fhft Chrm 71. 45W> M*ft7» and rrfcreme* 
contained therein 

4 I • Bate* att J C T*tJ Chrm fkn W. 4227.1*7$» 
5 J * »vhn* jatf. J. Iwrntoyett-Chrm l+n lea W . * l 2 
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VIBRATIONAL SFtrTKA OF SYNTHETIC 
S»fGU4nrCTALTmwHKTEIw^SiO< ' 

H.D.Stidham2 J. B. Bates C.B Fmch3 

The dynamical properties of sjNcaies of the amine 
structure have not been weB characterized, possibly 
because of the difficulty of preparing single-crystal 
samples of a suitable size and optical quality for 
spectroscopic studies. Became die ohvme structure 
readily substitutes a variety of metal ions without 
essential modification of the silicate framework, nat­
urally occurring olivines air mixed crystals. Single 
crystals of MnzSi0« were jfown from ihe meli at 1315 
• 5°C and at I aim total pressure by die CzochrabJu 
(pulling) method. To assure the divalent form of 
manganese, an oxygen partial pressure of I0~'* torr 
was apphed over ihe melt in the form of an argon 4CJ 
hydrogen gas current through the growth system. 

The olivines belong 10 the otthorhambic space group. 
D2k' * - The unit cell contams fous S1O44' ions located 
on C, site* and eight Mn :* ions located on C, and C, 
sites. The irreducible representations of the SI k - O 
optical modes were derived from correlation diagrams 
and art given by r ° P s I M , t l\Blg* T BJK+7 Bix 

* 10Au • •»* ;„ , • I 3 « i , • l3Bim.lheAr.Blg.B2g. 
and Bix modes are Raman active, while the Bly. B2m. 
and BiU modes are infrared active. An example of the 
polarized Raman spectra observed using 4M.0-nm 
ex.'itaiion is shown m Fig. 2.28. The observed Raman 
bands were assigned to the As. BXf, Blg. and BiK 

components derived from the r,. *,. vy. and f 4 modes 
of SO** and 10 ihe gerade component of the externa! 
modes derived from rigid-body libration and iranslaiion 
of ihe SO* 4 " ions and translation of the Mn }* ions. The 
infrared absitrplion spectrum of powdered teph.oite 
suspended in NuM ai 77"K (Fig. 2.29) provided most 
of ihe frequencies of ihe transverse componenis oi ihe 
infrared-aciive vibrations. "*"he transverse electric reflec­
tance spcclra. abo vn'wn in Fig. 2.29. provided 
polarization Jala for a* .rgnmeni of the observed bands 
as well as data concerning relative band intensities and 
hand widths, which arc a measure of ihe longitudinal 
optical transverse optical mode splitting. The trans­
verse magnetic reflectance spectra obtained al high 
angles of incidence from principal faces contained 
evidence of coupling of some out-of-face polarized 
longitudinal optical modes with ihe ficcfric vector of 
ihe incident light. 
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A comparison ol' the correlation tWId split com­
ponents ol" the r , . r . . r , . and r 4 modes ot SiO* 4' in 
Mn:SiO* with those in M&SO4 showed that the 
interna! mod-* approximation remains valid lor com­
ponents of f ( and r» thai occur above 700 c m ' 1 . 
However, the comparison showed that lor the infrared-
aciive vibrations ol" tephroite and especially ot" fot-
sterite. the external vibraiiims ot" the metal ions on C, 
sites mix somewhat with the vx vibrations. By contrast. 

the motions ol' the metal ion> located on C, sites do not 
contribute to the Ramanstctive modes due 10 sym­
metry. Also, the Raman-active components are appar­
ently not significantly mixeJ with the metal ions • « C, 
sites. For the infrared-active modes, however, both 
metal ion suMsJtices move against the f ; and r 4 

bending motion ol SO., 4", and the resulting vibfatiom 
are mixed modes. The extent »>» mixing depends on the 
relative proximity ol" the internal and external mode 

l»«ft 
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frequencies and in the case of MnjSKV all "f the 
infrared-active components of v: were assigned as 
mixed modes. 

1. Summary nf paper:/ Hiy*. Chem on ore**). 
2. On leave from the University of Maoarhusem. Amhcr*t. 

Mas*. 
3 Metal* and Ceramic* l>i»iMon. "?RNI. 

THE ELECTRONIC AND VIBRATIONAL SPECTRA 
OF mm-f NKUff^Ofc V ANIONS IN CRYSTALLINE 
Rb.NiCla • 2H, O AND THE EFFECTIVE SYMMETRY 

OF MIXEDUCANDNKKEMIO COMPLEXES' 

C. E.Shaikh* J B.Bates 

The electronic spectra of compounds containing 
(geometrically distorted NiF«*~ or NiCI*4" (Klahedra 
closely resemble the spectra of their cubic counterparts. 
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These results suggest that the orbitatV degenerate wawr 
functions of octahedrally courdma*edSi:* are (o a large 
extern utsfnsiuve to anal variations m the geometry «»t 
tfce«i local environment tor those cases • which the 
1% i s are the same. The question arises whether or nut 
significant orbital sptttrmgs of Nr* can be produced by 
a moed-hgand ermronmesi smular to rJu»se present « 
the hydrated cobaJNlll chlo«iile>. For example, the 
hgaud-rieM spectrum of CuCl :-6l*:0 vas successfully 
analyzed* in terms of z. suable tetragonrJ pertur­
bation created by the presence >t* two different 
Ugands in rans-(CaCI:(H:Ol4| octahedra. The com­
pound Rb.NiCi.,-2H;0 contains unlinked «urt»-
|NrCl,{H;0»; | *" anions in which both small geometric 
drstortions and a nuxed-hgaad environment about the 
Nr* ion are present. The ligand-fttld spectrum of this 
compound was measured m order to invesiigaie the 
extent to which each noncubt.- perturbation produce 
spectral modification, because most octahedral Nr* 
iigand-fierd transitions are vibronicalry induced, the 
vibrational spectrum of Rb,NrCU-2H ;0 was also 
measured in order to aid in the assignment oi vmnmic 
fine structure and to establish whether or not the 
vibrational and electronic eigenstaies are determined by 
potential fields of the same effective symmetry. 

The double salt Rb zNiCV2HiO crystaiii/es m (he 
space group Pi with one formul unit in the unit cell. 
The Si 1* occupies a Cj site, ami all O Ni O axes are 
parallel.4 Although the |NiCI.,tH.O»;| : anion has 
ri|ti>rous C, symmetry, the symmetry may be assumed 
to be as finch as £>4* if small differences m geometry are 
ignored. A perspective drawing of the anion (minus 
hydrogen atoms) as viewed along a direction perpen­
dicular to the |001) plane is shown in Fig. 130. 

The internal and external modes of the 
| \ r C I 4 | H : 0 | 2 i : ' anion were observed from Raman 
and infrared spectra of Rb : NiCI 4 '2H : 0. The internal 
and external modes of the H : 0 ligands occur in a 
region between .'400 and 450 cm '. The internal and 
external modes of the NiCl^O; group(Fig. 2..*0|occur 
in the region from J60 to 55 cm' 1 . Although the 
internal modes of this group were assigned from a 
vibrational calculation assuming a diamond-based struc­
ture having />2/r symmetry, the anion geometry cannot 
be said to be higher than C, on the basis of the observed 
spectra. By contrast, based on the observed band 
contours of the ligandfield spectra of Ni 1 ' . the elec­
tronic crystal field is essentially cubic. These results 
show that the vibrational HatnilIonian of the 
INrCUfHjOr: | J anion is far more sensitive to small 
departures from idcali/cd geometries than arc its 
electronic and vibronic Hamillonians. Water molecules 
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and chlorine ions are cuslomanly assigned significantly 
different positions m the specirochemKal series. Yet in 
Rb ;XiCi.,-2H;0. the water-chhrnne nuxed-ngand en-
nronmeni produces electronic state spin lings which are 
small compared to the widths of the broad ctecfrontc 
band contours and which can only be delected by 
resolving /ero-phonon spin-orbit line structure and 
associated vibronic side bands. 

1 Smmajiy »f laprr J llum M n M. 2539< 197M. 
2 Ouk Ruler Amwiild U m m i n (walls rcsrasfc fWIKi-

panl fr.>m San XmptUt Slit* t'lmrroty. Son Anrrlt«. lev 
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PHOTOVOLTAIC CONVERSION OF 
SOLAR ENERGY 

NEUTRON TRANSMUTATION DOPING 
OF SILICON 

J. W. Cleiand R. T. Young 
R.DWcstbrook R.F.Wood 

It has long been recogni/cd that thermal-neutron 
irradiation can be used to introduce certain impurity 
atoms in semiconducting materials as a consequence of 
the transmutation process.' For cxampl-? lormal iso-
lopic silicon contains .'.05'V of J*Si. whu't transmutes 
to J , P after ihcrmal neuiron absorption with a half-life 
of 2.6 hr. The range of the neutrons iu silicon is 2 m: so 
it is possible to obtain a very uniform distribution of 

http://i4iuir.Haftf.4l
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" P . a standard n-type wopani at w i * l i contrast i«> 
this, there i\ «•: known mrthod of crystal growth that 
ptondes a umform AdnbMM ••!' any chemical « -
pwniy dopant m saVon Recent wmfc has show* thai 
the use <M amiron-iraBsmriJiiiw-doped I NTDl silicon 
sqpuikanth nnpfoves the peilumunce of aralaecbc 
detector* and bigh-p<wer rectiiie r» and ihyrr>ior».- and 
a SVMLM nnprovrineni nut t»? afianabte m the effi­
ciency t* >dK«"« solar cHb 

The n»o»t *erkiu% pr.dtkm that we anticipated m 
SIUUVN of NTD sdtcoii « j t the removal of radulion 
damage thai is mtr»iduced by I•»-•»! recods tuliowuig 
thermal-neutron absorption and In aH other damage 
mechanbm> jctnaied as a .-ooaequence of the reactor 
irradntion The effect ot" the radiation damage t% to 
reduce :he nuntinty earner hleiant tMCLl and the 
carriei mohdity. which are important parameters m 
device operation. Studrs of the carrier concentration, 
mubdity. and MCL before and slier irradiation, and as a 
function of atmeafang. have been earned oat on samphrs> 
of VTD tdicon from a number of different reactor 
locales The results ot' these studies are presented in the 
omcr reports m this subsection. 

In this contribution, we merely wish to pomt out 
that, in addition to our mm m-house research actmiirs. 
we have carried out mater,*!* irradiations m the Bulk 
StueMmg Reactor m response to the request <»i exiernal 
groups. Selected ingots or slices haw been irradiated 
and distributed for conperairve experamenls to other 
bRDA lab»ratones. to universriies. and to mdusiiial 
organizations. Most ot' these cxpenments arc still in 
progress and we cannot report on them at this time. 
Aho. some results may have to he considered as 
proprietary information. However, all the results to 
date indicate that the use of NTD silicon will be of 
considerable importance in many device applications. 
This conclusion is based on the performance of devices 
that have actually been fabricated from our NTD silicon 
and tested by other university and industrial labora­
tories. The preparation, madiation. postirradution 
characterization, and shipment of neutron-irradiated 
silicon samples is considered as a service to other 
organizations and represents an integral part of the 
overall program. 

I I W. CkfcoW K. Urk Hor..*il/. «nd J (" fttf.Mn JtVr 
7S.HMH150) 

2. M. SchnnRrr. p. .t I .t in IV.f.F. fMmmttom <m Elerirrm 
IV»*rn.vi.lH)2l.5(l974l 

REACTOR RWAMATION FAC1UTR3 FOR 
NEUTRON TRANSMUTATION DOTING 

OFSftJCON 

JWCkrlaad 

The staring pomt m seteenng the proper reactor 
facdffv for prnducmg neutron-Iran tmutitnm-doped 
I NTi»l sdicun depends to a great extent on die •npunty 
conicniiaimn ol' the starling material, the desired NTD 
concentration, and the required axial and radol dopant 
uritV-amfy alter •rradttinn. Normal isotopic silicon 
contains *4«W X 10"" atom* cm"*. The total 
ibermat-neutnia-absor|'*iun cross section is *U.0*» X 
10" :* cm' lham>»:< . the total rale of rhemui-neuiron 
absorption is *4.5 X 10"' cm"' X o. where t» is ihe 
iRermai-neutroR MUX (neutrons cm"2 sec' 1 1. Absorp­
tion is foBowe J by an unurcdiaie release of gamma rays 
m the m.yl process. The kinetic energy oi recoil may 
produce MI iniersiilial sdicon atom and lattice site 
vacancy tl Yh and the recoding >dicon atom may 
p*".!" - addum^.l I V-type delects. The : *Si and 
-"Si • lopes transmute lo : *Si and J"Si. and the '*Si 
isotope 13.05- abundant) has a ihemui-neutroR-
absorption crots section ol' *0.I2 X 10" :* cm : 

Ibarmi. It also recoris by the (n.>» pnvess and later 
transmutes to " P Cb-hr halt'4ife) by emitting a 
I 4M-MeV i? particle. These data indicate that the actual 
rale of introduction oi ) I P by the NTD process .*> 
*l.ik> 2 Or. X 10 * 0 . . m 1 . where the larger value 
makes allowance for absorption by J , S i of some 
epthcrmal neutron.. 

Extended irradution to mtroduce * I 0 ' * , , P c m J 

wdl result in a iccond aclivaiion oi some of the ' ' P to 
produce J : P . whK-h later transmutes to > 2 S 114.8-day 
half-liUl by emitting a 17l-MeV 0. However, the curie 
content of a silicon ingot with 1 0 " *'P cm" 3 

introduced by the NTD process is only 10 uCi cm"' 
due to the , : S . the silicon can be handled with gloves 
during device fabrication under adequate ventilation. 

The (n.>) recoil and fast neutron induced lattice 
damage may take the form of interstitial-vacancy pairs, 
defect clusters, and disordered regions which act as 
carrier traps lo decrease the carrier concentration and 
mobility of n or /Mype silicon: this lattice damage 
must be removed by annealing. Because every in.y) 
event or fast-neutron impact produces lattice defects, 
the defect concentration is much greater than the 
transmutation-induced " P donor concentration, even 
if the irradiation locale has a large thermal- to 
epithcrmalnewtron ratio. A considerable number of 
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2.4. 

Rc*rt.». iocsfe txpmntraul \li>4rr.>i«f 
Thtraol rtax _ 

l t n i ! h l » > * * 

Ibr raul io 
cptthmnjl 

M i \ i a M a 
• p 4 \Ut. 
4um ttmta 
k-arifc i n > 

M f c StorMa? Rcxi .x I n , . « , ( " 7 1 * H ; 0 !-• • J . . " J I " 5 - 12 
(PSR ORNI » N V S » hofcx D;0 5 5 • !«• ' - 2»wi 2 - 12 

('carer h.»fcr i» :o 1 •» • IB 1*' HSlI 2 " • 12 
V S b . ^ D :*> 1 5 • I n ' -" | T , I I : 1 2 " * 

V t l k H t j l ( • « of G-2 h«k- m n :o l.rt • I I I ' * 55 1 2 • 10 
SundarJ* l<»-t.n 

k»« 
iNBSRi V-.i h.4* 

rrtVvu-r 
Oaptmc * 2 • w " 15" 11 

t)uk Rifer R o c m h HyA^alh. M :(> 5 •> . H i " * n> H 5 • • 
R C K ' W tORRt ' • * * 

In iv f t H ; 0 .» 5 • W ' * * in 5 • ** 

HK!> H U A rn^nccvMy Owuar 2 5 • I t . ' * HHM * . V 
ItO'lHKr Rv3« t .T iVatay th-2 Krry Ilium 
)HMR ORXI » retVu.x 

•*V-» hjx »ii c\r*raiKa»i ihanMr J | present, hul V» jndO-2 can accnmm»Aai« J-m ID rhimMes 
\ spmnhrotjl rjcrfnj twat£ v-nmirwrtol. Has, vatur and ritn» arc oinuir> 

irradiation experiments h-vv been cartied ou; in dif­
ferent reactor locales. The thermal-neutron flux, 
thermal to cpithermai-neuiron ratio, and maximum 
sample si/e that can be accommodated in the reactors 
are indicated in Table 2.4. The actual flux, tlux ratio, 
and si/e depend, in turn, on the reactor power level, 
fuel loading configuration, and availabie experimental 
Ijci'ity. The data in Table 2.4 are comparative data for 
actual irradiation conditions applicable to experiments 
already performed or in progress. The various irradia­
tion facilities h?ve been used to introduce up to 2 X 
10'" 3 , P cm"3 in a thermal- to fast-neutron ratio o( 
200. up to 3 X 10'* " P cm"3 in a ratio of 55. and 
more than 1 0 " 3' P cm "3 in a ratio of.?: 10. 

ANNEALING OF RADIATION DAMAGE IN 
NEUTRON TRANSMUTATIONTXJPED 

SINGLE-CRYSTAL SILICON 

R. D. Westbrook R. P. Wood 

It has already been mentioned that v. must generally 
consider two types of lattice damage in neutron-trans-
nutation-doped INTD)silicon, that is. that due 10(0.7) 
recoils arising from the capture of a thermal neutron 
and that due to epithermal and fast neutrons. The 
damage produced by thermal neutrons is thought to 
consist of approximately two interstitial-vacancy pairs 
per captured neutron on the average. Fast neutrons, on 
the other hand, are believed to produce clusters of 

detects which may cunt-wi as many as 1000delects ' It 
•s generally heiieved thai last-neutron damage is more 
difficult to anneal out completely than is thermal-
neutron damage, but completely reliable and compre-
hensve it-idies in this area have nat yet been con­
ducted. The nature, annealing characteristics, and in­
fluence on electrical pntperifc-s .»t lattice damage in 
NTD silicon are obviously of crucial importance in 
choosing reactor locates for irradiation purposes 

We have undertaken a detailed study of time and 
temperature schedules for the annealing of lattice 
damage in NTD silicon to the extent that both carrier 
mobility and lifetime are recovered. Neutron radiation 
damage apparently introduces large concentrates of 
tups with energies that cluster near the center of the 
energy gap o-»we*r. the valence and conduction bands. 
Thus, after irradiali^n but before annealing, the 
transmutation-induced carriers are electrically inactive, 
and the material tends to exhibit approximately in­
trinsic behavior. Tanenbaum and Mills' found that the 
defects begin to anneal upon heating for I hr at -*0U'C. 
as indicated by slight decreases in resistivity. They 
found that rapid annealing occurs at o00"C and that 
annealing was generally completed after 16 hr at 625 "C. 
They healed some of their samples at temperatures as 
high as I200"C (ot 12 hr and found no additional 
annealing. Tancr.baum and Mills apparently thought 
they were dealing primarily with thermal-neutron-
induccd damage, but i is by no means clear that there 
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was not also extern*** fast-neutron damage - sen; in 
their samples. GuniKnen and tilts. 1 in an investigation 
into the use o! NTD silicon tor nuclear particle 
spectrometers, were under the rapresuon that they 
were dealing with last-neutron damage. They found 
that, alter neutron irradiatHin. they had to anneal 
n-type silicon I already doped I tor 10 ht at 700 C in 
order to recover the minority carrier lifetime fMCLl-
They state m their tep»rt that the MCL is more 
ver.Mirr than resrsiwity to damage hy last neutrons by 
approximately a (actor of 1000. but it is no! clear how 

they arrived at this number. Although the 
Tanenbaum Mills and Gunm..scn Ellis siudie% are n*H 
directly comparable, the annealing tunes and tempera­
tures are quite similar and may suggest that both studies 
were dealing with essentially the same type of neutron 
damage. The studies dearly indicate the uncertainly 
that persist! concerning: the naturt. ot neutron-induced 
damage in silicon. 

Some representative data from out studies are shown 
in Table 2.5: they were taken on different samples 
irradiated for different tunes and in different reactor 

2.5. •jfesolNTD 

conditions N e r 3 I r 
conteMntion 

V^i » i n , 4 c * " , | dl-cmi 
* 

icm 1 Vseii* 
r 

Teriperalurr 
•"< l 

J i m r l«v 0 

Ihrl 

N e r 3 I r 
conteMntion 

V^i » i n , 4 c * " , | dl-cmi 
* 

icm 1 Vseii* ( M « M J * 

BA AndiliDns: locale. RSR-CFl 5 .' irradiation lime. I20hr "rfc " / • " ' ' 

60 f l * i/»-iypc» l O 5 *:oo 
60O 20 4 l l II 1400 T 
MNl 70 5.2 7 4 1650 1 
7oo 70 7 * 5 o 1640 T 
75o 70 7 6 4 8 1770 25 
*tn 70 8 5 4 4 1650 2n 
850 70 7 9 4 6 1710 25 

loon 70 7 6 4 1 1730 20 

Imtdtkmatidfaom: !»cale. BSR-SW rD; Oinrndiation linn .289 h r . « f f t nf. 2i*» 1 

600 2f> 4 9 8.3 1560 T 
6rt» 90 4 6 7 8 J720 yomd 

7lMI 70 4 9 7 5 1610 20 
750 70 4 7 7 8 1680 20 
mo 70 5.0 7 4 1680 15 
850 70 5.3 7 7 1550 20 

Irradiation condition*: hxale. ORR-HYD. irraJnl ion time. 25 day <:nrhnf.H 1 

600 2 M0 5 NS NS 
600 20 10* NS NS 
650 46 800 0.12 • 8 0 0 ' NS 
700 70 H00 0.10 300 NS 
800 70 H00 0.11 800 NS 

1000 70 800 0 10 800 NS 
1200 16 800 0.10 800 NS 

Irrad alio* condit torn : locale. BSR-TI. irradiaik r,- lime. 90 hr; n,hnf. 800 1 
600 20 0 6 4 61 1600 T 
700 20 0.66 59 1600 40 
800 20 0 6 5 53 1600 60 

The hut:* NS indicate thai no signal wa* obtained for Ihe particular measurement* tinted. 
The letter T indicate* that excessive trapping prevented MCL measurement* a condition that 

always incurred at lower annealing temperatures 
rBSR-OPI5. etc.. refer in irradiation position* in the Bulk Studding Reactor, and ORR-HYD rei'er* 

to th* hydraulic lube of Ihe Oak Ridge Research Reactor. 
Small trapping effect* observed. 

'Approximate value obtained from literature. 
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Urates at the ie*.i»-i anbtent temperature. The sub-
rules indicate the reac'or kvar ' . irradiation lime. ai.J 
ruio of themul- to faM-neutron ilc\ The first two 
columns show the annealing schedule. The ihi:<l -«)Jur»in 
give* the measured tiei 3 ' P concentration alter «*.*» 
anneal. Since both elections and holes (donors and 
acceptors I can he presei»i in different numbers at 
different temperatures oi' znnealing. the net ' ' P con­
centration is the difference beiween the number of 
donors. \[). and the number o( acceptors \ t . The 
fourth column gives the measured electrical resistivity 
p. and the fifth column :rves .he derived majority 
(electron) carrier mobility *.. The last column lists the 
room-temperature MCL r. x, determined by the photo-
conc'jctive decay I PCD) technique. Two control groups 
of silicon crystals, conventionally doped with P. were 
subjected to approximately the same annealing sched­
ules- Samples in the first group »e*< initially about 
200 Ji-cm n-type «.Vp A., * 1 0 " cm" J»wi»h MCL 
vaiiies >I00 usee. Tl'eir final resistivities were 250 500 
U-cm n-type. Their MCL began to degrade as a 
consequence of annealing at * 700 ( (o a final value of 
35 50 usee alter annealing at XOtVC. The other 
samples were initially 4 !2-crn w-type (Xp X.% * 2 X 
1 0 ' 5 cm" 1 ? with MCL values of 50 usee, the corre­
sponding values after annealing were about 4 I K in 
" t » e ar-d 20 50 n*c. Lifetime degradation as a 
consequence of heal treatment in conventiorwilv doped 
silicon is well known and generally attributed to the 
presence of oxygen. Note, however, that lit:le or n> 
effect on the resistivity of conventionally doped sam­
ples was observed 

The results in fable 2.5 are quite consistent with 
those from ihc studies of rets. 2 and 5 insofar as they 
can be compared, that is. primarily with icspect to the 
resistivity. Each of our samples showed almost com­
plete recovery of the resistivity at annealing limes and 
temperatures roughly comparable to those found in ret. 
2. and no further recovery occurred up to I200"f. 
Since fhe resistivity after recovery was roughly con­
sistent with the donor concentration expected t..<m the 
irradiations, it seems safe f> conclude that almost 
complete annealing of those defects (probably electron 
(raps) which affect resistivity has occurred in the 
annealing range 600°C/20 hr 700"C'70 hi The elec­
tron mobility u appears lo be recovered in about the 
same annealing range as the resistivity and for the first 
two samples reached values comparable to (he 4-ft-cm 
control sample. The available data !Vr the mobiM y in 
the BSR-CL sample is also roughly what one would 
expect from conventionally doped material. The mo­
bility data for the ORR-HYD sample has been esti­
mated from the resistivity mr.-isurements. 

The minority carrier I holes, in this study I lifetime r. 
as determined by the PCD technique, appears to be 
recovered at slightly higher annealing temperatures and 
times than are p and « : however, the data are 
inconclusive on this point, tt is known that the MCL is 
-iTv sensitive to certain types of lattice damage, and we 
jnnof-.'e.l that its recovery would require more an­
nealing lle.nporature and or tune) in the heavily 
damaged samples ii .HI in the lightly damaged ones. T.» 
date, there is little evidence to support this idea. and. in 
tact, the cornealtonally dVvJ 4-Q-cm control sample 
carried through the annealing pi.. •*>s shimvd the same 
MCI. as a comparable annealed Nit? sample. No PCD 
signals for r were observable m the OKR-HYD sample 
because of the high " P concentration which put 
detection beyond the range of our equipment >-iih the 
l.jtnt source available This range is r * 5 p*v and 
greater, if the light source is intense enough toexcir. a 
sufficient number of carriers at a particular doping 
level. Measurements4 oi ihe MCL in xdar cells with 
w-type substrate suggest that the value of ii at approxi­
mately XX 1 0 ' e doping concentration should be in the 
range o»" I 10 ^isec. Similar measure-men is' on /'-type, 
is-growr material suggest an MCL of about 10 j aw. 
Neither est" these measurements ss directly comparable 
to our measurements on the ORR sample for several 
reasons: however, ihey do suggest thai even with an 
appropriate light source wc would have difficulty 
determining r for that sample. Thus our failure to 
obiain a signal <n no way unifies thai we have an 
exceptionally low MCL at high doping levels in the 
NTD silicon 

These studies are not yel complete, and il is perhaps 
premature to draw any definite conclusions from :hem. 
However, they do suggest that there is no great 
difference in the annealing characteristics between 
samples irradiated in the various thermal- to fast-
neutron fluxes we have been able lo obiain thus far and 
at ihe doping levels we have been using. Gunnersen and 
Ellis stale lhal if the II ?rmal-io-fast ratio is of (he 
order of 1000. ihe fasi-neutroi; damage will completely 
dominate; but ihey give no proof or reference for ihis 
statement It does appear, however, thai we should take 
a clever look at lightly doped samples, irradiated at 
therm.-! fo-fast ratios of 1700 ?o h a n d this work is 
now un&r way. 

I Sec. fur example, V.A.I. v.m Lml and R. f. Lcadon. 
"Lallue Defects in Scmn <>nduclors 1974." P 227 in Con-
frrritrr Srrirt Nr>. 2.i. Institute of Physks. Lnndnn ind Bristol. 

2. M. T.-nmrMum jnd A T) Mrlls. J. Klnimrhtm. Soc. 106. 
171 H9Mi 
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5 H I intra jnd V fwh indrr. p. 25 m Procmimgi 
fhimlM Hut— io/ta* S.tntdi\n C'trnfemce. IEEE. Inc.. New 
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NEUTRON TRANSMUTATION DOPING OF 
POLVCRYSTALUNE SILICON 

FOR SOLAR CELLS 

J.W.CkrkiiHl R.F.Wood 
R D Wcrbr ..* R. T. Your* 

Neutron irjnsmuutn.mil.ped (NTD) vngle-cry >lJ sil­
icon has been proven *o be substantially superior :c 
lonveniioiiallY doped Mhcon in the very important area 
of avalanche detectors and high-power devices such as 
rectifitrs and thyrisiorv In each case higher operating 
voltages are possible becaus.' of the extremely uniform 
phosphorus dopant concentration obtained by the NTD 
proces*. It is povsibic thai XTD silicon also offers 
advantages in solar ceil amplications, although for 
different reason*. Solar cells for terrestrial use require a 
much higher doping level, and being large-area devicev 
they require a uniform macroscopic as well as micro­
scopic doping concentration, wh'ch NTD provides. 
Another intrinsic chara-ierislK of NTD is that it docs 
not introduce other impuinVs. siuh a> may occur in 
standard doping techniques. Very small t trace) amounts 
of certain heavy metal impuriticv tor example, silver, 
gold, and copper, are known to degrade the minority 
carriei lifetime (MCL) in semiconducting materials, ana 
maintaining a maximum MCL in heavily doped solar 
cell silicon is of vital impotence to realizing a high 
photovoltaic conversion ••fficiency. 

Because of the large cost differential between single-
crystal silicon wafers and chemically vapor-deposited 
(CVD) poly crystalline silicon films {poly silt, the latter 

i are more attractive for large-aica terrestrial solar cell 
applications. Typical grain sizes in polysil range up to a 

I j few lens of microns in films as deposited on metal or 
i graphite. two substrates in comrm-r- use. The elec'rtcal 
• properties of CVD polysil have been investigated, but 
| attempts to incorporate a dopant during the CVD 

. i process have not been very successful to date.' 2 It is 
j believed that the dopant migrates to the gram hound-
s artes during the film deposition process. Some dopant 

: j atoms may be required in the grain boundaries to 
neutralize the broken bonds that otherwise would cause 
space-charge layer widening in the grains, but it has noi 
been possible to obtain a uniform and controlled 

67 

dopant concentration at ihe desired dopant concentra­
tion by CVD polysil fihn techniques to dale.1 - : li> CVD 
polysil. the material remans essentially intrinsic until a 
certain fraction of the grain boundary- bonds are 
neutralized, and the presence of too many dopant 
atoms in the grain boundaries may lead to enhanced 
electrical conduction, thereby decreasing the shunt 
resistance across a polysil solar cell and reducing the 
photovoltaic conversion efficiency. 

Introduction of phosphorus into polysil ingots, 
wafers, or films by NTD offers the obvious advantage of 
a uniform initial dopant distribution regardless of grain 
size. Very preliminary experiments have been carried 
out. using samples as prepared from commercially 
available (Texas Instruments Col high-purity (un-
doped) CVD l-m Jam polysil rods intended for float 
zone crystal growth a«d 3-in -diam polysU sections 
intended n charge material for Crochralski growth. 
Figure 2.31 is a photograph of a slice from a CVD 
polysil section which shows the varying grain si/e and 
grain orientation. 

Samples were prepared in which the grains were 
parallel or perpendicular to the surface, and .'he van der 
Pauw technique was used to determine the donor 
concentration and mobility after reactor irradiation and 
annealing for lf> 20 hr at HOO'C to remove the 
radiation damage. Figure 2 32 is a graph of the 
measured donor concentration vs the predicted donor 
concentration for typical samples. The solij line indi­
cates the results that would be anticipated for single-
cry >tal silicon samples. These data show that NTD csn 
be used to dope this type of polysil at any desired 
donor concentration >2 X 10'* cm"3 and thai 
finpurity migration lo train boundaries cannot be 
measured as a consequence of annealing up lo NOO'C 
The carrier mobility is much less in poSvsil than in 
single-crystal silicon because of the small grain size, but 
the mobility increases from * 4 to 40 cm : V"1 :-ec~' 
in these samples when the dopant concentration in­
creases from * 10' ' to 10'* cm" 3. The MCL was 
* 40 oO ^sec at these doping concentrations, which is 
a comparable value to that observed for single-crystal 
silicon 

These studies are just under way and will be con­
tinued on polysil films as prepared by different tech­
niques such that Ihe grain >i/e and orientation can be 
controlled and maximized. The fact that the anticipated 
donor concentration was observed after annealing at 
XiXfC is -if special interest in that j p-n junction must 
be formed to fabricate a solar cell, and preferential 
migration of impurities along grain boundaries has been 
predicted for conventional high temperature diffusion 

^alaMJaMSMMll 

http://irjnsmuutn.mil
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PREDICTED DOPING CONCkNTKATiON ( c m 1 ) 

Ffc 2.32. Graph of At mnmnd donor coaccntntto* w 0w pn4k*4 4 M W coacnMiMioN for «artow : 
fntyrtyil^m 4KCM. T V «iM lint indicate* inlktpvlcd rewlli for «ngle-crytt»i silkon. 
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experiments. It H awtictpated that amt *ar form a p-#r 
junction ir NTD potysil film by KM anptaautKm astd 
that low lempe.-ature (80D°C| anneals** win" remove 
any we* implant damage, widioiii mtroducntg any p a n 
boundary impurity mgraiion. FirHmir.an- experiments 
to fabricate p-m junctions m NTD potysil by km 
enpbatation are also under way. 

I A. I Hipf> / Aft* f»n 4». 1240«W5l 
2. M. K. Covbr? MM 1. D. Scwanck. J Orrtnuhnm Soc 

II9.IS*S<I972|. 

SOLAS CELL STRUCTURE STUDIES 

D WHarney B.F.Early C.A.Culpepper 

In support of efforts to improve the efficiency of 
photovoltaic sobr ceUs. stvfies are in progress to 
ascertain effective nondestructive methods of apply ng 
ilectrical conductor elements to surfaces of silicon 
devices. Contact resistance and capacitance must be 
minimized to effect efficient charge collection: such 
contacts must survive possible hostile environmental 
conditions and therefore must be made with essentially 
inert materials with high conductivity. Studies of 
nondestructive surface etching cleaning methods in­
clude chemical etching ( H 2 0 j HF) aid ion etchir/g 
(plasma sputtering). Formation of conductor surface 
segments in precne geometric arrangements i» being 
studied oy a variety of techniques: sputter deposition, 
vacuum vapcr deposition, and drawing (uiing epox/-
matrix metal "paints"!. In the case of sputter or vapor 
deposition, maximum adherence of conductor layers is 
attained using multilayer metal deposits, for example 
titanium and silver. Sequential combinations ot metal 
films are necessary to bond conductor metals to the 
silicon surface; physical characteristics of the bond zor." 
are being studied melallographicaliy using a scanning 
electron microscope. Definition of conductor geometry 
involves use of precision-fabricated metal masks de­
signed to prevent shadowing during mefa» deposition 
eventually photoresist technology may be JJC» <o 
perform this masking function. 

MATHEMATICAL MODELING OF 
SOLAR CELL PERFORMANCE 

J. E. BreWing' R.F.Wood 

The results of mathematical modeling of solar cell 
performance can often be useful guides in solar cell 
design, development, and modifications. As part of the 
Solid Stale Division's growing effort in photovoltaic}, 
such mathematical modeling studies have been initiated. 

A coapster program has been written which enables 
the operatmf characteristics of a »4ar cei with a ant 
junction to be calculated under a vane y of circum­
stances. 

The efficiency.!), of a solar ceH is defined very svinpry 
as the power output of the ceM drnded by the total 
solar power fahmg on the eel: that e. q s * * 0 - t / # * m . The 
total mcommg power can be calculated from the 
integral 

where r*„,lX> is the power at wavelength X. There are 
several different versions of the function P,miXt de­
pending on where the solar spectrum is measured. For 
example, in outer space the air mass zero f AMOl 
distribution would be used, but for terrestrial applica­
tions a standaH <etcre»cc form for P,^\) I to be known 
as AM2) has not ye; been completely defined. In any 
case, the function F,„<Xi is essential input to the 
computer program, and the integral in Eq. III can be 
evaluated numerically for different distributions/*„,<X>. 

The determination of Poat is much more difficult 
since it must reflect the influence of ail the material and 
operating characteristics of the cell. The maximum 
output power is the product of a .-urrent density / m i x 

and a voltage Vmty and is given by F 0 - t = / m „ - K m a ; 

This can be written in terms of the light-generated 
current jt and the electron energy gap Eg of the 
semiconductor by the following procedure. Let 

'•.I'/f-WF/. *2> 

where 

r7* s V0JEK Ff 2 / „ , „ • VmaJy Voc 131 

The factor K o c is the open-circuit voltage obtainable 
fror? the cell. Fy and F/ are called the "voltage factor" 
and the "fill factor" respectively. The valuesF¥ a n d / / 
are largely determined by the materials characteristics 
of the cell. The light-fenerated current can be deter­
mined from the equation 

in which JVph(M •» the photon flu*. y(X) is the overall 
collection efficiency at the wavelength X. and q is the 
electronic charge. Note that T(X) can be a complicated 
function of the reflection and absorption coefficients at 
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A and of the efficxnct >4 colleciion m the ngfet-
graenied election* and nolev Thr* coKeciioA efficiency 
i> renerath different m the \?ox>u* part* of the ceH ami 
at ihe vet> lea»t dmuM be vepataten' mio lenn* 
vomHHmkng 10 coKectioa m the base repon. at ike 
extended />-*» function I depletion leponl n*elf. and in 
ihe lop or dritined repon. Once XXl •* kimm. ihe 
mutual lot /, can be evaluated numencaMy. 

The E » m n voltage K determined from the two 
equation* 

»',„= — tntj.4,i+4j* II «5i 

and 

^«a* = ^K ^ l n | < | l m , x * r * 0 M 

Here. .-Ij is the effective area ot' itu />-« fonction. anil 
/I/ it ihe suit** area effective in abtofbinf the l:«ht 

that i\. it doe% not mclude ibe area of the metallic 
fmerr and edge contact*. In tq . |>l.;» i* the %o-cj§ed 
reverie *aturation cuneni ami i> a dwevih measurable 
ijuantin ahhuugdi iheiHetical expression* abo e<u*t Urn 
it. Once l'„K IN known «H counted fcq. tM can he 
-totved iievaiiretv at am ejven temperature 

Although tm!y the miM have equal*** hawe been 
written down, u should be apparent that :he modebft*. 
of solar cett pettoimjiwc can become qwie compli­
cated. The actual mathematics nwnhred •* usualh 
sunple. and ihe construction ol appiopnale ompuier 
program* ts qraighiforward. but dViernMNn; ihe cor­
rect lor bevtl assumptions to make about the physical 
privesses mvorvet! »» a more difficult quewion. The 
present studse* wnl "v cimtmueil to nuke them as 
complete and flexible a* needed for the photovoluic 
program of the Dm*nm. 

I Oai Rsdfc .%WKIII<4 I m w u m n amVrpa4«uic retearch 
•:i">« from I n l u n Sj/Memr ('••Hf^r. B*liua>. ( M i 



3. Radiation Effects in Metals 

I be research program* on radiation effects in metals are primarily concerned 
with the bask interaction* of energetic panicles in solids and with the fundamental 
processes associated with radiation damage in metal*. Although much of the work 
presides basic mlorrnalion of direct interest to fission and fusion reactor materials 
programs, many of the techniques developed and employed for the study of 
ion-solid interactions and radiation damage have general utdity m the study of 
detects in solids. The use of ion scattering to obtain detailed information on the 
variations in the depth composition of a high T superconducting NbGc film 
illustrates how the capabilities developed for the study of basic ion-solid 
interactions can be employed to study materials of interest for nonnuctear energy 
applications. 

During the put few years, it has been demonstrated that the velocity 
dependence of the electronic slopping of heavy ions does not follow the theoretical 
predictions and that this can lead to significant errors in the calculated damage 
distributions as a function of oenetralion depth. Studies of this aspect of ion-solid 
interactions have been continued both by energy loss measurements and by electron 
microscope observations of damage distributions. A new experiment was initiated 
during the past year to study damage production rates as a function of penetration 
depth. Experimental data of this type have not been available for comparison with 
the theory employed to calculate damage rates. The first experimental results have 
indicated that the thin film technique employed in this experiment should provide 
relume information for testing the pan of the theory that deals with the 
displacement of atoms. 

I he neutron scattering experiment on the split interstitial in coppei required 
development of a method for transferring specimens from the Low Temperature 
Irradiation Facility (I.TIFT without warm-up from liquid helium temperature. The 
extended irradiation time (24 days) rcqjired for this experiment is close to the 
maximum time that can be considered practical for the I.TIF. and the need for 
higher doses has led to plans for modifying the D O tank between the reactor core 
and the I.TIF cryoslaf to provide a higher intensity neutron flux at the cryosiat. 
When this modification is completed, the facility will be used for various types of 
irradiations in addition to those for further neutron scattering studies: the higher 
attainable doses and k'Y.-tcmperaturc-lran»fer capability will provide opportunities 
for experiments that heretolore could not he undertaken 

Last year it was noted that the x-ray and electron microscope programs, which 
in the past had concentrated on the study of defect clusters in reactor-irradiated 
copper, had been extended to other types of irradiations and other metal? This 
change in emphasis is further reflected in this Annual Report, in which it is notable 
that no x-ray and electron microscopy investigations are reported on reactor-
irradiated copper. This is a natural development of these programs, in which the theory 
and techniques developed in the study of damage clusters incoppcr can now be applied 
to obtain quantitative information on defect clusters in other materials. 

i 
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ION-SOLID INTERACTIONS 

ENERGETIC HEAVY-ION CHANNELING AS 
AN EXPERIMENTAL TECHNIQUE FOR 
SIMULATING RADIATIVE ELECTRON 
CAFTURE RY PLASMA AND IMPURITY 

IONS IN A O R TYPE PLASMA1 

B. R. Appieton T S. Noggle 
R. H. Riicrue: S. Dal/ 4 

J. A. Biggerstaff* ('. D. Moak* 
H. Verbeek' 

The initial investigations of the radiative electron 
capture (REO phenomenon ol highly stripped oxy­
gen ions channeled through thin single crystals* were 
pursued because the special conditions imposed on 
channeled ions (frozen charge states, reduced back­
grounds, and primaril> conduction-electron interac­
tions) made this a particularly promising technique for 
determining the velocity distributions of the (conduc­
tion) electrons in the solid. This heavy-ion channeling 
technique may also prove :o be a new simulation 
method for studying a variety of interactions experi­
enced by highly stripped impurity ions in a controlled 
thermonuclear reactor (CTR) plasma. Because of the 
important rote played by impurities in a plasma both as 
a stabilizing influence and as a contributing factor to 
several detrimental energy loss effects.7 it is essential to 
understand the details of these processes for use in 
present-day modeling calculations required to predict 
the behavior of future CTR's. Direct experimental 
measurements are extremely difficult since sufficiently 
energetic and dense plasmas are not available and 
existing CTR's arc r.r.; amenable to such measurements. 
The basis of the proposed experimental technique arises 
from the unique constraints imposed on the interac­
tions of energetic heavy i jns in single crystals as a result 
of the channeling phenomenon. It can be shown that 
40MeV 0** ions channeled along low-index axial or 
planar directions in a metal single crystal are confined 
to large-impactparar ter collisions with the lattice 
atoms and so inter*, i primarily with the conduction 
electrons of the solid.6 Viewed from the rest frame of 
the oxygen ion. this situation is the experimental zrvalog 
of a fully stripped oxygen ion (impurity) at rest, 
bombarded by a 1.4-kcV electron gas having a density 
comparable with the conduction-electron density in a 
solid, and thus simulates the environment experienced 
by an impurity ion in a plasma. 

Measurements were made of the photon distributions 
resulting from l.ighly stripped 17- to 40-McV oxygen 
ions channeled along various axial directions in thin 
silver and silicon single crystals. 

Radiation w. s identified as arising from 111 mverse 
bremsstrahhing which results from the Coulomb field of 
the incident ion acting on the conduction elect rims. (2\ 
knock-on-electron or secondary -electron bremss. ran­
king which results when a struck election recoils and 
collides with other lattice atoms. (31 ion deexcitation. 
in those cases where the mcomng i»n has its own 
electrons which can be excited, and (4) radiative 
electron capture (REO. where a conduction electron is 
captured directly into the ground state of the fully 
stripped ion and emits a photon * wd!-defmed energy. 

Detailed investigations of the REC phenomenon 
support the foEuwmg .^elusions: 111 The energy of 
the REC peaks coincides with that expected for capture 
of a conduction electron directly into the ground state 
of an O** km. 12> The measured widths of the RFC 
peaks are in good agreement with widths calculated 
specifically for the channeling situation. The calcula­
tions incorporate standard radiation theory and a 
statistics! model of the electron states in the single 
crystal. The space-varying electron density is averaged 
ov?r impact parameters appropriate tor channeled ions. 
(3) The measured REC cross sections show a marked 
deviation from the calculations, which emphasizes how 
poorly REC is understood for highly stripped heavy 
ions. 

The experimental technique outlined here is suitable 
for studying the phenomena of REC. direct ion-electron 
bremsstrahJung. and ion energy loss, excitation, ioniza­
tion, and charge exchange hi a dense electron gas and is 
equally applicable to impurity and plasma ions alike. 
However, much work remains to establish the extent to 
which such results are directly applicable to a CTR-type 
plasma. 

1. Summary of paper in be paMnhrd. 
2. Health Phy**-'* Division. ORNL. 
3. Physics DnisiDn.ORNL. 
4. Chemistry Division. ORNL. 
5. Guest Kienlnl from Max-Pbnck-lnstHiit fur Plasmapnysik. 

Garcfcinj:. We»i r>nwny. 
6. B R. Appieion. T. S. Noffte. C. D. Moak. J. A. 
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ANALYSIS OF HIGH 7> Nb Oe FILMS 
BY ION SCATTERING TECHNIQUES1 ' 2 

B. R. Appieton i. W. Miller1 J. R. Gavalcr4 

The discovery that sputtered thin films of Nb Ge can 
exhibit superconducting behavior at onset temperatures 
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as high as about 22 to 23*K hrcstumdated coutdnabk 
activity to determine the origin of «hese effects*"'' 
because of the potential saving in refrigeration costs 
dbt would result to the various energy schemes that 
employ svpercombxtofs. Some mvesugatium of 
Nb Ge lllms have saggesied that formation of the 
stoiciMomeiric A-15 phase Nb.Ge is an moor (ant 
factor. white others indicate dial this may not be the 
must important dependence.' It has been proposed that 
spattered Nb Ge f i rm have high or low Tc depending 
on the presence or absence of unidentified microscopic 
defects.""* The rote played by impurities in these 
sputtered films has abo been considered. 1* 1 ' Crucial 
to aB these considerations is the need for quantitative 
analysis of the elemental composition of the films hew? 
investigated. 

We have recently investigated the composition of 
rweVr r l>22°K) Nb-Ge films, spuiier-deposited on 
sapphire substrates, by the combined techniques of 
Rutherford elastic scattering, ion scattering resonance 
techniques, and ton-induced x rays. Both niobium and 
germanium compositions vs depth were determined in a 
nondestructive manner by dectmvokiting a series of 
Rutherford backseat tering spectra obtained using 2.0-
to 3.2-MeV helium ions at several incidence and 
scattering angles, and the results are shown in Fig. 3.1. 
Confirma'ion of these results was provided by analyzing 
the yields of niobium and germanium characterisik 
x rays as a function of the angle of beam incidence. Of 
particular interest n the present study was the depth 
profile of orvgen contained in the Nb-Ge film, which 
« J S measured using a sharp ton scattering resonance. 
; * 0 ) O J » ) ' * 0 . to provide enhanced sensitivity. By 
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of an Nb-G* A M I spatter mpwHwl on an AljO mMrak. 

synematitaUy changing die energy of the incident 4 H e 
beam, the resonance was "stepped - through the film 
thick* v. and the results were deconvowted to obtain 
the oxygen profile shown in Fig. 3.2. 

Comparison shows an exact correspondence between 
the .wo Nb Ge peaks * Fig. 3.1 with the two oxygen 
peaks in Fig. 3.2 located near the substrate interface 
and within the body of the fifcn. The location of the 
peak within the film can be directly related to the time 
when rhe sputtering was interrupted. The increased 
oxygen content indicated in Fig. 3.2 near the outside 
surface of the film apparently resulted from adsorption 
of iixygen into the surface after sputtering was com­
pleted and dws could not exert a j influence on the 
Nb:Ge composition. However, the presence of oxygen 
during the sputtering process, as evidenced by the other 
peaks, appears to have had a dramatic effect on the 
Nb:Ge ratio. It seems likely that nonuniform Nb-Ge 
concentration in the film is. at least partially, due to a 
chemical effect caujtni by the changing oxygen concen­
tration. We theorize that the niobium atoms react 
preferentially with oxygen, causing the germanium 
sticking coefficient to be relatively lew when the 
spustermg rs initialed. As the oxygen content becomes 
lower with increasing thickness, progressively more 
germanium combines with niobium until finally an 
equilibrium condition D achieved. 

The question now arises whether this oxygen is having 
an effect on critical temperature, either positive or 
negative. The answer depends largely on whether die 
oxygen is actually incorporated into the NbjCe A-IS 
structure, as has been hypothesized hi the case of 
chemically vapor-deposited Nb-Ge films. 1 ' or whether 
it is present only as some niobium oxide second phase. 
Analysis of the film by x-ray diffraction suggests that 
there is a niobium-oxygen compound in the film. 
However, these data do not eliminate the possibility 
that some oxygen is abo entering into the Nb-Ge 
crystal structure. I f this actually does occur, it could 
explain why the normally unstable stoichiometric 
NbjGe phase can be prepared by thin-film techniques. 
One can hypothesize that oxygen, incorporated into the 
film during the deposition process, stabilizes the A-IS 
structure, thus allowing the grov-th of the normally 
unstable stoichiometric Nb C compound. Another 
experimental fac which is . in presently understood is 
the observation of high critical temperature in films in 
which the Nb:Ge ratios are fit removed from ideal 3:1 
stoichiometry.* In this c a * . if one assumed that a 
significant amount of oxygen combines with niobium 
and germanium to form the pseudobinary alloy 
Nb , (Ge T 0 , , ) . the Nb.Ge ratio could indeed be far 
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oil 3.1 stoichiomeiry. while ihc Xb:(Gc + Ol ratio 
could have (he proper stoichiometric value. A more 
detail'd analysis <>t (he hackscaticring measurement 
may supply information on this pn>blem. 
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MEASUREMENTS OF THE VELOCITY 
DEPENDENCE OF ELECTRONIC SIOPPING 

POWER AT VERY LOW VELOCITIES 

B. R. Appleion 
T. S. N«»gjde 

O. F Schow III 
H. Verheek' 

Studies of many of (he materials problems associated 
with fission and luton reacto'. are inexorably tied to 
the phenomena ol ion energy loss in solids, particularly 
in the low-velocity reuion. Most radiation damage in 
fission reactor malcriaU is caused by re.oilmg knock-on 
atoms, first-wall materials used tor confinement of 
pljsmas in (TR Jevi.es arc subjected to massive 
bombardment by low energy ions, which lead; to 
sputtering, gas bubble formation. Mistering, etc. Under­
standing each of these separate phenomena requires an 
accurate knowledge of the energy loss, range, or damage 
energy of the bombarding ions and'or recoiling atoms. 

The low-velocity region of ion slopping is particularly 
rclevam since thai is the pertinent region for both 
recoiling atoms and primary ions from CTR plasmas. 
An accurate understanding in this velocity range is 
complicated because the ions lose energy by two 
competing mechanisms, which can be rather naturally 
separated for discussion purposes into II) ionising 

http://Jevi.es
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collisions, which contribute to the slowing ol" ions in 
the solid, and (J) nuclear collisions, in which the ions 
displace atoms of the solid, causing radiation damage, 
sputtering, etc. The most widel> used thrones to 
explain stopping powers by ioni/ing collisions I so-called 
electronic stopping region) are due to Lindard. Scharff. 
and Schi^tt2 and Firsov/ both predict '.hat the 
slopping power Se obeys the relationship Sc = lit'11". 
WIHVI H is the ion energy. 

Previous measurements4 of the stopping power of 
iodine ions transmitted II .OUKJI thin single crystals of 
silver showed that ihe electronic slopping power was 
not proporiiiHial to A 1 ' * . These measurements, how­
ever, only extended to velocities in the region (A//f p1 '* 
> 0 .1 . where H and A refer to the energy (in McVl and 
atomic mass number of the iodi;»f ions. Recenil) these 
measurements were extended to even lower velocities 
using krypton ions from the Solid Slate Division's 2 5 
MV Van de Graaff accelerator channeled through "old 
single crystals. The results are shown in Fig. 3.3. .»nd 
even at the lowest measured velocities ihe electronic 
stnppinc is not velocitv-proponional. The technique of 
channeling ensures thai the ions lov: energy by ioni/iiig 
interactions only 4 and allow* one to measure the 
functional dependence of the electronic stopping com-
piment without interference from nuclear stopping. 
which is normally iloinni.int m litis snu.iii'Mi 
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DAMAGE PRODUCTION RATES OF 5-MeV 
ALUMINUM IONS IN ALUMINUM 

J. M. WiBums 
J. A. 

T S. NoggJe 
B. R. Apptetur. 

There is very little direct experimental information on 
damage production rates of heavy ions m solids. In 
particular, there are virtually no measurements of 
damage production rates as a function of penetration 
depth, which can be used lo test the theoretical 
calculations of the atomic displacements along the 
paths of ions. This lack of experimental measurements 
of damage production rates is due to the very short 
r jnges **i heavy ions in solids, which preclude the use of 
bulk specimens of the type employed in studies of 
fast-neutron and election damage in metals. This report 
gives in formal ion on the first irradiation of aluminum 
with 5-MeV aluminum ions in an experiment that is 
designed to measure damage production rates as a 
function o! the penetration depth of the ions. In this 
experiment, a thin film specimen » irradiated at 4 'K. 
and the observed resistance changes give a measure of 
the displacement damage introduced by the ion irradia­
tion. By interposing absorber foils in the beam, the path 
lengths of the ions in the solid can be varied, and the 
speciiTien . .Ms as a damage sensor for the rncremeni of 
path length from X to X * AAT. where X is the absorber 
foil thickness and SX the specimen thickness. 

Figure 3.4 shows the type of specimen developed for 
this experiment. The alumnum fubstrate plate provides 
ihe support for the evaporated thin film specimen, 
which is electrically isolated from the plate by the 
anodi/ed oxide layer. F.recfrical connections are made 
with spring contacts in the specimen holder, which is 
attached to the cryotip of a rleli-Tran2 sample cooling 
system. This arrangement is shown in Fig. 3.5. which is 
a phot'(graph taken during assembly. The open frame 
protecting below the assembly M one of three slides on 
which at.*.-: her foils can be mounted and which can be 
ir.mslaied during (he experiment so that absorber foils 
v.us tv centeied in front of ihc specimen. Figure 3.6 
Oi.'Us ..rn ,.| ilu'se slides wnh a 0.5-utn evaporated 

•::-y.v.m film mounted over the bottom window and a 
l->im (stui mourned over the lop window. Five films of 
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Ffc. M. Thin Mm atmrnmsm icmnmre atom** . Top: Evaporated aluminum thm film jptimun with Ijn M M width, ftj im 
thickness, and 5.0 mm between volants probes. The fow cirewbr region* are *oM contact pads deposited by evaporation. 
Bottom: Schematic &apram showing details of the thin A M specimen. The alnminiim pbtc provides a support for the thin film, 
which can be pat into food thermal contact with the specimen holder. The anodized layer provides riectrk-al onfa'.ion between the 
specimen and the substrate plate. 

different thicknesses were mourned so that by inserting 
films singly or in series, the absorber path length could 
be varied by 0.5-pm incn nienis up to a maximum of 
3.5 (im. The specimen holder and absorber foils are 
surrounded by a thermal shield, which can be seen in 
Fig. 3.5 as :he structure clamped to the cryotip tube. 
This thermal shieid supports a scattering aperture, 
which is fastened to the inclined end of the lube that 
extends out from the shMJ. During the ion irradiations, 
a 50cnvlong collimator provides a beam with dimen­
sions larger (run this aperture, and the aperture defines 
ihe beam that impinges on the specimen. Scattering 

from the pari of the beam that is slopped by the 
aperiure is detected by the solid-slate detector. The 
assembly of Fig. 3.5 and the beam coHimator were 
mounted in an irradiation chamber, which was con­
structed using ultrahigh vacuum fittings and techniques 
wherever practicable. This was done to ensure a clean 
environment and a goud vacuum in order lo minimize 
cryopumping by the specimen and absorber filn.s 

The ion irradiations were made with 5-MeV 1 7 A I ions 
from the ORNL tandem Van dc Graaff. Because of 
equipment problems that occurred during ihe first run. 
damage ra'e measurements were made only for the 



77 

The <a>rcimrn huMu is festcncd to the end of die cryolip lute. 
I V run peojutium from the air at the holder Me electrical 
leads aacd in ikr rewnance inraMtfraieMs. The tfrmnl dwctd. 
whicb is mcniwptrn> in this photograph, completely surrounds 
the specimen ImMcf and supper t* tfct sc*tteime aperture, which 
B muunitd a.t the inihned cad of ihr tube ihat extends out 
from ibr ihscM. The sired ares between the dnerfor mowttmf 
take and Ifcr cryolip labe are the dale meikwumj for 
tRNVbtMS, the franes on whir<h absorber fods are mounted, 

open beam and with the 2-ym absorber foil. Short 
irradiations for each condition were alternated to 
obtain two sets of data, from which two damage rale 
curves ftU/t /dd vs .1/?) were obtained. The intcrmesh-
mg of the measurements allows interpolation, so that 
the apparent d a m ^ rales {d<XR/d$) for the two 
conditions can be c .rparcd al the same damage 
concentration. The ratio of the apparent damage rales. 
(d&RfdthtHdAR/dPh. was 5.40 £ 0.65. This ratio 
tan be compared wilh a similar ratio obtained from 
theoretical damage cross sections calculated by Oen. if 

it is assumed that the electrical resistance changes are 
directly proportional iv me damage energy. The ratio 
of the cross sections averaged over the intervals from 2 
to 2.5 jim and from 0 to 0.S jim pws a value of 3.17 for 
calculations using the LSS value' of * = 0.14 for the 
declronk stopping parameter and a value of 4.84 for 
calculations using a value of it = 0.17. which was 
derived from the stopping power tables of Northcliffe 
and Schilling.4 The experimental ratio is clearly most 
consistent with die calculations using the value for ft ~ 
0.17: thrs result follows die general observation of the 
past tew years that significant differences are frequently 
found between the theoretical values of * based on the 
LSS theory and dkise determined by experiment. 

Although die basic concept of this ion-irradiation 
experiment is quite simple, there are many details 
which give rise to complications. Foremost among these 
is the size effect in die electrical resistance of thin films. 
which causes each thin film specimen to be almost a 
unique material in its electrical resistance variation with 
the introduction of defects. It is believed that the 
present method of obtaining relative damage rates 
nmimues this difficulty and that the result of this firs: 

Fig. lu*. Abaorbrr M i tome. T V example shown hat a 
0i-um film mounted over the bottom window and a \Xhtm 
film over the top window. The frames are made of (M-mm-
tMck alwmnwn sheet, and the windows are I A by I J cm in 
she. The dark band on each side is due to hard anodizing to 
ntbtiinife friction between the frame and guide grooves in the 
specimen hohJet • 
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irradiation ex penmen: indkratvs that this technique will 
generate the dewed detailed information on the dam-
ate rates of heavy ions in solids. 

I. Physic* Dnt*h>a.ORM-. 
1. MjnuUcruivil by Air Product* jnd (Hemicih. Int.. ABrn-

town. Pa. 
i. J. Lindbjid. M SvtvulT. mi II. Y ScfcWti. * /ten. 

Vkieiak. Sel*..Ual. hy$ MeJJ. 33. No. 14 U<H.3t 
4. L. C. NorihctalTe Ml R. K SchiUjn*. Vu,/. ffeta A7. :33 

(19701. 

ION DAMAGE IN NICKEL 

J. Narayan O. S. Oen 

High-purity nickel single crystals were irradiated with 
4-MeV nickel ions at room temperature to a fluence ol 
2.5 X I 0 ' J innsv'cnr using the OR\L 5-MV Van de 
Graatf Accelerator. To study the depth tfisiribution of 
damage, these crystals were electroplated with nickel 
and sectioned normal to the interface. Sectioning was 
dune with a spark cutting machine, and the small 
amount of surface damage introduced by the spark 
machine was removed by subsequent electropolishing. 
The samples were thinned at the interface for electron 
microscope observations. The density of point defects 
contained in the observed dislocation loop structure 
was determined as a function of depth. This is shown n 
Fig. 3.7. where the data are plotted as a histogram. The 
smooth curves give the calculated damage energy 
deposited by the incident ions using ih- I DIP-1 
computer code.' which is based on the aloim .-ollision 
theory of Lindhard. Scharfl. and ^cni^tt |LSS>. : It is 
of interest to note that the observed damage peak is 
15^ deeper than that calculated using the theoretical 

O W K O O G ' * ZT'1 

P£N£rR*TiOF* DEPTH 'n.cront! 

Fig. 3.7. KsprrimMMl hcHofom of pnmi-drfecl denmy and 
cakolited darrvyr energy as » famtim of penetratimi drpik. 
The «m<>olh curves are for two values of rhr ek. ironic Mopping 
parameter. * i s s * 0.162 JIKI A = n.\2t>. and lor Htke't 
uhuljicd vjlue* of the damage energy. 

value ol the eieciioiiic slopping power pauiiK'tcr. * l s s 

- 0.162. To get good ^greenvnt with the observed 
damage peak, k has to be • educed to a value of 0.12tv 
The reason for these lower stopping powers has been 
discussed earlier for the case of copper and nickel urns 
incident on a copper target.3 However, it <s of 
particular mte.est that the difference between the 
observed and calculated damage peaks b ies» for nick.'! 
ions incident on a nickel target than that for nickel wn> 
incident on a copper target. This suggests that nickel 
ions are subject to oscillations in the stopping powei as 
a function of the target atomic number. This lesuli is 
similar to that observed lor helium4 and nitrogen* inns, 
for which a sharp minimum in the electronic stopping 
has been reported at Z - 2**. 

The calculated damage energy from the tables or 
Brice* is also included in the figure. Brice used a 
three-parameter formula lor the electronic slopping, 
which is claimed to reproduce the semiempirical laNo 
of NoMhcliffe and Schilling.7 The agreement between 
Brice"s calculations and the present experimental data is 
within 5^. Thus, the tables of Brice predict 'he depth 
distribution ol' damage lor nickel ions in nickel more 
accurately than the F.OKP-I code with the LSS elec­
tronic slopping parameter value. 

1. I. Manmnc and U. t. Mueller. Computer Hiyt. tammun. 7. 
f.5 i l'»74>. 

2. J. LiiwHurd. M. Svhjrll. JIKI II. I SCIMMI. A /to" 
liuVnj*. .Vettk.. Uei.rrs. Nrdd. 33. So 14 Il9»3i. 

3. J. Vjrjs^n. f). S. Oen. and T S. Nofffc. tu*tem,nt>il 
•Ispeils <>/ Rajulnm Humeri- in Mi'W/i ed. by M. I RobinwHi 
jnd I. ». Vow*. Jr..l RI>A repwHDW 7$IINN>.(Mt Rd^c. 
Tenn. I in prewi. 

4. !. I /Ktlcr jnJ w. K ( hu. M Dtm Vm7 Data TaMrs 
13.463119741. 

5. I>. (i. Simon*. I). J. I jml. J. (. Hrinrun. .ml M D. Bro»n. 
r>tHCttiint[s of thr InimwlHnwl Omjrrrnrr "t km Beam 
Surfme .inalyus. Plenum Ple\%. New Vork «m prv«l. 

t>. II. k. btux. km ImplanuHim Range anj hnttjy Drpint-
imn Diunhumms, *i>l. I. Plenum Pre**. New York. 1975. 

7. I <". NorllRirfrV jnJ R. I SthrMm*. \ml. DtU 47. 233 
119701. 

SELF-ION DAMAGE IN COPPER 

J. Narayan (). S. Ocn T. S. Noggle 

Copper single crystals were irradiated al room tem­
perature with 5-. I (v. 27-. and JH-McV copper ions to a 
finer .c of approximately 5 X 10' } ions cm 2 using the 
OKM. tandem Van de Graaff accelerator. The retained 
damage in (he form of dislocation loops was studied as 
a function of depth by a transmission electron micro­
scope technique. The experimental point-defect density 
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vs depth curves were compared with the damage energy 
deposited b» the incideni Kins. The deposited damage 
energy was calculated with the widely used fcDfcP-l 
code.' whvh is primarily based tin (he atomic collision 
theory «H Lmdhard. Scharff. and Schrttt1 LSSl : Figure 
3.H shu%> the experimental histogram ot poml-defect 
density as J luncttnr: of depth for 5-MeV and 27-MeV 
irradiations. The MiKXKh curves m the figure give the 
calculated damage energy as a function ;>f depth fur 

t * « values of the electronic stopping power parameter 
k. The vertical scaling of the calculated curves a 
arbitrarily chosen to give a good overall fit with [he 
data. The observed pun: defects are about 4 to b'i of 
the defects predicted by the damage energy Calcula­
tion Sv 

To obtain good agreement with the experimental 
data, it b necessary to use smaller values of the 
electron. - stopping parameter k than that predicted by 
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the L53 theory. k = 0.167. The reduction is a few 
percent lor 3F-MeV. 10" tor 27-MeV. W< f.w I6-5UA". 
and 2S'r for 5-MeV irradiations. The result that k 
depends on the ion irradiation energy indicates that the 
electronic stopping does not depend linearly on the ion 
velocity. The relative changes in k as a function of 
>.<scrgy are qualitatively similar to our previous nickel 
ions in copper irradiation results. As discussed in that 
paper, the relatively Urn electronic slopping in copper is 
related to the oscillations in the electronic stopping 
when plo:ted as a function of target atomic number. 
Z ; . Copper lies at a local minimum in such a curve. 
These osciallations are related to the charge density 
oscillations and have been discussed briefly in a recent 
review paper by Sigmund.3 In addition to the Z : 

oscillations, there are also oscillations in the eiectronic 
stopping when plotted as a function of the projectile 
atomic nunibei. Z , . Since copper projectile ions lie isear 
a local minimum in the Z, oscillations, this effect will 
also contribute to a decrease of the electronic slopping: 
however, it appears that the Z> effect is the more 
important in the projectile-target combinations that 
have been investigated to date. 

1. I. Mttinimc and G. P. Mueller. Comput. Fhys. Commun. 7. 
857||974>. 

2. J. lindturd. M Svlurfr. and II. t. S^Wtt. A'. Dan. 
lUensk Srlik.. Mrr.-fys. MrJJ. JJ. No 14 I 19631. 

} . P. Sternum!, p. 3 in Radiation Dcimtt Proctors in 
Materials, cd by ( U S Duprey. NtwrdhoO. L-vden. 1975. 

LOW-TEMPERATURE 
RADIATION EFFECTS 

PROGRESS ON AN INTERLABORATORY 
PROGRAM TO STUDY LOW-TEMPERATURE 
DAMAGE RATES IN DILUTE VANADIUM. 
NIOBIUM. AND MOLYBDENUM ALLOYS 

J.M.Williams J.K.Redman 
C. F. Klaninde R. R.(oilman. Jr. 

A cooperative program designed to make use of the 
special capabilities ot a number of laboratories seeks to 
measure (he resistivity damage rates near 4°K for 
electron, proton, fission-neutron, and 14-McV-ncuiron 
irradiations of dilute alloys of /trccniu.-n in vanadium, 
niobium, and molybdenum. The ORNL commitment to 
this prnjpam consists of sample preparation, which has 
been completed by the Research Materials Section, and 
the fission-neutron in ad rations, which are being under­
taken by the Low-Temperature Irradiation Croup. 
SpecificationJ for the sample materials and conditions 

of measurement, a list of the pankipants, and a 
description of earlier progress m the program have been 
presented previously.'': 

During the past year. «.tm>truction and testing of «lt 
portions of the fission-neutron experiment assembly 
were ciwipkried. and the fir-a trradiaiinn was nude vn a 
V-300-ppm-Zr ribbon at 4.s'K for 25S hr. A photo­
graph of the component part:-, of the assembly is shown 
in Fig, 3.*). The function and a description of each art 
as follows. 

Upper jn Nb Ti superconducting magnet (I.4* cm 
bore. 2.5 cm long: / / m a x - 12.7 kOe at 
4.2°K) to suppress specimen superconduc­
tivity. 

Middle a high-purity copper heat exchanger contain­
ing a 2iiV unci 1.110 cm in diameter.3.18 
mm wide, and 0.127 mm thick) bonded with 
tin to a central internal groove. The innermost 
surface o! the :-'*U ring is hacked with a 
matching 0.025-mm gadolinium foil to partly 
shield the nearby sample from thermal neu­
trons. A thin (0.127-ntm) stainless steel Inter 
serves as a fission-product containment and as 
a heat barrier between the neutron converter 
and the sample. During the present irradia­
tion, the converter generated 6.7 W and 
produced a pure fission-neutron flux at the 
specimen of 6.0X 10'' neuironscm~: sec"' 
\sQTr of external thcri;ial-neutron flux). The 
thermal-neutron contribution to the damage 
in the specimen is lesi than 3'- of the total. 

Lower an anodi/ed aluminum holder centers ribbon-
shaped specimens 11.034 cm in diameter. 0.81 
mm wide, and 0.025 mm thick) adjacent to 
the convene! inside the ezthiiigx. dssissii 
and milled flats provide convection cooling 
while accurate sample positioning is main­
tained. 

Since each component is independent, a variety of 
arrangement can be irradiated in ihe sample chamber 
of the LTIF. including the magnet with an encapsulated 
collection of specimens. Rapid change of ribbon speci­
mens on the pictured holder is also easily accomplished. 

The temperature of the sample during irradiation, 
which was verified using the temperature dependence of 
the sample resistance measured before irradiation, was 
lower than expected. Tiiis is attributed to the high 
fission-hcat-removal rate afforded by the conveclion-
toolmfrchannel design of the sample holder and thf 
apparently good bond between the 2 , 5 U ribbon con-
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verier and ihe tMgh-purity copper heal exchanger. 
During eatty design considerations-, die po«iibdiiy was 
recognized dui die (ugh heat tiiu from he converter 
nm; might envelop die nearby «0_0»X on) specimen in a 
doughnut-shaped helium-vapor bubble. Thb would pro­
duce MI unacceptable rise in sample temperature which 
could only be corrected by reducing reactor power. 
Containment of Itssion-pfodact activity in the converter 
assembly was found lo be satisfactory according to 
poslirradiaiion surveys ol" the sample-holder surface and 
of a charcoal trap serving the sample chamber of the 
Low Temperature Irradiation Faculty I LTIF). 

rtgure ,v 10 shows the fission-neutron damage rale ol' 
the sample as a function ol" the damage resistivity. 
Aahough some small lluctuaiions developed in ;hc 
measurements beyond .ap * 100 nil-cm. the data-point 
averaging indicated :n the figure gives results which 
show a transient reduction in the damage rate before a 
typical linear decrease lakes over at about 100 nil-cm. 
In contrast. Jung snd Lucki3 foum' no transient when 
they studied 1.2-. I .* , and 2.S-McV electron damage 
production on the same iiutert.k as part of the 
mteriahoralorv program. Since the same material was 
used hi both cases, the difference cannot he explained 
by the etecuical si/c effect, however, a deviation in 
Maithicssen's rule cannot be ruled out. Since the 
transient effect is not large, however II.V- as given by 

the zero-dose damage-rat* values imfcckcd hi Fig. 
3.10). it cannol have a strong influence on future 
comparisons «4 these and other types of damage which 
will be made using detailed coUtson cross-section 
information as pari ol" the intended program. The 
present results can also be compared with those 

obtained by Brown el ai. 4 on less pure vanadium 
(resistance ratio * 15) irradiated at IK*K with a slightly 
energy •degra'lrd fission-neutron spectrum. Their initial 
damage rate I linear extrapolation) was .*•"" greater Man 
the present value. This difference may he related to the 
difference in impurity content. The possibility5 that 
defect migration may be occurring at the irradiation 
temperature couM also be very significant in explaining 
this difference 

1. R. I Reed. C. I. khbrnmic. J. k. Rcdaun. jmt R. R. 
t'otanun. Jr.. SaM SUIT Mr. .-Imm. />•>«. Krp An-. SI. 19?J. 

2. i. M. WintMB.l'. I. KljkwMe. ). K. Hoiou*. and R. R. 
(\4imsn. Jr.. SaUJ Sutf Mr. tma An*. R.p. Mr. SI. I*?4. 
()RM.-5<C*. p. *2. 

i. P. Jane and U. Lacki KaJmi. ft//, no S- puHnhntl. 
4. B. S. Rnntn. T II RWm. T. I.. V.Hi.and A. ( . Mar*./ 

\utl. Meter $2.21} 11"»74». 
5. ( . I. kUhHihk. R. R. Cokmiii. Jr.. and i. »". WiNuim. 

r^iuukmtnlJ Upeits <>l RaJntfm fkimtfr m Mrlali. <d. by 
M. T R«ten<».fi and I. »'. V-.w-. Jr.. I RIM report 
I'ONI -75imn».f\«k Rtdpe. Tenn. im pn«». 
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Fig. J. 10. The fwMtm-w-vlrTHi drjiwuw rate of V-MOapm Zr si 4A K w Junnji rvstMnrty. The initial reshirviiy.pn. wa» I3i 
nil-cm Iff tn$//T | <( - 1411. and ihr total drmajtc increment WJ< 2X1 nil-cm I I.Hh p»l prodiH ;d by a neutron rluem-e of 5.2 x I 0 I T 

neutron»/cmJ. AH mriiMiremtnl* were made with a mavnetk field of ijh ItOe. 
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WOMBCT EVkTJfNCE FOR VACANCY 
CUUSTOUNG DURING STAGE M 

ANNEALING M COPPER* 

H.Schrueder: PWmihuW1 ( . L K b b w * 
IL Surmenberg' R. R. (oilman. Jr. J.hLWuuanK 

ttigit-purity cupper tod specimens were doped with 
relatively high delect cowcentrauuws 1200 10 1000 
ppml by etectrou wndniiua at \>m temperatures. 
Fottuwing die doping trradnlimi. rJ e specimens were 
rsochruaaiy annealed between 100 *>u 50D*K: how-
ewer, after each annealing step some specimens were 
given either of two test-dose uradutions which were 
m l .u moated with the original duping dines: 

1. JriiidJilimi at X0*K lo measure the damage produc-
liminte. 

2. uradrafrun al 4'K followed by armealmg al f>5*K to 
measure the damage. -V,- renaming after stage I 
recovery. 

Both the damage rate al N0*K and Jp , are essentially 
determined by the branching ratio of two reaction 
possibilities for the freely migrating interstitial* pro­
duced by the test doses: 

1. trapping by interstitial clusters formed during the 
previous doping dose. 

2. annihuaiion al doping-dose vacancies. 

Reactions between test inierstiiials and impurities or 
self-interaction of test mtersfiiials can be neglected, 
since the doping defect concentraiion was much higher 
than the test defect concentration. 

As a function of the isochronal annealing temperature 
of ihe doping defects, both the damage rale al 80* K 
and <V, show a drastic increase in the temperature 
range of the stage III recovery. This increase cjn be 
easily understood if the competition for test-dose 
mterstitials by doping-dose vacancies is reduced as a 
result of their clustering during stage III recovery. 

I. Summary of paprr: Famtimrnul Atprrts nf Kmliiwm 
AMMRT *» Mrlih. ti. fey *•. T. Rohmwm am) F. W. Youne. Jr.. 
F-RDA repnrt CONF-75IOOft.Ojk Riapr. Tenu. (in prc«> 

1. Institsi fur Kc»ik<wprirorKrMMiK. KM Jiibch. Oimany. 
J. Guru Kicnlnl fmm Intlilul fur FeMkmprrfofKhiinc. 

KFAJiiftek.Grrmany. 

CRYOGENIC IRRADIATION AND TRANSFER 
OF LARGE COPPER SAMPLE 

J. M. Williams R. R. (oilman. Jr. 
C. F. Klatmnde J. K Redman 

The neutron-scattering experiment' designed to study 
the phonon pcriurhalions produced by the dumbbell 

mtemitol prerenitd special problems m pre p*j anon of 
the sample for me sway. The resniutm requirements 
of die experiment dictated mat the product of sample 
volume by menMtaJ concentration be as high as 
gujjihli. It was therefore decided m this midal ap­
proach to use a Urge sample ( 0 * X I.S X 3 J cm. 
weight 37 gr and to achieve a uniformly dispersed 
configuration of Freakd pmrs by use of neitrui 
itiadijiion- The irradratwn was done m the Low 
Temperature Irradiation Facihty fLTIFl of me Bulk 
Shielding Reactor. This fadnty is a liquid hf hum inuhd 
chamfctr situated in a ttermaized neutron A n of 2.5 X 
10* * neutrons cm* 1 sec' ' . Damage in the form of a 
few Freufcd pairs per neutron capture event is produced 
by the («."»> recoils. 

The difficult part of the task was to transfer the 
sample from the LTIF without warming above Squid 
hebum temperature, winch would have allowed the 
mterstiuak to anneal out. This was accomplished by use 
of a specially constructed numaiure aluminum dewar 
-vhkb served as both the irradiation ""capsule" and our 
transfer dewar. This smal dewar (about i5 cm long), 
with a single vacuum annulus. would hold liquid helium 
for about \.> torn while exposed to air al room 
temperature. The sample was irradiated for 24 days, 
and then the KM transfer was successfully completed. 

I. R. M. HttVkm. R. R. (nhi«w(i. Jr.. F. W. YMHK. Jr..aMt 
R. F. Wood. "Newnm mrlniK ScaHemu MraMMcwcwls of 
PVMMU rVrrwuaiious by Defect* m InauaMi C»nwr.** ite* 
rvpnft. 

A CRYOPVMPED VACUUM SYSTEM 
FOR ANNEALING SMALL SPECIMENS 

BY JOULE HEATING 

R. R. Tollman. Jr. J. K. Redman 

It is anticipated thai the fission-neutron damage rales 
near 4*K will be measured for a large number of 
elements, using the " * U converter system described 
elsewhere in ibis report.' It is known that some of the 
high melting-point OlOOf/O elements to he studied in 
this program .an be further purified by the purging of 
impurities that is afforded through annealing near ihe 
melting point. This is most easily accomplished for 
small samples (wires and ribbons) by Joule healing 
Some of these, however, are refractory metals which 
react readily with gases at high temperature and 
therefore require a better vacuum during annealing1 

than can be reached with typical diffusion-pumped 
cold-trapped systems. To meet this need and at the 
same time provide for the relatively rapid treatment of 
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samples, an ccviMiincai cryupnaaped vacwMi system 
•as consirncKd as dw«n whcmaiicaih M Fi*_ 3.11. 

The principal desipi Icararc b a ckne-sUdr-iti pishn 
which drnies die wppcr t-ylindrkal chamber into rww 
ctnwpmmfis. The cumparunenis arc ctWRcvtcd by a 
U-mhe. however, which •* Kmncncd M a cunvcntMul 
cununerctji Inmid hfiiuwi siorapt email lo provide the 
cryopuinpmt a c t M . A I K T a specimen has been 
manured M ihe M i . or sample, oimpariincm. rbe 
device is evacuated i i f a cunweeaunal vacnmx system 
and d m scaled «>iT. arJ lb* U b innmrifd n hpnd 
brimm- Typical vapor sonices snch as Orimp and rahw 
stats which Unit conventMui systems arc found only 
M the rifhi cotnpartmew. and iheir tminhint can reach 
the specimen c« iwpjrirnewt only rbrunah the narrow 
piston clearance 10.025 mm) or ibrunjh the l-tuhe. 
where ihev are irutten onl en : 

A l d M f h the vacnmn achieved in the samp 
parimeni has nui yet been n o n n L carl* nse or" the 
device mdacate* substantial improvement over a conven-
bunal system. Alter cryopninptne !««• I * h i . an as-
receive*! laniahwi lud 10.025 mm I with an intial 
resistance ratio «f jbunt 40 was jnncjicd near the 
melime point and die resniance ratio nv leased i» 54U 
l l n we i known thai thr* etc mem b very sensitive !•» yas 
pkfcnp dnrme Infh-iempcral *< jnntahjie, Mnch Inr-
ther vse b anticipated l«w dns sanply iterated device, 
which convnes an insignificant amonnt uf 
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Fi§. 3*11. Scntflwfic rwanmrwlatiun of s cryonNnpnl n m k * for 
through a picket *urtmmdii»» the upper cylinder (not «hnw« Hi the fiprwrc) 
during specimen healing. 

nweimsm by Josw nmnm^ A MUSH water flow 
in maintain the cylinder at 
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DEGRADATION OF STAMUfY OF A 
SUKKOMNJCTMG MAGNET BY 

RADIATION DAMAGE 

C. F_ Khbuuir H. R. Kerdmer 
S T. Sekufa i. U. WMams 

Stjhmty m a mpcrconducrim; mapin refers lu its 
abdrty to m b i qwrwchMif • diced by "fluctuations" 
(sack as current changes) at currents appreciably below 
ike crilkal current. / f . Serious wjtjfcility is evidenced 
by autuihuij. far dwrl of / r when the current is heme 
mcrcased too rapidry. T I I enhance their staMiiy. 
commercial Kb Ti wires ufdwe nmliifdamenury con­
struction with a matrix oi a good normal conductor, 
cupper, between the aBoy filaments. I'nder neutron 
irradiation, this slaHiuiRf copper undergoes radiation 
damage, which increases its m u i h i i y and may there­
fore decrease its Mabdvinc effectiveness. 

A small solenoid I described earlier') wound with 
commercial Mb Ti wire was studied under the effects 
of low-iemperaiure thermal-neutron irradiation in the 
liqwd-Mmrn cryostat at the Hulk Yielding Reactor. 
Measurements were made bvth un the magnet's normal 
resistance (at lOT'K. just ?bove the critical temperature) 
and i * its stabuiiy at 3.X'K. before and after irradia-
lion and again after a room-temperature anneal. Sta­
bility was quantified n the maximum power supply 
compliance voltage. \'m. which could produce a stable, 
nonqueuched start-up of the magnet from zero to a 
fixed lest current. lj < l(. set by the powe» supply 
current limiler. 

The thermal-neutron dose in this study was 1.7 X 
10** neutrons/cm1, which in bulk pure copper should 
produce2 a resistivity rise of 4.2 X 10"* Il-cm 
(corresponding to about 16 displaced atoms per mil­
lion K of which about "Sffr mould remain after anneal­
ing at room temperature. We observed a radiation-
induced rhe of 23% m the : f / K resistance of the 
solenoid (which converts to a resistivity increment 
twice as larpr as the prediction), and Wl of this 
remained after anneal. As measured at 3.K*K. the 
corresponding changes in other properties were as 
follows: («) the critical current decreased by I.4T and 
was unchanged by anneal; (*> stability, as measured by 
the maximum voltage for stable start-up (under the 
rather stringent criterion of a fixtd test current 3.tfr 
below the initial / r > . was reduced to W* - of its 
preirradtalron value and returned to 90% upon anneal. 
Under a less stringent criterion of a mriurWr test current 

set at 3fc1 below thej 
onh barely measurable 
recovery. 

In VKW of the raiher high initial romr.-;emperaiure 
resistivity c&ubrted for die copper and its very low 
rcusuttiy ratio ( R ; * J ' K A I * * K * **•- 0 0 * of which 
suggest utWKuces of impurities, cold vork. and electri­
cal sire effect, it is to be expected, as observed, that the 
radiation mduced rcsrjttrity changes would be greater 
than predicted for pure bulk cepper. The observed 
ihanpt i m stabdity definitely -Sto* a real and perma­
nent decrease induced bv radut inn < 

1. i t . KbuMHk. V T. SrlMb. mm J. M. W M M M . 5amf 
Smr Dm Amm. ftmg. KtfL Or*. SI. 1*7-.. •RNI.-SOI*. p. 47 

2. R. * . (o f tna . Jr.. ('. E. Kfafcaac*. jed J. K. R C M M . 
JftrxJtrr. I t t .7 l3 l l9*7». 

X*AY DIFFRACTION AND ELECTRON 
MICROSCOPY 

N1JhlJlRICALCAljaAJ%ll0l«OFDIFFlSE 
SCATTERING FROM DISLOCATION 

LOOPS hN METALS 

Bennett C. I-arson1 H. Trinkaus* 

The apphcaiion of x-ray scatierin* ;o the study1 of 
radiation damage in me'ab d e p c ^ «». an accurate 
knowledge of the diffuse scattering ..toss sections for 
dislocation loops. The high-intensity Huang scattering 
that lies doses! to Bragg reflections can be dealt with 
largely on an analytical basis with only a nwiirnurn of 
numerical calculations required. However, the cross 
sections for the large-angle Stokes-Wilson region must 
be accurately known also in order to carry out loop me 
distribution* and concentration analyses. The scattering 
in these tails arises mainly from the highly distorted 
regions close to the dislocation loon where the lattice 
distortions can only be specified in a numerical form, 
and therefore the scattering contributions from these 
regions must be calculated numerically. 

Numerical displacement field data4 appropriate for an 
edge dislocation loop in an isotropic medium have been 
used to calculate diffuse scattering cross sections in Ihe 
Stokes-Wilson region for various loop orientations and 
reciprocal lattice vectors. The scattering patterns were 
found lo be quite complicated in this region, as could 
be expected from the anisolrnpy of Ihe distortions 
around the loops. However, an undemanding of the 
important characteristics of the scattering was achieved 
by relating the observed structure to that expected 
under the conditions of localized Bragg reflections from 
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DOLOCATI0N LOOTS M METALS' 

l i f . Larson 

Tfceoft'Kal and cxperinarntaf pgogam has moiled in 
the mcrear-d ose of x rays for die study of defects and 
defect earners in crystals. In tins paper an oudine of 
die luejeeticaf fraanework aaMaciaied witn Huang. 
Siokes-wltsoo. and imegral diffine scattering from 
mslocae on loops n presented, and an account of recent 
experiments on radtation-urdoced poops is ojven. These 
studies memor low-femperaiutre. aaaoieni-ieniperaiore. 
and elevaaed-iemperature HTaaaat ions of metals with 
dectronv neutrons, and accelerated Rj*ts and pertain to 
die stndy of the dtermal annealing characteristics as 
wcM as Bar as-prodoced damange structure. The infor­
mation obtained by x rays as to die type. sin. and 
concentrations of nWncaiion loops is contrasted with 
existing electron microst-opy. electrical resistivity, and 
lattice parameter data in order to establish correlations 
and identify areas of disagreement. 

oar of a 
to interpret the diffuse 

resohs after annealing m 40*K indicated dm die 
imrrstioab one trapped either as <I00> Al- Al dumb-
befc adjacent to substitutional gtimawnm or as <100) 
Al Ce ilamiirlli The higher linajmifii anneals 
mdicand dial die imerstiiiab wmanwd trapped to 
105'K with indications of ditrapping and clustering at 
155*11 and above, rortber measaarments are currently 
in progress in order to more precisely specify the defect 
configuratinns. 

I. AtaMaci M aaprr: Fwmtmmrnid Atprns of KmJftnm 
Ihnmm or Mnth. «i. •» M. T. H*+mwm mi K » . Vow*. Jr.. 
FJttM wnwi CONF-75I0M. Oak M p r . TOM. fm amtf. 

XMAY STUDY OF rNTEJtSTiTlAL TRAfHNG 
IN LOWTEMPfJUTtJRE ELECTRON 

IRRADIATED Aftjt.2 at 9M> 

Bcnncil C Larson* H.-G. HaubnM1 

X-ray diffuse scattering has been applied in the study 
of impurity trapping of mtersiiiiab in AH0.2 al. 'HGe 

I. The jalfcnr «atm<i oat rbn meat** a M r en lama* 
UMOMKIM al KM* •l far FoUtoranW itwia. KFA J M K * . 
OraMoy. 

1. im*fnwttifVv*uHfrxi^rKhtmf.KyAHlKk.O€fmtmy. 
i. H.-G. I b r t u H . / Aft* CrnttHup S.I75 «I975». 
4. r k. P c t m M P. R. Skcana./ftrc Htr. |74.«*l Il«M>. 

MCKEL-ION DAMAGE IN COTTER 
ANDPllORfUbr 

J. B. Robrno J. Narayan 

We have used x-ray diffuse scattering to mvestigaie 
nickel-ion damage in copper and niobium and have 
correlated the results with transmission electron 
microscopy measurements in copper. The emphasis of 
the work has been to develop quantitative techniques 
for studying ion damage in solids, particularly x-ray 
diffuse scattering. Three general areas n;fi cxpiorcd. 
First, die retained damage from arr>!Heni-iemperature 
nickel-ion irradiations in coppr: and niobium was 
characterized and compared with comparabk-damagr-
energy fast-neutron irradiations. Second, nickel-ion 
damage in copper was compared al 4 and 60 MeV to 



check lor a dependence of the damage on modem M I 
energy. FrfiaRy. the appfacabritiy of x-ray mfrase 
scattering techmques i«> die study of ion-dan aged 
crystals was demonstrated. 

In the experiment, single crystals of copper and 
raobmm were irradiated at room tenperature with 
mcfcel ion* loa Imence ol I 2 X 10'> cm : at oOMeV. 
and copper was also iiraanied to 5 X 1 0 ' : cm ~: at 4 
MeV. The resaltiur. loop-type defect clusters m the 
capper samples were characterized using x-ray mffase 
scattering and transmission electron nacroscopy. The 
TEM measurement* were performed rang a secnumag 
techmojiKr which aNcwed iknmg the damage m depth 
protlie. whne the way measurements were based on a 
grneratizaiion of * e integral orffuse scattermg tech­
nique* to take into account ihe iahomiaynfinu nature 
of the depth distribution of ion damage. The defect 
clusters in mobmm were studied using die x-ray 
method, since the TEM sectioning tectunaae rs not 
applicable to niobium. 

Loop sj/e distributions for ion-irradiated copper and 
niobium as determined by x-ray diffuse scattering are 
cunvared in Fig. 3.14. The damage energies are about 

n - n n 

40 60 90 
LOOP RADIUS (1) 

100 120 20 

Fh> 3.14. Loop aw d 
irraanwd with tat n w fhnuit of Av-MeV mcfcef mm The 
disiribuiirHis were determined Sf x-ray MTmr scaiterwa: and 
arc jlw> plaited linearly in ihe insri. 

the same lor the two cases, and although the uze 
distributions are somewhat smutar. it is obnous that 
approximately low tunes fewer defects m loops have 
survived the amMent-temperatwr irramatiuas m aiabt-
um than in copper. Tins reduced defect safuvatnaty m 
mobmm has also been observed m TEM measurements 
in tasi-neutron nradiatiaav In coppei. loop ssze distri­
butions deteimmtd by the x-ray and TEM methods 
were m good absolute agreement and were oaaautivcty 
simnar to distributions produced usang fast neutrons. 
The nature ^i the damage m copper was not strongly 
dependent on M energy at 4 and bO MeV. Fmany.rhe 
mulls haw demonstrated die usefulness of x-ray 
diffuse scattering for stadirs of accelerator-damaged 
crystals. 
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IMieV MEUTK0N DAMAGE IN COPTER 
ANDMOMUM' 

J. B. R *eito J Naraya M J Saltmarsh: 

Recent experimental studies and nWoretical cakala-
lions have suggested drat high energy neutrons (f * $5 
MeV) are substantiahy more effective m producing 
displacement damage than fission neutrons la rhis 
work, we have atiempted to quantify some of me 
differences between high-energy- and fission-neutron 
damage in copper and niobium and to correlate the 
experimental results with theoretical calculations The 
experiments have involved irradiations near room tem-
perjture followed by characterization of the retained 
damage in the resulti.v !oop-type defect dusters. The 
work also represents the first utilization of high-energy 
neutrons from the deuieron-breakun or "stripping'' 
reaction to perform radiation damage experiments and 
provides direct evidence of die usefulness of such 
neutron sources 

The high-energy neutrons were generated at ihe Oak 
Ridge Isochronous Cyclotron by stopping a 40-MeV 
deuteron beam in a thick beryllium target. The associ­
ated deuteron-breakup (dji) reaction results m a neu­
tron spectrum which is broadly distributed m energy 
about a maximum al IS MeV with some neutrons above 
30 MeV This broad energy distribution presents some­
what of an interpretative problem for radiation damage 
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exptrmwnt*. IK port tartar, rfoe effects of dK lighrnrr 
gy tad of die spectrmn must be considered. We have 
approached rat* pciibkia by compnung3 dK dtsptace-
meni damage energy m copper M nvobmm as a 
twacRun of modem ncniron energy. The damage 
energy is d m pari of the primary recod energy winch B 
ultmntety jvjdjbk fot pirmm.mg atomic displacements 
and it therefore usefnJ tor comparmg dBptacemeM 
damage ai vanoas neuron enetgkv 

The copper and namiam samples R H laga-panty 
rmaV-crysial platelets dial were esseatuBy perfect from 
rite jtjadpoiai «f m u— topography. I hp> energy 
-/ IV nentroa nradrarjoas a n t carried oat m an 
open ended atamaami capsale with die samples 
wo—led one behind die other along dK beam aus. 
Nidul and cobalt dnihjnii try tods weir placed before 
and al«er dK sanwle capnle. and dK neuirun fmence 
decreased 13^ from the fir-4 to dK bat sample- The 
irradiations were carried om at room temperatir on a 
contiaaimi basts o«rr a i>enbd of 30 hr wtdi a 
lotatvKctnaa dose of 2.0X '»&' nenironvcar IOTJK 
cenc.-r of the first sample 1>e fission reactor irradia-
iions were performed it the SoM Stale Division's Bam 
Shi riding Re*.lor. with total mjeaces of 1.0 X 1 0 " 
and 5.0 X 1 0 ' 7 neutrons, e n 2 I f > 0 I MeV). 
respectively, for the copper and nrobnan samples. 

Transmission electron rmcroscopy measurements were 
earned ont on both the copper and niubnmi crystals to 
drinmmr the size distribuiinas of dK defect dusters 
wtNch resulted from the irradiations The defects m the 

F«. J.I5. TBd nmmnraynj of main imnil i i wv» fr» h 
4mTlnclwm vecinr 122D| and HUM ipmnfc i» 0.2 mm. 
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copper crystzls were aho characterised u n r x-ray 
mtcgral diffuse scattermg.* The results of these meas-
Mumtnts m d Be and fissMU-aeuiroa-irradBted cooper 
m sammarced m Fn> 3 15 and 3.16. In Fw_ 5 15. 
bnghi-field Macrographs are shuwn !«* frssiun-neutrxa 
and *lS-meV damapr Loop sure dtstnbutiuas m 
copper as dmiMimd by TEM and *-ra> nrasuremeats 
ate compared m FK. 3.16. General lundannes between 
the Warned damapr from Iwjttenergy- and nsswa-
aeutroa wradBtnms in copper are apparent from Fig*. 
3.15 and 3.16. and dK resnfts for niobium were 

In order to compare n e a h and tVsnon-neniron 
damapr on an absolute bass, the size drstnbution corves 
for copper and mobmm were mtcpatcd to drtrrmmr 
•named poaM-defect demiiies. When adjnsted fcr dif­
ferences m Imenoe. these pomt-deiew: densities give a 
rcbnve mm cation of dK damapr effectiveness of dK 
Iwjti-enerfy and fission neutrons Ratios of the daw ay 
effectiveness of d Be nentrons m terms of fission 
neutrons as drtermmed bodi from the expenmentattv 
observed point-defect dnuttars aad from the theoretical 
dan age energies are compared m Table 3.1. The 
agreement between rheory and experaneni rs qmie 
remarkable and mda.aies dial dK damage effectiveness 
of i J Be neutron with a mean energy of 15 MeV B 
about three times dial of a fission neutron m copper 
and nnitiiuwi. Overall, the results sofpest samdranties 
between mffc-energy- and iraion-neuiron damapr when 
compared mine, the damage energy concept and demnn-

OfOTO I7M-7S 

•on w n u w md|A) •IS-MeV w w w . TVamm inwtaies the 
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vtrate the usefulness <>!' deutenm-breakup neutron 
vnrnvei for perfomune. hqrii-^ner^v neutron damapr 
experiments 
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T W E C K U U s T Q U S n c S O F 15-UrY-
AND nSSMK-NEUTZCKt DAMAGE 

K M 0 M 1 ' 

J Var jYan $ V Ofc» 

Tilt natal* ••< 4rtcvt ckolcis prodweed h* I v M r V 
and rtmun newiruw* 41 «l) »" ha» hem awdecd by 
iranMntst**; environ NMvioKvpt • hwjfc-pwriss i»eir 
cry stab ••! wml—m. T V hnjh m a p acutc«> mere 
amented at ihe tbk, >inpr h>*.hr<*w» <">cK<tr.w 
I acrfny b% stt^wnic. a -lU-MeV denierim bejm m a nWk 
bmhwmi (atari* The h»w-«neif> HC-JII.-JI ftradunuN* 
wwe nrrlunned a; the Oak Eider Baft 
React***, nhtte die ncwirun tpeclivni a st-anar iw 1 
2 " U fe*M * r v u w n - The riwence uf 15-MeV 
I M M was 1.9 X IO* T r<wiMMi .n i : . and the tonne uf 
ike ftsstun neutrons was chose* n >X 10 ' ' men-
ironscm*. •*> l lui M-i-plit lr<*n both types .4 madia 
lion* bad appToxMnaicly the same daNttp- ewerjy. 

rrpMe 3 .1" sbi-ws eiecirun HMcmpaplK >H delcvi 
d m i e n «*».-rved M ihe 15-VeV- jtsJ iiu»>r-wr«ir.>n-
madaled vttnpte* nl i m l i w n . The dwevtmns «•! ibe 
Hack-while omicati. wbhrh are exhibited l \ the delevi 
d w i c n MHler two-beaoi dviuimcal Murium o«nh-
ik«». mdwaK thai the delevt chmen are m the Uttm 
«>» dulocini« kn»p» and prondr mftuwatn^i iniM 
vhwh rhe Burgers tcvbvs «•! rhe K»<p> can he deier-
nuned A reveni calcuiain<a has dn»«n ih i i ihe Macfc-
whiie dtrecin* rv a «emifree AnKimn id ihe diveciums 
<*f ihe Burfrrs vector. lo«f> nnrnol. and dritracin<« 
T<cit>r ' By appKmy the mulls <<f this cakutaiiort. ti 
was ftwnd that m muhwin nradaied with 15-MeV and 
IISSRMI neutrons. appeoximateH iwo-clnrds <»; the <*-
served hm>ps were <»f pertcvt # M11> type, whne the 
rest tit the hmpt were <•! laid led « 2< I l i t t\pe. The l«il 
•meniaimas wer» sweh thai 11 was nm piMuMe i.» rale 
.mi cimiptrieh the pmsihie presence . * ihe hmps <H 
<K 100) type. 

The vacancy -rnterstiiial nature <>f the dnhvaimn 
kitip& was determined from the dncctmn or the 
Mack-white contrast and ihe measured depth of the 
loops m the l<*»h In mnhium. approximately iwo-ihrrds 
<if ihe loops were ol intersiiiiai type and une-lhvid were 
o( vacancy type m hoih ihe 15-MeV-and fisHon-neti-
Inm-irradiaied samples. 

It has been reported* that 15-MeV neutrons prod'Ke 
many muliiple clusiers in which two or more vacaruy 
l>»ips tut separated hy less ihan 100A .he HHidence of 
multiple dusters was studied Hy ohsemnf the spatial 
drsinnulHm of vacancy loops hy weak beam and bnjh-
ordei hrifhl-field siereomKroscopy techniques The 
results for the 15-MeV madwied specimens showed 
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that about * - of ihr Un«p* were m multiple clroicrs. 
and about 0.2 ; of such incidence* were oh*erved in 
fouufi-acwfron-irraduicd *ampicv The tHMon-neutron 
mu l l H nHBowii with coincidence* in a randt r i 
dninhation. and the 15-McV-fleuiron mu l l , while 
apparently larger. t» much le» than lhai previously 
r e e l e d 4 It » hHievrd thai iht* te*ult doe* n<*i 
mdicarc a sijtnificani difference between 15-MeV- and 
fnMon-neuiron damage 

The main «mclu**on which .an he drawn from the 
present *ludy » lhai Ihc nature «»f the 15-McV-neutron 
damage is swmiar So thai of ihc fiuwn-netilron damage 
One can. therefore, infer (rum thr* ohsrrvation lhai ihc 
clustering behavior «>l puwil defect* i* ncar1> independ­
ent of the energy of incident neutron* 
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X RAY AND ELECTRON MHTROSTOfE STUDY 
OF DEFECT CLUSTERS IN SELF40N 

IRRADIATED NICKEL 

J Narayan Bennett C. Larson 

Defect clutter* produced >>> 4-MeV nickel ions in 
nickel *«ngle crystal* at room temperature have been 
studied a* a function of depth hy nan*m»Mon dec iron 
nwcioscopy iTFM). We distribution* Hoop density vs 
M/e) at various depth* have been determined and 
compared with the distribution determined by integral 
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vfjy diffuse scattering. In the x-ia> *tudy. the in 
homogeneous nature >»» the depth distribution of 
damage h n been treated approxmuiery by computing 
jn elective ,d>>oq» turn factor based on the lutal path 
length of the x rays a* a function ot depth.1 

F-gure .» I* sh»iws initial ml>wmaiion on the si/e 
distributions from mckd-madkatrd crystals thai weie 
vradnted to fiuences of 1.5 X 10* 3 ions cm : and 5.0 
X Id1 ' ion* cm'* as obtained '"rum both x-ray and TEM 
measurement*. In sues above 50 A (radius) there rs 
good agreement hetwr.n the two measuring lech-
niques. however, at 'V smaller sizes there rs rather 
sharp disagreement, aid the pumt is being investigated 
further. TKese measurements MMacate that only about 
I"- ot the delects generated survive m the lorm «»» 
dislocation loop*, which ts about a factor of 5 lower 
than the survival observed in ruunviemperaraie mckd-
I>«MI radiated copper A s»udy of annealing of detects is 

»t-3»0* 
»0 

*mt¥ m-

in progress to get information concerning migration 
energies of detects m the various jra-cilin* tiage* lilt 
rhrougn V) 

I I. B. R»trtt» JUJ J. Viuvjn. hunjw^ittjl l«/v. t\ ••! 
lUJmmm Oemmgr m l&bs>. o l In M. I. lt.4Httv.ia jnd I » 
l»aac. Ic. f-RDA srp.it COM -">!•••••>. <IA Ruter. lam im 

THE DMECTION OF BLACK WHITE CONTRAST 
OF DISLOCATION LOOTS 

S M.Ohr 

When snuil dislocation loop, are examined m the 
electron microscope, the loops lying approximately 
within one extinction distance from the surface exhibit 
Mack-while contrast under two-beam dynamical diffrac-
(•on conditions It has been generally accepted in the 
pas* that the direction of the Mack-while contrast was 
parallel to the direction of the Burgers vector p'ofMed 
onto the anage plane, and this direction has accordingly 
been employed for the determination of Burgers vec­
tors. In recent years, it was found that the direction of 
black-while contrast was not always praiki to the 
projected direction of the Burgers vector.1 In particu­
lar, for loops with shear components it was not known 
bow ihe bSack-while direction »j> related to the 
directions of Burgers vectors and loop plane normais In 
the present study, the displacement lurid of shear, as 
wdi as edge, dislocation loops2 was used to calculate 
the dependence of the Mack while direction on the 
directions of the Burgers vector, loop normal, and 
diffraction vector. The calculation consisted of produc­
ing simulated electron micrographs by numerically 
integrating Howie-Whelan equations of the dynamical 
'heoiy of electron dif friction. 

The results show that the direction of Hack-white 
contrast is in general not parallel to the protected 
direction of the Burgers vector It is found thai the 
angle o measured from the diffraction vector (/»lr> the 
Mack white direction f I) is given by a formuls 

»J*7 

1 0 " -
15 30 45 

MAOIUS <I) 
CO 

Ffc. J. IH Sire *JW*»tiuii of nulnniinii loop* in mcM 
I trim 4-tfrV nfc-M inns for Unmeet of 15 and 5.0 x 

i& ' i n m W . ifcurwintrf h* \*f9f w*4 dvctivM 

where 0 and y ate the angles from the diffraction vector 
(jrl to the projected directions of the Burgers vector Ih) 
and the loop normal (n) respectively. This is shown ir. 
Fig. ?.l°. where a is plotted against & • y lor various 
loop orientations found in copper and niobium. The 
straight line represents the least squares fit to ihe 
points. The only exception to the rule found is in the 

http://lt.4Httv.ia
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case of g • b = 0. that ». when the Burgers vector B 
parallel to the reflecting pbne. In thrs case, either / r* 
parallel to ft or a complex bu'terily contrast is 
expected, depending on the relative orientations of ft. n. 
and t- Preliminary data from neutrun-trradiaied copper 
and mootum mdkaie that the unethird rule is indeed 
obeyed HI many instances and provides experimental 
support for the theory. 

1. B. I. Fyre. Drfrclt m Rrfrmctnrv Mruli. ti. R. DefefBl. 
I. N*o«l.ar i L. Slab. S.C.K. <*.X . Mot. 1972. p. 311. 

2. SM.Ofcr.fMv . ¥ « » . :>'t?M972l. 

THE NATURE OF DEFECT CLUSTERS 
IN ELECTRON-IRRADIATED 

COPTER' 

S. M. O h r 

An electron microscope stud) has been made of the 
nature of defect clusters observed in electron-irradiated 
copper annealed in the range of tempentures between 
stage III and stage V. The sample materials used were 
1110) sinfcle crystals of high-purity copper which were 
irradiated at 49JC at the 3-MeV Van de Graarf facihfv of 

kcrnioftchumsaniagr. Julich- The electron dose was 
S.4 X | 0 " electron* c n r . which i evil led in a Frenkel 
pan density <•» about 650 ppm Subsequent to iiradu-
tion. vamples were annealed for 30 nun at a series ot 
temperature* starting just above stage III. namel> 23". 
*HT. 150*'. and 2 5 0 T . The latter two tempensiure* 
correspond approximately to stages IV and V. 

Figure 3.20 shows the electron micrograph* taken 
from samples annealed at each of these annealuig 
terrpefatures. The damage clusters appearing as Mack 
spots were identified as dislocation loops. mostly with 
Burgers ..triors of arMl i l> type. Up to the annealing 
temperature of 150"" C". the si/e distribution peaks at 
approximately 35 A in diameter. An increase in the 
density o! the larger loop sizes occurs with mcreasinc 
anneaimg temperature, indicating that the smaller loops 
are coalescing to form brger loops. A: 250"<. onl> 
about 10^ of the loops remain, and their average >i/c 
has increased by a factor of 2. The density of pinn; 
defects C\T„t estnnated from the total area of the loops 
remains essentially constant up to 150 C and decrease* 
b> a factor of 2 at 25Ctl\ These results are summarized 
in Table 3.2. 

Table J.Z also shows the results of the determination 
if the vacancy-interstitial nature U the loops. Most of 
the data presented were obtained from the analysis of 
'he Mack-while contrast under iwo-beam dynamical 
diffraction conditions combined widi the loop depth 
measurements by the stereoscopic technique. A small 
number of large loops, which did not exhibit Mack-
white contrast, were analyzed by the method <>( 
inside outside contrast. The results show that at 23 ( 
l i e . , after stage III annealing), no vacancy loops were 
found. At the annealing temperatures of °0° and 
I5f/f. approximately \(T< of the loops analyzed were 
of the vacan< y type. The fraction of the vacancy-type 
loops increases to nearly 40*^ at 250'T. but the 
concentratHHi ol vacancies (C v ) » only slightly higher 
than that observed at lower temperatures because the 
total loop density has decreased drastically. 

TaMrJ.2 Pnwiyand 

v«» "kwp " l"» » J l A l ( iT^Mcm " ' l "w'tlonfi''"" 1 <\ k m " , i 

x l.-? ,s x i n ' " K i n ' 7 

23 115 41 3 3 *.5 . i 

90 9 4 4* 3 3 12 3 7 
150 76 411 2 9 I I 2 9 
250 1 2 95 19 37 3 9 
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Fig. 3.20. FJccimn micrographs showing damage cluster* observed m copper 

30 min al each of the temperature* indicated. 

2 5 0 C 
samples electron-imdiafed al f K and annealed for 

It is surprising thai in samples annealed through stage 
Ml. no loops of vacancy type arc found. Alt l ioigh litis 
cat; he intciprclcri as evidence that vacancies do not 
migrate in stage H I . it is also possible ;hal the vacancies 
do migrate and -luster during stage i l l but that the 
clusters are loo small to he visible in the electron 
microscope. Since the smallest loops analyzed arc about 
n A in i lwmclo . the present work indicates that 
vacancy clusters containing more than about .?5 vacan­

cies in collapsed loops are not present after stage I I I 
annealing. 

1. Summary uf paper: Fundamental Atprvti >'/ Radiation 
liamagr in Metah, cd. by M. I. Rnbin«wi and l ; . W. Young, Jr.. 
f-RDA rcpnrl t'ONI -'-7* I Otto. Oak Ridpr. Tcnn. (in \'?ss). 

2. The . I I I I I IT carried mil ihn research while on foreign 
assijinmcn' .ii li.Miiul riir rrslkiirpcrfoiH-hune.. KI-'A Jiilich. 
(irrmany. and Irwil'i l tut Physik. M,i\Pl.inck ln%IMul fiir 
Mci,illf'>rschiine. Siullpirl. tk-rnwriy. 
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USUXTATION CHANNELING M MOLYBOENIM 

J. Narayan 

In situ uVfi>rmar.iun studies in the ekciroii micro­
scope have been comokted un Eradiated and quenched 
Ice materials and extended i» the siud> of if radiated 
molybdenum I bec material). 

The development ol' dislocation channels l.as been 
studied Irum the iniliatiun of a chamiel due in the 
passage ol a single diskicaiiiin to br.iad channels created 
by latpr numbers of dislocations. These observations 
have shown that dislocations ck*r the visible nutation 
daman; l"iom a region wider than can be accounted for 

by "cutting" mechanisms and that the passage of 
subsequent dislocations of the same Buffers vector 
progressively widens the channel. Evidence fur prismat­
ic glide of mJacation loops has been obtained from 
observations of loop coalescence at the channel mar­
gins. Observations of channel branching and changing 
dnx-c'ion due to cross slip have been made in specimens 
deformed in t! ? butt, and in the microscope. Many of 
the observed features of the dislocation channeling 
cannot be adequately explained by previously proposed 
mechanisms. Possible channel clearing mechanisms in­
volving dislocation-loop interactions have beet: devel­
oped. 



4. Neutron Scattering 
Tec neutron scattering programs of the Solid Slate Division are concerned 

with obtaining fundamental mkroscppic information on condensed mailer. Such 
information is essential not only for increasing our knowledge of the solid stale 
sciences inn in helping to sohe the long-range energy requirements of our country. 
Almost every energy technology b materiab limited, and a better understanding of 
the physkal properties of matcriab b necessary for the development and 
characterisation of the new materials that wi'» be required. 

These programs exploit the neutron beams at the High HIM Isotope Reactor 
(HFIR) and at the Oak Ridge Research Reactor |ORR). The beams at the HFIR 
are the most intense thermal-neutron beams for research in the world, and the 
experimental facilities associated with them provide powerful and. in some cases, 
unique took for materials science research. During the past year, it was necessary to 
remove aU the instrumentation from the beam rixxn at the HFIR to facilitate 
replacement of the beryllium reflector. Thb replacement was carried out so 
smoothly and efficiently that the instruments have been installed again much sooner 
than anticipated. With the reinstallation of the equipment, an exchange of facilities 
has been effected with the Chemistry Division, which will add to the strength and 
versatility of the overall program. The HB-2 instrument has now been convened for 
use as a triple-axis spectrometer with incident neutrons of variable energy. The 
specirum of neutrons available at thb beam port b peaked at higiicr energies and 
with greater intensity than those of the other beam holes and will permit a number 
of high-enere>-transfer experiments to be performed which would he difficult or 
impossible to carry out otherwise. For still higher energy transfers, a prototype 
pulscd-ncutron experiment has been set up for test and evaluation at ORRLA. The 
test equipment b built around a triple-axb spectrometer, former!) used at one of 
the Hanford reactors, which was given to the Solid State Division. On completion 
of the tests, the spectrometer <vill be installed as a satellite instrument at HB-I of 
the HFIR and will be dedicated to low-energy high-resolution inelastic scattering 
cxpcri.ncnts. The neutron beams at the ORR arc provided with experimental 
facilities of a specialised nature in order to extend the range of problems and 
materials that can be investigated by neutron scattering methods. 

As in past years, because of the properties peculiar to neutrons which are 
exploited in scattering experiments, the neutron scattering research of the Division 
falls generally into the areas of lattice dynamics and the magnetic properties of 
matter. For convenience, the research results that appear in this section have been 
divided into these two areas and a third area which concerns critical scattering and 
phase transitions. Other equally good distributions could be made which would reflect 
the concentration of the research into specific problem areas. It will be noted that a 
sizable fraction of the research results of the past year concerns the acquisition of 
fundamental information that is directly related to energy production, storage, and 
transport, and this fraction will undoubtedly increase with time. A few examples of 
the recent investigations are cited in the following paragraphs. 
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For many years, there has been considerable interest in understanding the 
origin of superconductivity and the properties of superconducting materials. 
Several types of neutron scattering experiments have been carried out in order to 
contribute to that understanding Neutron inelastic scattering has been used to 
investigate pbonon anomalies in hard superconductors and their relations to the 
ekctron-phonon interaction which is believed responsible for superconductivity in 
these materials- Most recently, the alloy systems Mo-Re and Nb-Zr haw been 
investigated. From the technological side, a knowledge of fhixoid motion and 
pinning in superconductors is of extreme importance. Experiments initiated last 
year wita the snail-angle scattering equipment at the ORR on the fhixoid attire in 
niobium have been continued. The results arc most encouraging and have shown 
ueambiguously the existence of a mixed-intermediate sate in pure niobium. The 
work wifl be extended to studies of niobium into which pinning centers haw; 
been introduced by conuofled methods. Original interest in the o*gjnk "gooti-
conductor" TTF-TCNQ was high because it was thought that the compound was 
a high-temperature superconductor. Recent results indicate thai mis is not the 
case, but the compound is still highly interesting because the mechanism of its 
metal-msubtor transition near SO" It is unknown. It has been suggested thai the 
transition is associated with a pbonon instability (Kohn anomaly). Neutron inelastic 
scattering experiments are difficult to perform on TTF-TCNQ because of the 
complexity of its structure, the small single crystals available, and the large 
background scattering due to the hydrogen in the compound. Nevertheless, a dear 
demonstration of the phonon instability has been obtained with a sample consisting 
of many small crystals carefully stacked together. 

A very important area of solid state physics to which neutron scattering 
methods can be applied fruitfully is the study of defects. The term is used here in 
the broadest sense to include any departure from pure and perfect materials. 
Perturbations of the phonon spectra of pure metals by very light or very heavy 
impurities and the dynamics of hydrogen in mcttls are all under study. During the 
past year, a significant step was achieved tcwrri the goal of understanding the 
basic physical mechanisms of radiation damage and annealing. Very precise 
neutron scattering experiments showed clearly the perturbing effect; in the phonon 
spectrum of copper due to defects produced by neutron irradiation at 4.2 s K. The 
experiment itself was a tour-de-force, having been carried out with a combination 
of techniques, all of which were pushed to the limit. 

The distribution of magnetic moment density in magnetic materials gives 
information directly about the wave functions of the magnetic electrons. It has been 
known for a long time that an atomic-like model for the magnetic moment density 
in the ferromagnetic 3d metals iron, cobalt, and nickel is adequate to explain many 
of their properties. A more rigorous confrontation with theory may be expected 
from studies of the metals scandium and titanium in which the id electrons are near 
the bottom of the band. Measurements made of the induced moments ir. these 
paramagnetic materials have shown conclusively that the id density is much more 
diffuse than that of the heavier atoms and requires a more complete interpretation. 

It should be emphasized that the solution to a given problem is sought by all 
possible means and with all experimental tools available to the Division members. 
There is a very close and very important interaction between members of the 
Neutron Scattering Program, the Solid State Theory Program, and the 
Superconductivity Program. There is an equally close relationship with members of 
the Research Materials Program a/ho have provided well-characterized 
single-crystal specimens for many of the neutron scattering investigations reported 
here. 
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MAGNETIC PROTERTIES 

MOMENT MSTUMMNCES IN MCKEL-
COPTER ALLOYS' 

R.A.MedKa* J. W. Cable 

The momeni disturbances in Ni t ,Cu,- aloys were 
measured with ihe technique of diffuse magnetic 
scatlsring of unpolarized neutrons by CaHe. Wufen 
and Chid J (r * 0.2) and by AMredet al.4 for a range 
of conccniraikms. These experiments seem to imply the 
existence of a uniform moment and. or a local moment 
on copper atoms totaling 0.1 n B over me range 0 40 
at. % copper. This is a surprising result because in the 
same range the average momeni chances from 0i»lfcp* 
to 0.166 up. On the oiher hand, the result is inconsis­
tent with ihe diffraction daia of Ito and Akimitsu.' 
which show thai the uniform moment decreases 
monoionically with increasing copper content. This 
mconsislency suggested a new measurement of the 
momeni disturbance* with the diffuse scattering of 
polarized neutrons, which gives mine easily interpret -
able results. 

The experiments were carried out at the polarized 
neutron facility al the HFIR using polycrystalKne 
* 2Ni Cu samples of concentratiims 20. 30. and 53.5 
at. ''• copper. The experiment yields directly both the 
short-range order-scattering function &fi) ami the 
Fouric. transform of the impurity -induced moment 
disturbance /MilA). We have fitted MlKVflK) |where 
ffK) is the nickel form factor| with an expression of 
the form 

.«<* MM) * ±V> • £»Z»7A/O «*«*> 

where / A is the coordination number and 7* is the 
momeni disturbance of the Xth shdl. The average 
momeni difference ±<v> - <vN,) tn r i l ) was obtained 
from the Tilting. We have also lilted HHK)/\flK)XK)\ 
with a similar expression for obtaining the extrapolated 
value to A' = 0. The results of those fillings are shown in 
Table 4.1. and the data are presented in Fig. 4.1. The 
arrows in Fig. 4.1 stand for the values of divide 
obtained from the magnetization d ta. The error 
quoted for <*J|y,> <*'ru> » 'he statistical error from the 
Titling. An uncertainty in the multiple-scattering cor­
rection of about 0.015 u H should be added lo this 
error. Our data are clearly consistent with the assump­
tion thai the copper atoms have no moment. The ±<t>) 
values we have obtained are smaller than those obtained 
with the unpolari/ed neutron experiment. For example, 
at 207 copper we obtain A^) * 0.47K u n compared 

• MB • « * » • . a M M . l t • • ! * • « • I H M K » « M i h 

• -"*• • « ! • * • • * • » » • I ISfcM* I I3M1*> • • U i l l l 

• >»« • • M M » • » » ! U M l ( N d f M M 

with the previous nesuli,"* of O.ftO J I R . A large pari of 
this discrepancy comes from an improper spherical 
average approximaiion in ihe earlier analyses. The good 
agreement between MI01 S{0i and ihe derivative of the 
average moment shows thai the moments are deter­
mined by their local envR-omnenl. Tms implies that ihe 
iNulttrm momeni is associated with ihe nickel atoms. 

1. Samoury ••T |«J»«I: AlfOmt. Aw,, tm n m l . 
2. IVN' fjjmttuu participaM ir«HH llevfjn b w i M t •* 

Tcvhm'lngy. Albnu. <i». 
J. J. « . CaWt. I . O. * . * » . M* I t * . ("Mi. I%i%. *rr. 

Ixll. 22. 125* 11*91. 
4. A. T. AUrwd. B. I>. ttmrf.wtl. T- J. MriU. M* t. S. K««v«l. 

/*» t. Krr. I 7 . 2 I H I97.1». 
5. V. tin and J. AkMM«i. J. <*.«. .W. Jtpm J5. I » » 

ll»73l. 

NONLINEAR AND NONLOCAL MOMENT 
MSTURtANCE EFFECTS IN NICKEL 

CHROMIUM ALLOYS' 

J.W.CaMe R. A. Medina2 

We have made polarized-neulron diffuse-scattering 
measurements on nickel-rich nickel chromium alloys 
to determine the magnetic moment distribution on an 
atomic scale. In contrast lo previous unpolarized 
iKutron measurements, these measurements select only 
those fluctuations al one site correlated with ihe 
presence of an impurity al another site. The polarized 
measurement is therefore intrinsically linear in the 
impurity site occupation. Comparison of Ihe polarized 
and unpolarizcd results shows thai nonlinear effects are 
important for this system and therefore that both 
measurements are required lo describe the spatial 
momeni distribution away from ihe dilute impurity 
region. The total momeni disturbance per impurity, 
obtained by filling the polarized neutron data to the 
local environment model, decreases rapidly over Ihe 
concentration region for which dfifdc from magneliza-
tion data remains constant. We conclude that 'he 
impurity-induced momeni disturbance has two com' 
portents: a local environment effect, which we delect 
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wilh neutrons, and a nonlocal effect with range > I2 .5 
A which remains undes.ited in the neutron experiment. 
We propose a charge transfer model that ctmlains both 
the nonlinear and nonlocal effects. 

1. Abnnrt at paper lo be puMnhnl. 
2. IVK" rntette partkipaat from l«-»rru Imlirabr of 

Tttkmabfy. Albnu. Ga. 

THE ANALYSIS OF MAGNETIC NEUTRON 
SCATTERING DATA* 

G.Feicher J. W. Cable 
J.W.Garland3 R. Medina4 

The determination of the proper magnetic form 
factors for use in the analysis of diffuse-scatlering data 
is discussed, and that information which is immediately 
available from such data is considered. Apparent dis­
crepancies between the results of diffuse-scattering and 
diffraction experiments on ferromagnetic nickel 
copper alloys are resolved. It is shown that the data 
indicate that the negative spin density usuaffy allri­
buled to conduction electrons instead arises largely 
from the overlap of localized wave functions, as was 
first suggested by Moon. 

1. Abstract of paper lo be puMhlied. 
2. AipHinr National Laboratory. Argonae. I I . 
i. Sanauer reward* pwticipani from fmmwiy of IMno* ai 

fnjraen (Trek. Chicago. M. 
4. IV1C graduate participaM from (<orpa Imtrrute of 

Tedmolngy. Atlanta. Ga. 

TEMPERATURE DEPENDENCE OF THE MAGNETIC 
MOMENT DISTRIBUTION AROUND 

IMPURITIES IN IRON' 

H R . Child J. W. Cable 

We have made neutron diffuse-scattering measure­
ments of the magnetic moment distribution around 
impurities in iron as a function of temperature in an 
attempt to obtain information regarding the range of 
the exchange interactions. The measurements r.ere 
made on iron-based alloys containing 2 3 a i .% Si.Ge. 
Ti. V. Mn. Co. and Ni at temperatures ranging from 
300 to K00°K The FeTi. FeV. FeCo. and FeNi cross 
sections show very little temperature dependence, while 
the FeSi. FeGe. and FeMn show pronounced thermal 
effects. This observation can be explained by a nearest-
neighbor molecular-field model by assuming that the 
impurity-host to host-host exchange ratio is near unity 

for T i . V . i'o. and Ni wnpurines and — r * far Ma 
impurities, an assumption thai b supported by r< -*v« 
daii. Furthermore, the observed lemperatarv depend­
encies for FeSi. FeGe. and FeMn are deicrrbed reason­
ably u d by Ibis moiH provided thai me kw-fempera-
ture moment distributions are mcmdeil m me calcata-
lion. We conclude that the magnetic moment of an ana 
af om depends on its local chemical eavwuameat and on 
its local magnetic envirtiaeienr We attribute me brier 
lo nearest-neighbor exchang* mteracaons. 

1. Ab*.tact of paper: fkn. *>r. * IS. IT! ll«?M-

LOCAL ENVIRONMENT ETFECTS M hep 
COBALT-RASED ALLOYS' 

J. W Cable H. R. Child 

Polarised-neutron diffuse-seal Knag measurements 
were made to determine the magnetic moment itain-
buiioft in hep cobalt-based aNoys coataaaar. 5 at. *"• V . 
Cr. M n . and Ni. The imparity moments determined ire 
0.18 • 0.20 u * per vanadium. OMt * 0 3 7 H » per 
chromium. 0.52 • 0W j i h per manganese, and 0.6* • 
0.10 #i* per nickel. The cobalt moment m the cobalt 
nickel ahoy is the same as in pure cobalt bat varies with 
local environment for the other aRoys. The majnilanV 
and range of the impurity -induced momeni reduction at 
cobalt sites increase* with increasing charge contrast. 
This suggests thai charge transfer is an important factor 
in these local environment effects. 

I. AlMim-i of paper to kr paMnhnl. 

FIELD4NDUCED PARAMAGNETIC FORM 
FACTOR OF METALLIC SCANWIT* ' 

W. f . Koetwer R. M. Moon 

Our interest in scandium is partly due to an earlier 
study of Ihe form factor of gadolinwm.1 m which h" 
was found that the total experimental form factor 
could be separated into a localized component, derived 
from the Af spin density, and a diffuse component mat 
was attributed lo spin polarization of the conduction 
electrons. In gadolinium it was very difficult to measure 
the diffuse component wilh accuracy became of the 
presence of the much larger Af component. In scandium 
we have a system wilh Ihe sag*: crystal structure as 
gadolinium and a similar outer electron configuration 
\nd*,{n * I h11 for the free atom, but without the large 
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4 / c m n b M M by apr-Han; a brer magnetic fieM. il » 
' to annace a anal imwntni m H-anamm and to 

of dm moment by dV 
It B abo of intern' to 

form factor wia revrfts t* -
for odser munher* of dkr JJ iiaasrtioa series-

For a l ant uunahers of * D sent* riuaW to date 
(vaaadaaa rhwiaf>. nickel), dat observed form factors 
arc umakabtj Kke those calculated for ore V efce-

dK fxr atoms. We wal show that jcandwm 
- a arfmric dtpaHuw. front rim befevior ihc 
• • density b aasch more expanded dian rim 
I for the .W electro* in the free atom. 

The matt* reported here were obtained Iron) a 
art from a crystal of exorpttonany lag* 

Inch was produced at Anas Laboratory.3 

These meamemenb are a repetition and extension of 
earner expenaarnrs* pufiwawri on a saaarie of hirer 
parity. Oat meaanrenamts were made in a mapietit 
fetd of 57.2 kOe and at a temperatnre «f 100° K I nder 
these coo#»*an the indnced nwmeni n 3.71 x 10 ' 
Bnhr wajnrton* prr ato,n. 

The nuainwnuns cncsBt of ubstning the •haape in 
•raff peak in.raiiies when the director* of the 
neutron polarization is wversed. Under the experunea-
u l kundJtiunj. this chanpe in inienaiy is typwaBy 

parts in 10*. and we have node die measure-
wwh statistic-. I acenracies of abont seven partem 

10s. The ratiii of aNenssties for the two nenimrrspin 
dnmroru is related to ear magnetic scattering 
tnde «f 1I by die equation 

**l*4*ri/l,. I D 

• k m * rs a reciprocal lattice vector andn is die Mctear 
scattering anadrindr. The ipuniity p h proportioual to 
die Foaner coefficient amocialed wrth f M i series 
expansion of die periodic magnetic moment density. 

The crystal was datorted lo rednoc extinction effects, 
on each peak were performed at 

I lommtnaze the number of 
Corrections were ap-

lo die data to at muni for hnpeifeci beam 
for die ne t run nan nrniron-orbn scat-

for nuclear polarization. These corrections 
ruVnJjted and are •ate snail. Approximate 

corrections lo account for die indnced dhanatnetk 
ah© htm cakntated9 baaed <n. a free-

i W configuration. 
The results are samanrized in Fig. 4.2. where the 

experimental tupping ratios, after conrclior) for die 
effects mentioned abort, havg ham converted lo a form 

F%.4L2. llKfMaawpvrar M*>fack*«ri 
The exptnmtmal pnoHs. 4k>*« a* of*« circtn. ha*e h m 
canceled Um —char onbrnoooii. 4Maar*e'<*M- mi ntmtom-
wui M I M H K M iMnactio*. T!». clmed ocdei JIC from an 
ATW ofcafcfioa b? tlaau mi fwrawa lief. *>.; 
i t Ha nee-inn cAwaniw ty Waiam mi Vntwum ircf 7» 

factor by normalization with die appropriately cor­
rected | for dnmagaetk and nuclear susceptibilities) 
experimental smceptibniry. Tins form factor resembles 
that of the diffuse component obtained for gadohniuiii 
in its abrupt dn-p over the first three reflections: it 
dtffers from it in that die form factor al die 1102) 
reflection rises apin to a value greater man dial at die 
1101) peak and in dial die point at die origin is much 
larger, retain* to the first Bragg peak, in scandnun than 
in gadohnnim. The solid line in die figure is a 
Hartree-Fock free-ion calcination for the spin part of 
die form factor. Comparison of tins curve with the 
observations shows that, inriike the case of the odier 3d 
transition metals, die form factor for scandium cannot 
be interpreted in terms of free-ion form factors. 
Inclusion of any orbital contribution would make the 
departure from experiment even greater. A rather good 
account of die observations has been given, however, by 
Gupta and Freeman* on the basis of APW wave 
functions determined for metallic Kandhim. Their 
remits are shown as die solid circles in die figure. 

The principal conclusions are that the induced mag­
netization density in metatk scandium is not like mat 
ot a tingle 3d electron in atomic scandium and dial the 
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AFW cakufation of Gupta and Freeman gives reason­
ably food agreement with our mults. Based on OV 
temperature dtptudtnce ot' the s»cepiu>iny. Speddme. 
and Croat* have juggejted that scandmnt M u m s as 
thnngn there « n r a single localized 3J electron. Our 
resufes seem incontisicni widi tan mterpretaiMU. 

1. W. t \ KacMet aai R. M. M m . flftm Her. Int J*. 414 
U97*». 

2. R. M. Mooa. » . r . KMHCT. J . » . (jhtr. aariH.R.CtaMl. 
Atr&Jtrr.RS. 99? 11972k. 

X we ate p a t c t l n» rtatem* t - .H . f i t in iL Urn dKtamot 
tkncivnal. 

4. « . C. KocMn and R. M. Mnm. JMaf S***r Ar. 4JMK. 
/Huc JCrai. OK. St. 19V. ORM-«952. r*. MM. 

5. C.Stasm.rhni Jtrr. /.«-«. M . WIS il97»k. 
4. G. Gnuta an* A. J. F I X M I . rwr* Jtrr. irti. 3* . 413 

«I97*». 
7. R E. Wj|i«m anl A I F K K K M . 4.M f r o / . 14. 27 

•I9»l» 
». F H SptOdmr m* I J Ooat. / Okrmi ( I n S t . 5514 

M973» 

FKUMNMJCED PARAMAGNETIC FORM FACTOR 
IN METALLIC TTTANIUN' 

W.C.Koehkr J.W.CaMe 

Polarized neutron dif fractomrfry has been carried am 
on a mecimen of meialic titanium ai I00°K in an 
applied fidd of 57.2 kOe. t'ndtr these conditions a 
readily observablemagnetic moment of IJ6X I0~ J a* 
per atom is induced in the sample. PoiafuatioR ratios of 
11 reflections in the (OfcO zone were measured, and a 
paramagnetic form factor was derived from them. 
Titanium is the second of the 3d transition metals, and 
its properties are governed by electrons near the bottom 
of the band. We do not expect, nor do we find, a Tit of 
the data with free-ion Ti2* wave functions evt-n th<wfjh 
such divalent ion form factors appear to represent the 
data from Fe. Co. and Ni. and. surprisingly. from V and 
Cr. A good fit can be obtained, however, with the 
neutral atom Ti {3d*) wave functions, which are more 
extended than those of the divalent ion. This fact is. of 
course, a fortuitous one. A significant interpretation of 
the data must await realistic metallic wave functions. 

I. Arm rate «»f paper to he paMMhrd. 

UMTATIONSON THE ACCURACY OF 
NHARIZED-NEUTRON MFFRACTOMETRY' 

R M.Monn W. C. Korhler 
C.G.ShuH2 

The magnetic force on a neutron as it enters a 
high-field magnet can influence the results of polarized-

neutron dnVraction experiments. The portion of the 
Bragg peak, is saghik different for neutrons in the two 
spin stales, and the peak mtentity » shgluK deferent 
The wignnndrr, of these effects ace caicubied. and 
experimental evidence continuing the peak shift cal-
cnbtion is put stated. Suggestions f»r ex|ieinmaul 
proccdnres to anajnaze these effects are pre stated. The 
dHcasaon r* directed toward experiments in watch 
rnpp8Sf-rzt!>> accuracies aaproacaaaj 5 X 10* are 
desned. 

1. AhMract of | w n : .war*. *nawN. IfrWfmfi 119. 515 
11975k. 

2. Mawj»h»»nu huiii iu of T«xfc»ifc»r. < aaatoaajar. Mm. 

tmjmaH4*mtAcnoH OBSERVATIONS ON THE 
CnlFek RONDO SYSTEM' 

M. H. Dickens1 W. ( Knehler 
C.G.Snuir R.M.Mooa 

PVitarized-aeuiron diffraciion studies are reported on 
a series of dnute Cut Fe) aJoys in which the .W-electron 
inagneiKalion indaced by an applied magnetic field is 
-vised in the t i l l ) Bragg reflection. Utilizing the 
eventration dependence, the isolated-Fe-center mag-
netHalion is found to be considerably larger than the 
total nHfnelr/alion ai temperatures below IOaK. The 
observations lend support to the development of a 
Kondo spm-compensated singlet slate at low tempera-
lure. 

1. Abrtnct «t paptt. fhv%.Rft. Int. 35.595(1975). 
2. MmxJHncm ImlNBlr <4 Tcdmnl»iE>. (amnrMp;. Mast. 

NEUTRON DIFFUSE SCATTERING STUDY OF 
CONFIGURATION FLUCTUATIONS IN CERIUM-

THORIUM AND CeAl,' 

A.S. Fddstem2 H.R. Child 

Configuration fluctuation systems in which atoms 
exist an appreciable fraction of lime in more than one 
electronic configuration have been postulated as the 
explanation of the collapsed phase of some solids. For 
example, x-ray photoenrnsion measurements' have 
determined the fractional occupancy of the •*/* and 4/* 
configurations in ankm-suhstiluted SmS under pressure. 
It has been proposed that oCe. CeAlj. and the a phase 
of cerium thorium alloys represent examples of such 
systems, and we have investigated the latter two of 
these by neutron scattering methods in the past year. 

Two double-axis spectrometers, one with > * 1.005 A 
and the other with A * 4.4 A. at the Oak Ridge 
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R n n d i React*)* K K eandoyed tut 
•is M which we delect 

scattered at a fixed scattering 
ICTU»StClMMI H 

du 

cy of the «/* 
•V ano of 
*oi2j3irSg*At* DifFu. 

dv J»w» rf* 

ja 
! » « • 

dttdw 

in which the integral is taken at fixed 2d. h«^» B the 
incident neutron energy- and dio.idU du B nV difhne 
oust section per aait suM angle dQ and per anil 
energy lost by nV nentron. Ihe inwnnt—i transfer H? 
is not precisely dctcinwmd. but if Iw/utt Bsmal.f?is 
stnl jppnwthnjirry grveu by the efastk iesnh Q * 4» 
Isin •)/> for anal * . We interpret our data in this 
aparoxhnauon for doldU in t dm h u * » | F x 

Ex'\ fcr a l eigenstaies Kx and t y in the around stated 
luanifold. For a patycrystahine ' 
conetated sains, one has 

do "• f*** it' 

x airi»<X'iriMMhw*rrA rVWw. 

where •» is the probabdity of the eigmstale X. and the 
other symbols haw their usual meanings. In the 
approximation meniioned above, die upper limit of 
integration can be extended to «*>. which, using the & 
function and closure, gives 

do 
— = ^P«V Z V idKXl/2 tX> 

Neglecting conduction electron contributions, we write 
the localized slate IX) as 

I»*-,M**AI». 

where I0> is the localized portion of the 4/" and |m) is 
the portion of the 4/* configuration with J. * m. 
Substituting into Ihe anove equation yields 

do 2 , 
ail 3 

where 

X.m 

iofu 
Vahns of dnvdO per 

from CeAl, for X * I 

dm/m^t = 3»7TX"l^a* 

far x — imiid on datsame iwnplt- At I AaadsmalQ 
do/dO j approximately canal to « 3 f c V V • l» • 
311 ab. predicted for Ce^ win J « 5/2.g*6/7.and 
decreases only aboat 10% at I l°K. ia dinting thai • * 
0.9 to 10. The 4.4-A data daw a larger decrease at low 

probably due to crystal field effects4 

al crystal AeM fereb nay not be excited. 
Similar data are mown for Ce^.gTh^.j vs 7" in Fig. 

4J . In tins ahoy system. Lawrence. Croft, and Parks' 
have delected the • -*•» transition of pare ceriam and 
haw inferred that there exists a bne of first-order 
transitions ending in a second-order transition critical 
point at x * 0.265 in die phase diagram of Ce,.,Th,. 
At x = 0.2. they observed the first-order transitions al 7 
= I40°K in exceflent agreement with our data. The l-A 
data shown are extrapolations to Q* 0 and show good 
agreement with the Ce3* form factor as a function of Q 

corrected for the thermal diffuse and nuclear 

i) • * CCQ ftTho 2 *» I 
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dBordet *anermg- As m Ce.*J». use 4.4-A dab he 
below die l-A data. *maoevidence for i< 
cundaciioa dectroa potaniafma is pteseui Ako t 
b lb* dasrk retail K O K \ measured on ihe same 

ample by Traacbita* wart vbow ifae tram* 
i be fab* a Curie Wemlaw warnM, H * - * * -

0.2 MB and O = IMK Tins » value is probably 
pitmany dae to a smai man condarioa umer <* ©"' 
ance it is larger rim one would npe*.t from i 
meracrioas or from crystal heM sphnia* 
a/sfem. Usiag «he ftact 
dW Kraaaers Kroaae 
aBcepC A y aamaaemcats -ncraat <A0>Ar» over a 
note proportioMl to f so dm oar Jiueaedwajijf ai 
low temperatures is ihtirmmtd by bod) a and r In 

irons are sensitive only 10 a protided dm r B farpe 
compared to the neutron trans* time I 0 ' 1 " 10 10 ' ' 
sec. Therefore, from the I-A data, one finds ibat a 2 | 
at room lemperaiure and dial it decreases I0*> abate 
d * transition, deceases W> at the iraamioa. and 
decreases another 107 at km temperatures. Approxi­
mately 0.4 of a localized 4f electron remains at l l°K. 

1. SOONM? »f papa to be 
2. Oak l a > 

•nvajm from I'mwriuf it rhka«» Cwfc-. 

a t . J. R. A. M b * . K Holuteff. J. U t i 
t » t»M. /V< - iTrr. trtl. S3.t3»tl9Uu 

4. T. Bran. & Sams. A. S» tdctsltm. R. Kjatwiki. ami H. PL 
lUmUAIFOmf. I h * . I n p i m l . 

5. J. M. L»«re»er. M. <". Croft, ami R. P. Parks. I*y*. Iter, 
t.rlt. 39.2*911*751. 

t . C. TnuriMa. prime C«J 

ASTUITYOFTHEFItEQfJEl^CY-OfrENDCNT 
SUSCEPTIBILITY OF THE CDftVOUND CeAl, 

•V INELASTIC NEUTRON SCATTERING' 

T Bran2 

S.Sinha2 

A. S. tdefctem1 

R.Majewsfci4 

H. R Child 

Using neutron tune-of-fneht techniques, we measured 
the Im ljtq. u> for a porycrystalline sample of the 
compound CeAl, for 0.5 A" 1 < q < 2.5 A"' The 
result* are consistent with a crystal field model with the 
3/24evd as pound stau and the l/24evd and 5/2-level 
as first and second excired states. The splitting between 
the fill- and i|/24rveb is 5 5 meV The full widths at 
half maximum of the quasi-elastic pesk at 78. 40. and 
TK are 5. 4. and 2 meV. respectively, *nd are 

of «j. Over rise range m 4 mvestamed. rite 
nation B dm expected tor dW form factor 

of atoaac Ce f c The ouanhdasuc peak at 7* and 40 K 
has coMramouas tram scattering from pwdimBnaattjr 
oV ?.* 2-and M 24eveb- At r fc da* peak B dar oaK 
to scatteraa; from one S-*24rveJs- The 
dependeajce of dar spectn B cuamsaeni with a 
where the vriam - I t o f the t? 24evd B amch narrower 

i d m o f m e t l 2-levd.SuKCPtdban)meamrcmcats 
X does not dmrrge * f - Q One 
is dm for F -*0. \ is proportiuaal 10 rhe 

T. « e ma> have meamred mrs 
m e t * * J ^ i 

corn 

I . M « x t « ( m « : /UPCn^AiM l a f m l i 

VMM fiua* Vmmitmti at B s w J I rkacm* f"«x*.n"tap». RL 
4. fawui i f M Rwaoik Chkap>. • _ aai \rpmmc Nariuaat 

laknniflfy. Aim—r. HL 

POLARIZED NEUTRON STUDY OF CUMC LAVES 

DGiaaoax2 

D Gfv.^d3 

R.M. 

F Gword* 
W.C Koebk-r 

The miermeiamc compoaads of rare-earth metals * 
and transition metals MiM - Fc. Co. or No form two 
poops with widely different magnetic properties, de­
pending upon the concentration of the rare-earth 
dement. In rare-earth-rich alloys die transition metal 
does not cany a magnetic moment- The magnetic 
ordering temperatures are low and are determined by 
oscdbtory interactions of the Rudrrman Kittel type 
between rare-earth atoms. In transttion-metaNich al­
loys, the transition-metal atoms carry an intrinsic 
magnetic moment that is always aniiparaOel to the spin 
of the rare-earth atom. The compounds are thus 
ferromagnetic with light rare earths and ferrimagnetic 
with the heavy rare earths. The magnetic interactions 
are strong and lead to high ordering temperatures. The 
RMi compounds fall between these two poops. As a 
result of ihe transfer of conduction electrons from the 
rare-earth metals to the 3d band of Ihe transition 
metals, the Laves phase compounds exhibit different 
properties depending upon the particular 3d transition 
metal which is in the compound. For RNi2 compounds, 
it appean. from bulk magnetic measurements, that 
nickel does not carry a moment. In RCo2 compounds, 
the morr-eni on cobalt depends on the spin of the 

file:///rpmmc
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rasr-earm meld m the compound The cuamouads 
YCo; and LaCoj exhiM a strong Paab pyvmajarrwm. 
• a h annaetnay acme ijR-uidi cfcawats- j mwmrat 
t* thfiupV i« be created on oW cobalt asanas by the 
magnetic aNeractioas due to the Mwcjub atoms ( I a * 
per Co m CJ4TO : >. 

The polarized neutron tJtpti—.a«J dm wear started 
last year oa laCo* have beta extended to hajact 
teaawiafu aad to LaToj aad TbNtj « order to 
aaaian da- dutiamtiua of magnetic mumrat density 

•ocaazatioo of uW noaartk electrons, aad to disba-
gaah between two puusihh modes for the mumd 
variation of the p iranamrnc ssaceptiVaity The crystal 
snactwje of the cabic Laves phase is ssch tint dace 
dMieeeat types of rcflecnoas arc observed: There ant 
peaks dae to da* rare-earth atom abac, others dae to 
the irawitkai mrtai atom alone, aad those due to both 
types of atosas. Therefore, it is poasMe. ia priaciple. to 
uuaaas* separately the density dae to each type of 

MeaajKaKats were carried oat at temperatures rang­
ing from 4.2 to 250°* ia apphed fields up to 57.2 kOe 
at Ht- I of die rfflR. The re^dts obiaated are 
saaaaarized below. 

LaC. : 

In LaCoj a magnetization is induced on the coba!t 
atoms by the applied magnetic field. The form factor of 
the iadaced moment is smmar to that calculated for 
localized 3d electrons. There is additional evidence for 
an induced magnetization oa the lutetium atoms which 
is. however, an order of magnitude smater than that on 
the cobalt. The shape of the form factor associated with 
this density is uanke that of a moment localized on the 
hjietiam ales. The shape appears to be due to a weak 
conduction electron polarization. 

TrnCu, 

The crystal of TmToj which was studied orders 
fmoinagneikarly at 7°K. The localized moments on 
irwhum and cobalt sites have been determined at 4.2 
and 100° K from the magnetic densities obtaiurd by 
Fourier projection. The thulium moment (5.4 k* » 
4.2°K> is reduced by crystal field effects A .W type 
cobalt moment is coupled antiparaHet to that of 
ihuNum. The magnetic-scattering amplitudes measured 
for the reflections to which the 4/-thulium moment 
does not contribute give direct evidence for the 
existence of a diffuse magnetic density. This diffuse 

at a* i fp i i i iBUi - The 4/-thaham aad Id-cobak 

from 4.2 to 250*K. The cobalt sasceptibirty above 
25'K B tempuiiawi mdrpradrat The cobalt behaves 
as a Paah paraancnet andrr the action of two fields: 
OK* andecaia field dae to daaaan atoms aad the 
applied field. A criaxtive dectroa andd is dkttefoK 
jppropmse for the description of the paraangaetk 
sanxptiaaify. At 4.2'K a brat iacrcase of rhe cobalt 
susvcptibaty m rhe molecular field leads to a value of 
de cobalt moment of OA a* . 

Tut*, 

Mow the Carie temperature 42 K. a aaanetic 
coMribntion is observed only oa naihai scatteriag 
peaks. Therefore, the terbium atoms form a ferromag­
netic structure. Polarized neufror. measurements per­
formed in the paramagnetic state in an applied magnetic 
field of 57.2 kOe reveal a nonuniform polarization of 
the conduction hand. Within the experimental accu­
racy, no -W magnetk moment is observed on mckd 
atoms. This result b consistent with the assumption of 
rare-earth magnetic ordering occurring through the 
polarization of conduction electrons 

1. S»—up ol n a m : Htn. Krr. ami J. Pin. Ckrm. Sobdk 
(•Harm). 

2. Utwraioae *r Mjfarmmr. Ccmrc Nariom! de b Rc-
«.imvne ScKMtfiav. GccuoMe. Kraacg. 

3. ( jam icitniats from Labontoire dr Sbatefnme. Ctmttt 
Saiimui 4c b RcKhtrckr ScitMifMjar. GrewoMt. Fiance. 

IN He4Th|Fe} 

R M. Nkklow C. M Williams' 
VCKoon ' J.BMnsiem1 

Studies of the spin-wave dispersion relation for the 
Laves phase compound Hog s s T b 0 l 2 F e 2 have con­
tinued. Neutron scattering experiments earned out at 
I2°K have indkaied thrt crystal field interactions, 
whkh were neglecied in our previous analysis of 
room-temperature data2 make significant contributions 
to the spin-wave energies at low temperatures The 
measured lemperaiure variation of the acoustic and 
lower oplk branch (see Fig. 4.4) is almost entirely due 
lo ihe lymperature-dependent contributions of the 
crystal field anisotropy to ;hese branches. 

On the other hand, the rirong temperature variation 
of ihe upper optk branch shown in Fig. 4.4 appears to 
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be saasfactonty exptaaed by dae wmperatare depend­
ence of the ordered aawaeau of the rate-earth aai 
saMaoices. The icmpe:atarc dependence of the < 
bled o n e n obuiaed by setting Sjr :|7> = 
S*-~|0nvr<n and 5 f " i n = Sfr'frWfin. where 5 f -
aad5jt~ ate riW appropriate ordered cumpiaunis of the 
"spias™ for ike iroa aad die rarc-sardi M » . respec­
tively, aad • f t f i aad • jr l f r »« <be correspoadiag 
subtaiuce nugaetizarioas- Oae is also led 10 the 
cuachraoa thai S«*|0» a 8 aad dm Sf^lO) 3. 0.81. 
l U e dasresatt b perhaps not too snrprbiag siaceif b 

with dte measaeed angnetic moments, it is 
dm bodi dK static aad dyaaai 

properties of rhe compoaad are described b> die s 
effective mmmuptl spia f « iroa. 

The vames for dK exchange. JKF. J** JFF. 
aabotropy parameters. ±~. ±~- deduced from die < 

TaMr4.1 
idiaim a • » • • • • n!|i 

tastdfari 
i Matin 

O M L - O W rs-»»o«» 

0* 02 03 04 05 
•EDUCED *AVE v£CT0» COMPONENT 

f o a , / 2 i r 

Fig. 4*4* Tar tmnroajre dppvMlMicc of ne xavn*wave 
dnparuwii CM** M ike 11111 dSreetiwi for HnjMwTfcj). 1J*5'!* 
The curves %hown are the rewli* of cakubimm from the model 
dmimrd in lest. 

ia Fig. 4.4 

Parameter VjIweunrVi 

±* 
S.- I0 I 

4b? 3 
0.K4 ? 0.0b 
0 0 0 ? 0.01 

2.5 
2.3 

8.0 
0.81 

are given in Table 4.2- These exchange parameters are 
sbghtiy different front die nines obtained earlier.2 

becanse we had previously assumed incorrectly thai, at 
room temperature. Sr- s 10. The magnitude of the 
rare-earth rare-earth exchange b negligible. The con­
duction electrons are apparently much more effective in 
providing an interaction between the rare-earth and iron 
ions than between the rare-earth ions themselves. Thus 
the spin-wave energies are described surprisingly w*f by 
a very simple near-neighbor exchange model dial 
includes crystal field interactions and temperature 
renormaluaiion derived from the subbttice magnetiza­
tion. 

1. Xm& Rncarch Ur«*jlory.*>thioei«o. ftJC. 
2. R. M. S k i U . N. (". Kooti. C. M. WJBJMM. jad J. B. 

Mfetrm. Solid Sttir Dn. 4mm. fro*. Hep. Dec. SI. 1974. 
ORNL-3028. p. St. 

INELASTIC MAGNETIC SCATTEMNC FROM 
AMORPHOUS TbFe 3 ' 

J J.Rhyne' D L Price3 H.AMook 

Inelastic neutron scaiiering measurements have been 
made on spuilet-deposited amorphous Tb 0 j jFe 0 .»7 
using lime-of-flight spectrometers at Argonne and at 
Oak Ridge. At 433°K (above Tr) the magnetic-scaiier-
ing function #{?<*>> exhibited an approximate Gaussian 
dependence on energy transfer characteristic of a 
paramagnel Below T,. at 29°°K. a broad dblribulion 
of magnetic inelastic scattering is present, centered 
approximately al M * I I meV. As expected, dtb 
distribution was significantly broadened and was shifted 
to a lower energy than the equivalent noncrystalline 
compound TbPe :. which showed a single inelastic peak 
near IK meV. Polari/ed beam lime-of-flighl data taken 
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at Oak Ridge showed evidence for discrete spm-wave 
excitations lor Q < I 0 A ' in the amorphous 3 

1. AhurAi .* poBcr AlfCoitf. toot. H . I.M i l W i i 
2. X j c i I M w t U k m i u n r . ftrte Oak. V J _ ia* National 

kvcaa ul Stawtani. Wj i l iMpo* . DA". 
X AiruMtr Vi imaji Laboratory. Arfnaar. UL 

MAGNETIC EXCITATIONS I N NICKEL 

H A . M u o k D.Tocchetti' F.Mezei' 

The most advanced calculations uf the dyrumic 
HBCcptibnity o( ferromagnetic nickel have been per­
formed by J. F. Cooke and H. L- Dav». : J In contrast 
to previous work, these calculations incorporate mo­
mentum-dependent spin-splitiin* of the eiefronic 
energy bands as well as muliiband effects. One predic­
tion of these calculations is that for the 1100| direction 
the acoustic spin wave should interact strongly with a 
polar or optical spin-wave mode at about 130 to 140 
meV. This B in contrast to the other principal symme­
try directions where the spin waves are expected to 
disappear as they begin to interact with the Stoner 
excitations. If the polar mode could be observed. :t 
would serve as an excelienl check on the band 
calculations since the position of the mode is a very 
sensitive function of the parameters of the calculation 
including the potential function. 

The polar mode should be observable in a neutron 
scattering experiment, but high-neuiron incident ener­
gies are required. An experiment to look for this mode 
was performed on a triple-axis spectrometer located at 
one of the hot source beam tubes at the Institute Max 
von Laue Paul Langevin. A beryllium monochrornaiing 
crystal that had been brought from Oak Ridge was 
used, and copper or graphite analyzer crystals were 
utilized. The sample was a crystal (also brought from 
Oak Ridge) which had been enriched to about 99/* in 
the isotope * *N i to cut down on phonon and inco­
herent scattering. The incident neutron energies utilized 
langed .'rom 300 to 750 meV. The most difficult part 
of the experiment was avoiding higher order scattering 
resulting from order contamination in the beam. Most 
of the experiments were performed with fixed ho so 
that an indium filter could be used to adsorb \I2 
neutrons at an energy of l.S eV. Reflections were 
chosen for the beryllium monochromator so that X/3 
was absent 

Since pari of the polar mode iocs not have extremely 
sleep dispersion, focusing techniques could be used, and 
resolution calculations were peiformed for each scan. 

An analytical fo»m was chosen for the cross section, 
this was convoluted with the resolution fraction for the 
spectrometer, and the result was coupared with the 
measurement. Very poor energy resolution couM be 
used is the experKamt since focusing techniques could 
be used: otherwise the measurements would be im­
possible. 

Fnane 4.5 shows the result of the measurements. The 
sobd lines show the Cooke and Davis calcinations, and 
the dots are the experimental points. Near the zone 
boundary, good resolution was needed since the lack of 
focusing made the measurements very difficult. It is 
planned to check some of tht points near the zone 
boundary using the polarized-bram tm-of-fnght spec­
trometer sometime in the near future. It is remarkable 
that the predictions of the band calculations come so 
close lo the observed measurements. The bands them­
selves cover several electron volts, and from them are 
predicted magnetic excitation energies within a few 

x» 
7S-40** 

Fig. 4.5. Compamtm of calcnfcM and mnmn4 maywrm 
C X C I U ' I M M for nirhel. 
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millivolts of those observed. Small changes in the 
potential are expected to provide an even better tit to 
the observed points. It is now clear that some existing 
bami calculations in 'he literature are incorrect, since 
they suggest a band splitting much too large to account 
for the iKuiron scattering measurements. The new 
measurements provide a sensitive lest with which any 
forthcoming band calculations for ferromagnetic nickel 
must reckon. 

1. Intiilul Max von Liur Paul Lanscrm. (iicnuMr. i-raiwr. 
2. i. I . (mike and I I . L. Ifcms. AlF Ctmf. hv,. 10. 121* 

(1973). 
3. J. I•". Cooke and I I . I . DavH. to be puMrdKd. 

MAGNETIC EXCITATIONS IN 
NEOCYMIUM ANTIMONIDE1 

A. Furrer R M. Nkklow 
WJ.L. Buyers' 0. Vogt4 

The magnetic excitation spectrum of the antiferro-
magnet NdSb [Ty - I.V6°K) has been studied by-
neutron inelastic scattering. At 4') K nearly all the 
spin-wave strength resides in the transition to the 6lh 
excited slate which originates frmn the exchange 
split. l V : ) quartet ground state and I ' , * ' ' quartet 
excited state of the N d v ion. A weaker and lower 
frequency transition between the ground st?te and the 
4th excited state, the lower member of (he exchange 
split \\ doublet, has also been observed. These transi­
tions give rise to spin-wave brancher. of transverse and 
longitudinal symmetry, respectively, whose frequencies, 
measured in this experiment in 'he ,'00f;. <?s'0>. and 
Iff?) directions, are surprisingly independent of wave 
vector Measurements at higher temperatures show that 
there is ••jrprisingiy little downward renormali/aiiun 
1*10^) of the frequency of the main branch of 
magnetic excitations on passing through the Nccl point. 
The crystal field parameters have been determined from 
the excitation spectra in the paramagnetic slate. From 
ihc results at 4.">1K. two b linear exchange parameters 
and a large quadrupolar parame'er have been obtained 
with the aid of a pseudoboson spin-wave theory that 
includes all nine excited states of the N d " ion. A good 
description of the magnetic properties of NdSb is 
obiaincd from the model parameters. 

1. Abstract of paper l<> he published. 
2. Hd?. Institiil fur Rcikinrfonchunp. Wiirenlin«n. Swit­

zerland. 
3. Aiomii l-ncrey of Canada l id . . Chalk Kivcr. Onurin. 

( jrud.i. 

-». Lat-iralonum for IctlkimcperpSivsik. I-TII. Zurich. 
S«i(/crbivi. 

PARAMAGNETIC SCATTERING FROM ALKALI 
METAL SUPEROXIDES1 

H. (J. Smith J.Schweizer 

A p> lari/ed-beam polarization-analysis neutron scat­
tering study was made on paramagnetic Cs()» powder at 
room temperature under four different configura­
tions Hipper on and flipper off with the magnetic 
field on the sample vertical and then again with the 
field horizontal. A preliminary study indicated that the 
usual procedure of determining the paramagnetic scat­
tering in the spin-flip horizontal-field configuration by 
subtracting the nuclear spin scattering contributions 
I determined at large scattering angles) from the total 
spin-flip scattering is probably not valid in CsO» 
because of the large Debye Waller factor in compounds 
of this type, since the nuclear spin scattering is not 
isotropic but angularly dependent. A way to avoid this 
difficulty is to use the four-configuration technique 
mentioned above. By changing the magnetic field 
direction on the sample from horizontal to vertical, 
only the paramagnetic scattering is affected. For ihc 
llipper-off mode, one-half the paramagnetic scattering 
appear? when the field is vertical: for the flipper-on 
mode, one-half of Ihc total paramagnetic scattering 
disappears. The sum of these differences gives the total 
paramagnetic scattering, independent of all other types 
of scattering. Mullip*e-*vatfcring corrections are mini­
mized if not eliminated. The data were placed on an 
absolute scale by comparison with the nuclear Bragg 
scattering and. within experimental error, agreed with a 
spin 1/2 system. At low scattering angles |<5°(20)| the 
paramagnetic scattering appeared to he affected by the 
vertical field. This observation is not understood at this 
time. 

A polarization analysis study was also made on 
noncrystalline KOj and RbO : at I.T'K and above. 
Both of these compounds have been observed to 
undergo several structural transitions below room tem­
perature. In the case of K 0 ; aslructur.il transition was 
observed is low as I.VK. and a magnetic ordering 
transition was observed at 7"K. In th;* case of RbOi. 
extra reflections at low scattering angles had been 
observed, but it was not determined if they were of 
magnetic or structural origin. This study confirmed Ihe 
magnetic ordering in KO } and showed conclusively thai 
the lowest angle peak in RK) ; is magnetic in character 
and disappears on warming to about 14"K. in the 

http://aslructur.il
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neighborhood ol known heal capacity anomalies in this 
compound. Further studies are necessary to determine 
the detailed magnetic structure. 

I . The Mtbur i-arrir>! out Jm rrtcarcn whilr on fotcipi 
aiJMWiiiii al lattilut Msx «t.t Laar-fatl Langcvia. (ircaoMr. 
h'naoe. 

2- Inslitm Max won Laae- FtMd LaagniB. GtcnoUc. trance. 

LATTICE DYNAMICS 

NEUTRON INELASTIC SCATTERING 
MEASUREMENTS OF PHONON PERTURBATIONS 

IY DEFECTS IN IRRADIATED COPPER1 

R. M. Nicklow F. W. Young:. Jr. 
R. R. Coltman. Jr. R. F. Wood 

Theoretical2 and experimental3'4 studies have pro­
vided strong evidences that the spiit-inlerstiiial or (100) 
dumbbell configuration is the stable form lor inrer-
stitials in copper and aluminum. The theoretical wcrk 
has also indicated that the dumbbell interstitial pos­
sesses a low-frequency lib rational mode.2 Wood and 
Mostoller5 and Shober et al* have shown that these 
modes are strongly coupled to the phonons of the host 
crystal, leading lo perturbations of the phonon disper­
sion relation (i.e.. frequency vs q) that possibly could 
be detected by neutron inelastic scattering. A neutron 
scattering experiment to search for such perturbations 
was carried out on a high-purity, low-dislocation-den­
sity copper crystal. Because of the large sample size 
(about 0.5 cm 3) required for the scattering experiment, 
only thermal-neutron irradiation was capable of creat­
ing a homogeneous concent ration of defects which were 
predominantly Frenkel pairs. Therefore Ihe sample 
crystal was irradiated by thermal neutrons al 4 2°K for 
24 days in Ihe low-temperature irradiation facility at 
the Oak Ridge Nalionil Laboratory.7 The estimated 
Frenkel pair concentration was about 40 ppm. After 
irradiation. Ihe sample was transferred at 4.2°K to the 
neutron spectrometer. Measurements were made at 
temperatures below I0°K on the sample as irradiated 
and after several annealing treatments, as well as on an 
unirradiated crystal. 

A portion of the experimental results obtained for the 
as-irradiated sample for several wave vectors q = 
(0.0.f)2<r/a is shown in Fig. 4.6. The vertical dolled line 
represents for each J the position of the peak observed 
in ihe neutron intensity distribution measured for the 
annealed (or unirradiated) sample: ihal is. Ihe fre­
quency scale is plotted rrlatw lo Ihe perfeel crystal 
v{q). These results show phonon perturbation effects in 

the form of ^-dependent frequency shifts and unusual 
peak structure The results Stained for thee/ depend­
ence of the peak shifts are consistent with a reso-
pjiRMype behavior. While the present experimental 
uncertainties are too great to justify . detailed 
interpretation at this time, an estimate of the reso­
nance frequency c«>rrespondins: u- f * 0.1 where ihe 
shifts tend lo zero gives a value of about 0.8 to 0.° 

0^»t-0*»5 ' 5 - 6 ' 2 « i 

- 0 . 0 5 C 0.05 0.10 
RELATIVE FREQUENCY fTHz) 

Fig. AJh. Frequency drstritmfinas of neutrons sciftared from 
mdajted copper al 4 K for q - iOOJOl't. 
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T H / . which is consistent with theoretical ;.stknatcs: 

and elastic measurements.'' 
However, serious diiTiculiies are encountered when a 

detailed explanation of the observed peak shapes is 
attempted in terms of the simplified theoretical results. 
Calculations for the (100) split interstitial ••ere carried 
out to fit the experimental results 'or q = 
( 0 . 0 . 0 . * > » / « . Although a fairly good fit could be 
achieved with reasonable parameters, all such calcula­
tions also predicted a transfernl of intensity from the 
low-frequency peak to the high-frequency fak with 

OdKL-OWS n-672i*Z 

0«5 050 055 0*0 065 

Fig. 4.7. Fnrqacftcy disMMnHinns of nraimm .icaiirred (mm 
avirndiaicd and ameatrd copper fm^ = iOJ0J0.Oh}2*l*. 

increasing q. in contrast to t!«c 'xpenmeniaJ results. 
Furthermore. h>r all if intc*ti$atcd (f = 0 04 to 0.10) an 
anneal at room temperature eliminated the peak shifts 
However, lor J = 0.04 to 0.0b this anneal did not 
remove all of the excess intensity observed on the 
high-frequency sides of the main phonon peaks, as is 
shown in Fig. 4.7 tor f = 0.0b. A further anneal carried 
out at 800'K did remove the exlra intensity while 
leaving the peak position unchanged. The peak asymme­
try that remains after the 800° K anneal is due to the 
instrumental resolution. This effect is well understood, 
as is shown by the good agreement between peak shape 
calculations and the experimental results in Fig. 4.7c. 
The dotted lines in Fig. 4.7a and b. which provide a 
visual comparison between those data and the peak 
shape calculation of Fig. 4.7<\ indicate that the irradia-
I' ' also produces a slight broadening ot the phonon 
pea». The measurements made on the unirradiated 
sample are indistinguishable from the measurements 
and calculations shown in Fig. 4.7r. 

It would appear that the present results cannot be 
completely explained in terms of the simplified calcula­
tions for the (100) split interstitial. The absence of 
structure in the phonon peaks measured for the 
unirradiated and the 800' K annealed samples indicates 
that this structure is produced by the low-temperature 
irradiation The 'act that nearly 50^ of it remains after 
the 300'K anneal is an unexpected ;nd surprising 
result, since diffuse x-ray and resistivity studies indicate 
thai W J of ihv damage produced by a low-iemperature 
irradiation in copper anneals bel >w .>00°K. One pos­
sible conclusion is that the split utiersiitial may be 
responsible for the frequency shilts and line broadening 
observed for the irradiated samp'e as theoretically 
predicted and thai the additional stricture observed for 
f < 0 07 for the irradiated crystal b due to an as yet 
unspecified form of radiation damage. 

I Summary of pjper. #*w Rn./rt- IS. 1*44(1975) 
2. P. H. Order* hv C\ l.rhnunn. am* A. Schnll. Ffirs Rev. 

I.rti 31.1130(1973) 
3. P. Khrharl. H. C. HauboM. jnd W. SCMIM*. AJr Solid 

Suir #*vv 14. X7 (19741. 
4. J. Holder. A. V. ('•nnatn. and 1.. K. Rehn. toys Her Lrii 

i2. 1054 »1974). Phyt Rrr B 10. 363 119741. 
5. R I Wnnd and Mark MmhiMer. Mrs. Krr t.rtt 35.45 

M975>. 
ft II R. Sh«*cr.V K Tcwary. jnd P. H. Dederkhv/. ftn 

/» 21.255 (1975) 
7 R R CnHrrun. Jr. C K Kbbunde. and J. K Redman. 

rt- Krv ISA.7I5(I»*7| 
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rtfOKON DISPERSION CURVES 
FOR TIO.TT*'©.* J 

N Wakabayashi 

The relationship between phonon dispersion curves 
and superconductivity in transition metals and their 
alloy* and compounds is a continuing program in this 
Laboratory. As part of that study we have measured 
phonon dispersion .ur»es of Tao 7 7 W 0 , , for wave 
vectors along the principal symmetry directions. The 
results are shown in Fig. 4 A. For comparison the 
solid and broken lines in the figure represent the 
experimentally observed dispersion curves for pure 
tantalum and pure tungsten respectively. The trans­
verse branches along the |IIO| and (0011 directions 
are almost identical lo those tor pure tantalum, while 
the longitudinal branches, which exhibit anomalies in 
tantalum, show considerable changes. This fact indi­
cates that the anomalies in these longitudinal branches 
are directly related to the screening effects due to the 
conduction electrons in these systems. Smce the 
supercocducting transition temperature decreases with 
the concentration of tungsten, the anomalies in the 
longitudinal branches may. in turn, be related to the 
superconductivity. The anomalous upward curvature 
in transverse branch in the |00l | direction may 
abo be related to the conducting electrons, though 

rather indirectly. Therefore, the study of differmces 
in the frequency shifts between the longitudinal and 
transverse branches should give us some information 
about the nature of a microscopic link between 
phonons and superconductivity. 

riMNON SPECTRA IN 
NIOUUM-ZKCONIUM ALLOYS 

N. Wakabayastu J. G. Traylor' S. K Smha2 

The phonon dispersion curves (or high-7*r supercon­
ductors are knowr to exhibit strong anomalies, but 
the bask physical process which links the high Tt and 
the phonon anomalies is yet ;o be understood. As a 
part of the research effort to study phonon anomalies 
in superconductors, the phonon dispersion curves for 
th* random alloy system No, x Zr x with x < 0.15 
have been measured by neutron scattering techniques. 
While Tc decreases for the niobium -molybdenum 
alloy system as the molybdenum concentration, it 
increases as zirconium is added to niobium (from Te

 s 

«i*K for x = 0 to 11*K for x = 0lS>. Phonon 
anomalies observed for niobium become less pro­
nounced by adding molybdenum, and one might 
expect a reverse trend in the niobium- zirconium 
alloys Aiw. for * greater than 0.15. the system seems 
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Fig. 4JI. Phono* iupnimm curves for 7*077*0 j , . Solid fhrnkrn' Imc* rrprevrni the data for purr lanialum (lunctirn) 
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to have a mixed bec diffuse-u phase at low tempera­
tures The ui phase has a hexagonal structure giving 
rise to superlative reflections at 2 M 1111 * r in cubic 
indexing, where r i> the reciprocal lattice vector of 
the bec structure. This lattice instability might be 
interpreted as an indication of the softening of the 
longitudinal phonons at 2iM I I I ) . 

Measurements were carried out on N b 0 « $ Z r 0 0 5 

and Nbon-yZro ,3 along the principal symmetry di­
rections. Some of the result*, are summarized in Fig. 
4«>. together with the dispersion curves for pure 
niobium shown by the dotted lines.1 Larger changes 
were observed for longitudinal modes, frequencies for 
the alloys being lower than those for niobium. The 
most pronounced anomaly for niobium in the (00?) 
longitudinal branch near f = 0.7 does not seem to be 
enhanced noticeably by alloying. The longitudinal 
phonons around 2/3(111) are well defined, and the 
softening is rather small. Howevei. rather strong 
diffuse scattering was observed near this wave vector. 
wh;--h is reported elsewhere.4 Sinha and Harmon* 
have proposed a model for the lattice dynamics of 
transition metals which gives large decreases in the 
longitudinal phonon frequencies near (0.0.0.61 and 
(0 .8 .08 .0* ) due lo the intra</-band contribution to 
the dielectric function. The decrease was found to be 
very sensitive lo the (/-electron density at the Fermi 
surface, in accordance with ihe phonor. frequency 
changes in niobium molybdenum alloys. However, 
although slight decreases exist near these wave vectors. 

;he largest change in the niohiuni zirconium alloys is 
actually near (0.5.0.5.0.5). This indicates that changes 
other than that in Ihe d-electrop density are responsi­
ble. 

The data were fitted lo Bom v.m Karman models, 
and the models were used to calculate the phonon 
demity of states, glvl. and various moments of jctc). 
However, changes in the average pr«»periies expressed 
by the moments do not seem to be significant enough 
to explain the changes in T,. suggesting the existence 
of a mode-dependent elect ron-phonon coupling. 

1 Iowa Slate I'mvnMiy. Amcv Iowa 
2 Arptaae Naimwal Laboratory. Arp>nac. III. 
i. V ttakacjoa and V i > B » . - i * . p 39 n IJIIH, DX 

w n n rd. by R I-'. WaNis. Pcrpmo»>n Fret*. L t d . Oxlnrd. 
Farfand. 19*5. 

4. N. *akabaya*hi and I . C, Taykw. "Difla** Scatter*** m 
Nbbwjin Zmtotmm Mk*y*." this report. 

5. S. K Sinna ami B. N H W M O H . f * n Jfer Irtt I S . 
ISIS • 14751 

PH0NON ANOMALIES IN THE 
Mo, , R « X SYSTEM 

H G Smith N. Wakabayashi 

It has become apparent that the complex phonon 
spectra observed in most superconducting materials 
are. indeed, related lo their superconducting proper­
ties, presumably through the electmn-phonon inter­
action. The anomalous features (pronounced dips in 
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the phonon dispersion curves m various regions of the 
BriNoum /one) ate most noticeable when compared 
with phonon spectra of related materials that either 
ate -sonsuperconductmg or have low values of" Tr 

Two weH-knuwn examples are the niobium morybde 
• m system I bed and the Nbf . ZiC compounds I tec I 
The former system had been the must «r*4ery studied, 
and it has been observed that as molybdenum l 7 r 

.•bout 0*»'l H added to niobium tT, jb.nn <*_2 t. T, 
decreases, and so do the anomalous features The 
effects are related to the election, atom ratios «* -
*rved for the transition metals where maxwia m T, 
at obtamed I t * em values of approxunatety 4.7 and 
6.5 with a mmmmm in T, at 5 8. m approximate 
agreement with the above example. 

Sawjfarty. n has been observed that the addition of 
hep ihtnmn IT,- about i X K l to bec molybdenum 
ijpidK mcreases Tr to approxunatety 10'K at a 
concentration of 25^ the mum fnear the bec ancle-
phase boundary"'- At even ftreaier concentration, 
hujher Tt's are attainable, but the crystal structures 
are more complex, and stuck crystals are not readdy 
avadabte It was expected that anomalous dms in the 
drspemon curves would occur, but it was not known 
exactly where and to what extent the sofienmg would 
be. although the | 0 0 l | /one boundary was suspect. 

An inelastic neutron v-aitermg stud* on several bec 
Mo, x R e x anoys \x < 0 25l was nututed. Preimmury 
results on an M o , 7«Re« u single crystal revealed a 
pronounced decrease at the | 0 0 l | /one boundary 
where the lonptudmal acoustic (LAI and transverse 

acoustic <TAt modes are degenerate The anomalous 
region occurs near the /one boundary in the | 0 0 l | 
direction but appears to cover much of the report 
between /one boundary pumts P and H m the 1111) 
direction The crystal was of *e«y good quality, but the 
phonon Ime widths were broad and sometmies showed 
structure There are several sources of broadening t i t 
mass detects due to the hears rhenium atoms. 121 force 
constant disorder. ».>» clustering effects due to short-
range order, and <4| strong electron-phonon interac­
tions A combination oi all effects rs expected but to 
vary mc degrees. 

A more extensive inscstncition is under » J > on the 
smgk crystal alios Mo^a^Re, , ? . and a prdmunary 
analysis of the dispersion curves and phunon hne-
shapes reveab that the anomalous fealuro can qualita­
tively be expiamed on the basis of CPA mass defect 
theory However, it is found thai m order to ubum 
quantitative agreement between experiment and 
ihe>>(\. it vtiii he necessary to invoke force-constant 
changes not only for the heavy mass defect but for 
the host lattice as well The phonon frequencies of 
the modified host lattice hate been estimated and ate 
shown b> the crosses in F:g. 4 10. For comparison, 
the dispersion curves for pure molybdenum are shown 
by doited fanes The large changes at the /one 
boundaries BI the alios, which may be attributed to 
strong eiectron-phonon interactions, appear to be 
enhanced by the resonant modes «»l the rhrnrum 
atoms. 

O M L - O W >» •om 
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• H O N C m S I N I a i l t t T i ) 

N. Wakabayashi 

The indhim thaHiurt- alloy system has four tkstinct 
cry stallographic phases: l.nlium has a structure thai can 
be described as face-centered tetragonal ( letI . and 
thalnum has an hep structure. When indium is alloyed 
with 15 to 30T, thaftrum. it undergoes a martensiiic 
transfonnation from let to Ice structure, and there rs 
a maximum in the superconducting transition temper­
ature I". m this range of thallium concentration. The 
mecturrtsm of the phase transformation b generally 
regarded as a softening ol" the transverse phonon in 
the 1110| direction I m the cubic phase) with polariza­
tion along the 1110| direction- In support of this is 
The observation that the elastic constant A * C , , 
C | 2 I goes to zero at the phase transition. Abo. 
superconducting tunneling experiments have suggested 
a possible softening of some phonom. Although the 
tunneling technique can give an indication of soft 
phonons. one cannot conclude which phonon mode in 
particular goes soft. This problem is especially serious 
in aHoys. since the phonon lifetime due to random­
ness may be large and the singularities in the phonon 
density of states smear out. 

In order to investigate the cffcct> of allt A me on the 
indhidrfal modes, dispersion curses have been measured 
for a single-crystal sample of ln„ „ T I 0 , . The result •> 
obtained *> far arc shown in FIB 4.11. The s!rarghi 

lines v.'zt q - O icr«c«.-iit the mitul 4>pcN «•< the 
dispersum curves otimated Ir.ww the o.-Mk: con>ijniv 
The alios has a r a U I I M %A I U». as cumpjicd a im riW 
valuc l .0 7 5 for pure unburn As « « — I UU. the | IUU| 
and |00l | directions hec>*nc ctpmaicni jrtd nW tiaav-
sersc modes m | l«JU| beoane dep.-m.-ijk- I t has been 
found that the freuuencies of rhe tianstefMr branch m 
the |ICKH dwection polari/ed afcmg |UUI| | T M I I and 
ol' the transverse branch m die |UOI | J H I V I H V do not 
show significant skills from d*»e in pure indnnu ' 
However, the IreuueiRies ••! the | IUU| tiaasKew 
branch polari/cd j^mt \0\0\ l T # , . i show a 5 i.» Iff* 
decrease, the largest change observed m riu> a#oy. 
.Abo. m die | I O I | dnection the nutoi dope »* 
the branch that may be regarded as •early Kanxerse. 
cormpowdmg to T,T« » the | I I O | mtection. is 
rather snaH. md the branch >hows a skgMly upward 
curvature near q = 0 This curvature is a precursor of 
the softening of the mode near the phase transition 
The temperature dependence of the nMiai slope ol' 
the T | i * branch m the 1110| drrectum has been 
found i«> be very sirmlai i<> that tm pure moWn Also 
shown m Fig. 4.11 is the result ol tunnelmg lucaswe-
ments o*/-" on l n s 4 T i « , repi>rted by Dynes.' The 
structure m a:F v.-em^ to be consistent »rth the 
shapes of the itfaerved phiwitm drspersion curve-* 
Broken lme> in the figure are the dispersion curves 
calculated by Gunton and Saunders* lot Inl 15 - T i l 
on the basis of an average pseudopoteniial limn 

Fig. 4.11. Phnmm Jiipi tmmmttn 10? Titcuwpjw< wim •iidhliuni of » | 
Of 9 fWnMrtMf •T%pCfflNMIII> 
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factor H O M W I UV apparent agreement with the 
data may be merely accafttwial smce then calculaUon 
K» pure mdnam dwws rather poor agreement. 

1 « «. Sam* «• • • RcKkM*. SoM SM«r i)»r 4 w 
IWc Kf On Jl #•"- O W I - W M p 3. V I A I W * 
*mi II f. Sam*. £>M &*W lit* t<m» A . * NVp Ar. -*/ 
l * V «*M-»52fc p 74 

2 m «." Dvacv/ftn C n # 2 . M 4 f l * 7 * i 
J O I C—«,• j * i r. A SMmnnv S.+*Sttir Cnmwmn 

i2.««*<i*n> 

tavmoHsncnooscvrftw 
LOM-RfQUBUCY PHONONS M 

SOUDMBHURY' 
W A Kmu laVmira- HGSmrth V Wakabayaslu 

txtoMve measurements of ike phoaou dtspersson 
curves <if' trmonai mercury have been earned out rv 
• M N M meiasiR wattermg. Sum* I M M C T X branches 
of the phono* tpeciram have very low frequencies, as 
smafl as &.° meV at the /one boundary, compared 
with a nuftMMHi lattice frequency •»• '$ meV. The 
da" hare been accurately filled with an eight-
nenjhboi Born *on Kamun model, and J rehabte 
phounn density M >uie% R w l ha% been ..akulaied 
Ommanson with o : t w l A w l derived from lumebnc. 
measurements reveals a Mibstanital mcreasc m o : lu . l 
al loir frequencies. Direct calculations «l v* lw | f lu ; l 
from the Bern *un Kantian model. a*sur.«mr. a wmptr 
form for the etr-.iron-phouon maim etemeni. give* > 
- 2.0. as compared with > = I o from lunneknr. We 
discuss the ongm of the frequency dependence of 
a 2 lwl . 

1 iU«ni'i «f paper Frrrurtnmci m prrw 
2 lYc.ra* j M r c * IHVJ State t a n M i f . Awcv lima 

LATTICE VIBRATIONS IN TaO, , 

X. Wafcabayashi T t Scoti' 

The behavior of hydrogen m mtiab rs quite interest-
my from the pomt of view of both bam. and applied 
research The microscopic behavior of hydrogen in the 
bec tramrtmn metals m not understood as well as that 
of hydrogen m the fee metal palladium. Previous 
investigations of the structure, hydrogen diffuMon. 
and vibration of hydrogen have not yet produced a 
unified model for hydrogen motions m such meials. 
Interstitial hydrogens are expected to be coupled very 
strongly with the host lattice, and the study of details 

«if phonun frequency changes, and bfetmes due to the 
presence of hydrogen is essential m making progress 
toward the goal uf ubtamang a consistent picture of 
metal-hydrogen systems. 

As pan of the effort to understand the nucrocopK 
properties of hydrogen dmutvtd m metab. the 
phonon spectra of pare tantalum and tantalum con-
tammg 107 deuterium have been studied at room 
temperature. Deuterium is beSeved to occupy one of 
the letrabedral miemiual sites and may add one 
electron to the rf-kfce band of the corxbjcuon elec­
trons. Smce phonon frequencies are considered quite 
sensitive to the </-etectron density, one might expect 
noticeable L hanger in the frequencies in TaTVi-
However, no snmificanl drfferences in pbonon fre­
quencies could be observed between these two sys­
tems, and no Irietane effect was detected. Since 
Ta» 7-jwV;). which may be considered to have a 
sbehtry higher conduction electron density, did show 
quite remarkable changes m the phonon spectrum, 
this result lor TaD*. i •* somewhat surprising. How­
ever the rwubtum deuterium system studied by Rowe 
et a l 2 also appears to be rather insensitive to the 
presence of deuterium Ckrarry. more experimental 
information about the electronic as well as vibrational 
properties of the system n required m order to 
understand the result 

A study wnl H*m be made to observe the coherent 
inelastic scattering of neutrons by the deuterium 
motion m the optic modes, the result of which should 
be useful m understanding not only vibrational slates 
of hydrogen but Jso the diffusion mechanism. 

I loarjSuie I'ancTMiy. Amt*. loan 
: I I I R.««e. N Vjftbni* Mtd J. I Rinh.*r«> Ret B 12. 

**S*r|»7S» 

LATTICE VHKATMNS OF MnF: 

C A. Rotter' J. C. Traylor H. C. Smith 

TIŝ  measurement* of the phonon spectra of tetra­
gonal MnF : were c ir nleied on the HB-3 tnpie-axis 
speciriwieier at the High Flux Isotope Reactor. Data 
taken m the 1100). 1110|. and | 0 0 l | directions are 
drsplay-ed in Fig. 4 12 The shell mudei devehrped by 
Traylor et a l ' for TiO ; was modified and applied to 
MnF :. The modificatHms included (11 axul symmetry 
constraints on all short-range interactions. t2l addition 
of nuonnefluitrme interactions along the r axis. (.'» 
applKation oi rotaiMtnal invarunce and elastic constant 
constramts. The best J.-'l-model fit is also shown in 
Fig. 4.12. The degree of fit. \.equals 2.1 as calculated in 
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the usual fashion. Parameters for this 111 are given in 
Fig. 4.13 along with cell-defining interactions. A and/? 
are bond-st retching (d't /dr 2 ) and bond-bending 
(l/rNdtVdr) parameters respectively, if 1 . )'i and A',. 
Kj are the core-shell force constants and shed charges 
for manganese and fluorine atoms respectively From 
the shrH-model fit of the data, the dielectric constants, 
density of stales. 9 (Debyel. and specific heat were 
cak. dated. 

Fig, 4.11. NnFj wMctlM 
rH. Ubrbnt irf jinim <Mii| } : Fj 4 j )̂ n wed m mdkair 
dtortrant* intefactinm. 

1 tMAV Facaky Rettarvh rarthipaM from Wcx Vmoma 
Vm*m*y. MorgMJown. W V-

2 Iowa Stole Vmnuvny. Amev Iowa 
3 J G. Trayloc. H. G. Smith. R M. NidUnw. and M K. 
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PHASE TRANSITIONS AND CRITICAL 
PHENOMENA 

NEUTRON WELASTIC SCATTFJUNC STUDY 
OF TETRATHiOFULVAUMUM 

TETRACYANOQUNODHKTHANE (TTF-TCNO)1 

H A Monk Charles R.Watson. Jr.2 

Reports of high conductivities*-4 found Hi the 
charge-iransfei salt TTF-TCNQ have slmiubled a great 



deal of interest in this material Various measurements 
of the physical properties* of TTF-TCNQ prove that 11 
i< not a smpk* metal, and it has been suggested* that 
the high conduct m l its arc associated with a Fnerls 
instability in which a phunon mode is driven soil by a 
very strong interaction with t*ie electrons at a wave 
vector equal to two times the Fermi surface wave 
vector. IKf.- Recent x-ray and neutron scattering 
measurements have shown that a superstiucture exists 
in TTF-TCNQ at low temperature* * As the tempera­
ture was increased above 55°K. the scattering measure­
ments showed that three-dimensional ordering disap­
peared. At higher temperatures one expects that any 
one-dajnensionai scattering observed by x-ray diffuse 
measurements would result from a Kohn anomaly in 
one of the phonon brancies. Such one-dimensional 
x-ray diffuse vattering was observed up to room 
temperature using counter detection techniques* but 
no sensitive energy analysts » available with x rays, and 
neutron inelastic scattering measurements are needed 
for detailed examination of the Kohn anomaly. 

Unfortunately, neutron scattering measurements on 
TTF-TCNQ can only be performed with considerable 
difficulty Only small crystals of this material can be 
obtained, the largest being about 2 X 0.4 X 0 02 cm. A 
single crystal is. therefore, not Urge enough for neutron 
inelastic scattering measurements. » d an assembly oi 
crystals must be constructed. A sample was thus 
constructed in the following manner. Several batches of 
crystals were grown from solution using very highly 
purified starting material Hi order to obtain the largest 
possible crystals. A series of slots were then milled in 
thin aluminum plates about 3 X 4 cm in size, and the 
largest crystals were positioned in the slots. Around 50 
crystals were mounted on a plate, and five of these 
plates were stacked together to make a complete 
sample, which had a sample weight of about 300 mg of 
TTF-TCNQ. Despite the fact that the crystals were 
'.tightly irregular, the rocking curve of the whole 
assembly of about 250 crystals was on the order of 1° 
m all directions. After cycling the sample through the 
transition at 55°K a few times, it was found that the 
alignment had decreased to about 2.5°. but this is still 
sufficiently good ahgnmeni for good phonon measure­
ments, especially in the region of the Kohn anomaly, 
where the scattering ts limited to a one-dimensional 
sheet. 

An additional problem is that the material contains 
hydrogen and thus has a large incoherent cross section, 
which causes a high background, especially near zero 
energy transfer. Some deuterated TTF and TCNQ 
starling material was provided by Carito. but crystals 

. .,-, < »••:*•? ~ r.—*•*-•»—*-«'W'WWkm*mtm& 
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obtained with thb material were quite small, and only 
limited data were obtained with them. 

The experiments were performed on the three-axis 
spectrometers located ai the High Flux Isotope Reactor 
in Oak Ridge. Graphite munochromaiing and analyzing 
crystals were used, and graphite filters were employed 
to eliminate order contanur.atton Most of the measure­
ments were made vound the 10131 lattice point, which 
is the strongest reflection in the b*. c* plane, although 
cross checks were made around t h e ( 0 0 6 M 0 0 6 H O I 2 ) . 
102IK and(027) reflections. Measurements of the Kohn 
anomaly checked m both energy gam and energy 
loss and around equivalent points m reciprocal space. In 
some cases m energy loss, the analyzer was nraonenttd 
by 2° and the scans were repeated to prove that the 
scattering was indeed inelastic and to obtain back­
ground information. Figure 4.14 shows some of the 
dispersion curves measured at room temperature along 
the b direction. Other modes were observed, but only 
the strongest ones that were measured in some detail 
are shown in Fig. 4.14. Most of the modes are nearly 
flat and probably correspond to intramolecular excita­
tions These can be closets linked to measurements 
made with infrared techniques.* Modes that at q - 0 are 
mostly transverse and mostly longitudinal were also 
observed. These are labeled TA and LA m Fig. 4.14. 

•3"*--3K " V * 0 * i 

Ffc.4.14. n«m4MptiwMc«rmtto«jnKctJam4r«rtliM 
farTTF-iTNQ. 
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The mart sinking feature rs die large Kohn anomaly 
thai stem* 10 stem from the LA branch. It is possible 
thai the Kohn anomaly » connected to » « K »Mhei 
branch, but consiant-moineniwn-traitsier van* JI 
0.2454 ?*'M. roe nudpom tit' the Kohn anomaly. show 
peaks in al branches except the LA. which confirms the 
interpretation shown m Fin;. 4.14. 

The Kohn anomaly is sufficieniiy steep that u can 
trjry be observed m constant-energy 4raasfer wans. Fig. 
4.15 shows three of these scans phis one scan through 
the LA phonon. The scam of the Kohn anomaly show 
two peaks, which have been interpreted as the descend­
ing and ascending phonon branches that compose the 
Kohn anomaly. Al die phonon measurements not :n 
the Kohn anomaly and aB the eiasiic Bragg scans show 
no double structure, which supports the interpretation 
that the double peaks observed m the Kohn anomaly 
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scans ate not the rouli «>i mix>ik.-nijii>m% m ihc vnnpk-
siackmg or nunc «;;hei sample-deprndeni oiled. 

As the scans m Fig 4 15 sh<m. the Kukn anomaly r» 
rather easy to ufaenre JI <.iR-reifN ji«umi I 4> Illy hu! 
becomes weaker al lower energw trruUv becomm* 
almost unobservahk* ji jfroui 0.J Til/ Prrirmtnaiy 
measuremenis show that at Umoi lotnpeuluio the 
Kohn ant«nary tharpens c«w>wleiabl\ and can he 
•4>«erved al k̂ wer energies The portion <>l ihe K"hn 
anomaly apce* precisely wiih ihc po>iih«i JI«IIC b* <4 
ihc vildlilt peak othcrscd in ihc iK-uii«m cl̂ siK 
scjllciing cxpciimcntv.* cunluming ihc Ikf \jiuc <>l 
0>»>*•. 
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PHASE TRANSmOttt « RbfaF,. 
II. NEirnU* SCATTERINC1 

* A Kam:lakal>ira' (' A RoMer1 

The l«»r» K phaie iranMinm ..f RM JF> h-» been 
ideniifieil J% ph«m«m c<H»deivtaiHm at ihe /? pi»ni 
(cubic |MI | /«me bnundarvi Ab«we ihi itansiimn 
icmperaiure. a ridge of scattering extending fr«mt the 
|II0 | /one bowndary \M pomil lo ihe R p»mi was 
observed, correspundmg i«» a Ime of vifi phunons from 
Mt i«t Jt>« Below ihe irwiMintn the scaiiermg al M 
decreases rapwK wiih temperaiure. KMbcaimg a lallhre 
siabm/aiion which causes ihe nwge of Kallermg :•> 
disappear. 

1 Atntr*! ,4 tufa . W S i t l r Omnmm 17.1M7 il«75l 
2 f iomi j4Jmi |n«« Siaie lTw»rnw». tan. k«K> 
I (Uk Htifr Awnulnl I IMVTf»H«r« fj««ll> fcwjttk fwtlKi 
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NEUTRON SCATTERING MEASUREMENTS 
OF THE*? TRANSFORMATION W 

CERRJM THORIUM ALLOYS' 

A S fcdetstem- H R fluid 

Quasi-eiastk neutron scattering measurements using 
I U- and 4 4-A neutrons have hern nude i » pohcry >tal-
Ime Ice j lhn\ «l Ce, .Th.Uc = U 20. 0.2fto. 0 2*»l. The 
first alloy undergoes a first-order transformation at 
appru*malel\ 140k. m which the lattice parameter 
decrease* tn«n 5 1? to 4i t lA The second aUo> 
undergoes a ttcund-ordcr iranMtiun and critical fluctua­
tions whue the Bragg peak* <H the third broaden and 
stuff in position between 140and I70CK For x = 0.2 at 
Mb'K the q dependence for 0 4 <</ < 6 A ' of the 
diffuse scattering is in approxmiate agreement with that 
of the satiate i>f the atomic 4 / form factor of cerium 
The extrapolation of the diffuse cross section to </ = 0 
gn** a value of Jt«0 mb. which is consisteni with a value 
of ii - 2 *ttttm With decreasmg temperature the 
magnitude «»f the diffuse scattering dodSl t r x * C 2 
decreases abovt Mi mb below the transition and is 
approxunately temperature-iMlependent for 5 < T < 
I *0'K It is surprising that da Jtl i> so large at low 
temperatures in the o state, which has been described as 
the nonmagnetic Mate 

t MMJJCI M pjper AirCtmf. ft**. 
1 ttuk Rider %VMHUIO4 I •nvtMttrt (joaily trwjfvb pMlfci-

y«iil lr..«> the t'M>«n*i> "I Hlnui«.il <lMitjn»t'««tr.<°fcK«>>. 

DIFFUSE SCATTERINC IN 
NKWUM ZIRCONtUM ALLOYS 

V ttakabayashi J G Tray'V 

For /irconram concentrations greater than 15 
niobium /irconium alloys seem to have a mixed 
bec diffuse-u; phase at low temperatures Although 
iws lattice mstabdity might be mterpreted as an 
indication of the «rfi phonons at 2 .» <lll>. the 
phonons observed fist Nh» «» £>» 9 f and N b 0 *?Zr 9 , j 
are wrH defined/ and the dispersion curves d» not 
exhibit a ugmficani decrease m the frequencies of ihe 
longiiudmal mode near 2 } <111>. where the ireojuencv 
is a mtnmvum in this direction. Ht»wever. we have 
observed pronounced diffuse scattering near this wave 
vector for both of these alloys. Figure 4.16 shows 
the elastic scans m the 11111 direction from ( I I I ! 
to II Jt.l8.IJt> Im umi> of 2»*. where a is the 
lattice constant) for mobium. N b 0 , ; Z r 0 « * - and 

N b a a T Z x # | j . In order to take mto account the 
difference m the sample sue. the counts are normalized 
to the relative mtensity of the hmgitudina! phonon at 
(0.2.0.01. which seems to be unaffected by aHoymg. 
The rise in the count near I • • 11 rs due to the high 
background for the la." ^.altering angles. The scan for 
Nb»*-«Zr # # s does not show the background effect 
*>ecause of its large sample size and. hence, good 
signal to-norse ratio. Smulaf scans from several recipro­
cal lattice points were earned out. and some of the 
results for Sb» »7Zr # t i are shown in Fig. 4 I7#. 
which includes the scan of Fig. 4.16. Figure 4.17ft 
shows the hnes nt the reciprocal space corresponding to 
the scans m Fig. 4.I7«. 

Infonnation about the nature of the atom*, displace­
ments gmng me to the diffuse scattering may be 
obtained from the position and width at the peak and 
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from the Q dependence of th« scattering intensity. The 
peak position. %> = 3 411111, indicates that the 
periodicity of the atomic displacement is riven by 
2r Jtf0. where J is the distance between the planes of 
atoms perpendicular io the 11 i I > direction, or J -
tf.'lVJl Thus. for<f0 = Oi*h/M2*'ah the number of 
planes in the repeating unit » 8 However, the observed 
peak width. Sq - y/%l*iafi.\4. suggests that the si/e 
of the region in which the displacements are coherent is 
represented approximately by 14 planes. Since the 
periodicity of the microcrystal is comparable with i t . 
si/e. a Picture in which the macrocrystalline regions are 
assumed to be randomly embedded in the bec host 
crystal may not be a suitable description. Instead. :he 
diffuse scattering may be interpreted as scattering due 
to a lattice distortion caused by the presence of 
impurity zirconium atoms, as in the case of Huang 
scattering. Under certain assumptions, it can be shown 

that the scattering intensity for q in the 1111i direction 
is proportional to 

c | Q e , ^ | J r o J , 0 ' " « " , 5 | H , > i h 

<- » ihe impurity concentration. Q * q * r. r a 
the recipmca' lattice vector. W[q)<* q* iu>±lqf .u±iq\ 
is the frequency of the longitudinal phonon for warn 
vector q. and C|J«*» »* l n e eigenvector of ihe longitudi­
nal phonon in the (111) direction, namely. I S / 5 t l l l l 
or its equivalent. In principle, a1 » determined by ihe 
amplitude of the atomic displacement. The Q depend­
ence of the peak intensity at q - <?0 is determined by 
the first two factors in Eq. f I r. The r-Utnr imrnsilies 
calculated with a2 = O.Oftftfa/.?*)2 are in good agree­
ment, as shown in the table in Fig. 4.I7A. The q 
dependence of the intensity, on the other hand, is 
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nutnly deiermmed by M41 The bees m Fig. 4.17* 
represent the intensities calculated from F.q III- The 
same background counts and scaling factor were used 
lor aN the scan-. The sharp nsr in die intensity near q = 
0 observed npenoHntaRy may be explained by the 
Vmklapp terms, which are neglected m the approxima­
tion and diverge mow strongly near 9 = 0 than the 
normal term given by qz uL*!q) Thus, although the 
present analysis does nut reproduce the details of the 
experanentai observations, it seems that the attice 
mstabibiy in the ruobfutn tin nnwn aHoy system 
could he attributed to a lattice distortion due to the 
presence of impunty atoms or defects More work, 
especially on luubtum molybdenum aloys and tartta 
lun tungsten alloys, would be quite important m order 
to understand the nature o! n'.ie diffuse scatter: ig 
observed m the present expenment. 

1 Urn Slate Cwunry. Amet k>*j 
2 V WikjfciTKlu. J O Travh* jarf S k Savha. "Ttxmot, 

Spivtra m Niuknn ZMVUMHMI AaV*v~ rhn report 

QUASI-ELASTIC NEUTRON SCATTERMG 
FROMGADOUNHJM 

H R Child 

The study of critical scattering of neutrons from 
gadolinium metal' has been extended i«» the measure­
ment «'! <|uasi-electric scattering of high-energy (about 
81-KKV* neutrons over a temperature range from 80 to 
42.'*X in an effort to understand this fernwnagnetic 
metal In gadolinium, the angle 0 between the ordered 
magnetic moment and the r axis of the hep crystal2 is 
zero at Tc - N I K . departs from 0 abruptly at T0 -
.'.'2 K. then goes through a broad maximum reaching 0 
- o5 J a! I83°K. and then decreases to about 32° at 
!0°K Low-field magneti/aiion1 and specific heat4 data 
show anomalies at Tt which led early authors to believe 
that gadolinium had a spiral structure (otTt<T<Tc 

and became ferromagnetic at T*. Although this inter­
pretation was shown to be incorrect.1 an explanafron of 
this anomalous behavior is still lacking. 

Our previous inelastic scattering results' also pre­
sented some uncertainties, so the present experiments 
were imder'aken lo investigate she isotopit '*°Gd 
crystal under conditions where intensities could he 
compared over a wide temperature range and where the 
inelastkiiy of the scattering couid he neglected by using 
liigh-erergy neutrons. Marshall and Lovesey* describe 

the eiagnetw scattering cross se.tioj near the transr»Mi 
temperature by 

#0 kulkmT kF 

wheTf*w/* , r«e* w / *» ' l» ' is the detailed balance 
factor. * and kF are die nwtiai and final wave vectors 
of the neutron. S^ln,. ui - X****} F*4!*. « » is the 
Fourier transform of the correlation functior <S«*f0r 
SK^Uf> over time and^space. and a. £ represent jr. y. or 
: cuordmaiev with & the nth component of a unh 
vector along Q = kF - k,. If the energy changes hw of 
the neutrons scattered by die sample ace anal com­
pared with the min i energy of the neutron, the 
quasi-electric approximation is a valid approximation to 
the generalized ^-dependent susceptibmiy \(ql oi th-r 
sample, since at constant scattering angle, a count *ifl 
effectively integrate the true energy-dependent vai:er-
ing over energy at constant «; Smce /la,. <•.). the 
energy-dependent factor in SI*., w). is defined to be 
normalized so that the integral over u; of F ts um*\ at 
constant a,, the counter performs this integration 
zutomaticzlly. In this approxmiation. then, the in­
tensity is proportional to 

= M* t? : > \ . l a , i *n Q :>\-'«.» • 

the parallel sign meaning parallel to the ordereJ 
moment. It is necessary to distinguish x. >. and / from ' 
and 1 Mice the ordered-moment direction changes with 
temperature. When the moment is parallel to the c axis. 
measuring al Q = | 0 . 0. : • ft. 11 Q i I = 0. and -o 
only 2\ will be observed, whde for Q = ; ! * J. 0. Oi. 
Q,3 = 0. \ i • V wdl he determined. 

Figure 4.18 illustrates the temperature dependence >( 
the peak mtensity at norms in reciprocal space locited 
al approximately i!.c same magnitude o(q away fi r.t a 
Bragg peak. The data from which these pomts wrre 
obtained were scans from 0.5 to 0.5 in f u*.it» 
perpendicular to the OtK and MO directions with the 
midpoint of the scan al the Q shown. The scars acr.w* 
the OOt line were Loreni/'an in shape with r<eak 
intensities decreasing with increasing q. awav from 
(002). while those perpendicular to (A00) showrd no 
visible peak at all Thus the inlensi'y isconcentraed in 
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ridges parallel to bj in reciprocal space with peaks 
around each allowed <00f| Bragg reflection. Thi* 
indicates that ferromagnetic short-range order crisis in 
ihe basal planes over distances much larger than 
between planes even though long-range order exists 
below Tc = 2°TK. The scans near (002) were filled lo 
Lorent/ian by least squares to obtain the width It' of 

these scan- which increased with </- Interpreting this 
width as an inverse correlation range J.one obtains £ % 
80A at &0*K. decreasing to around 25 A at 425 JK. and 
with no dramatic change in J at 7*(-. 

The presence of this largo amount of short-range 
order in gadolinium causes problems in the analysts ol" 
previous inelastic scattering measurements.1 since this 
scattering must be present as a peak, very broad in 
energy, centered ai hw = 0. The previous measurements 
were concerned with the dynamic critical behavior and 
were concentrated too near hu = 0 to observe this 
broad peak and there fore tailed to reveal it. As a 
consequence, the previous results must be reevaluated 
and perhaps extended to include this short-range order 
in the analysts. 

I. II. R. Onkl and R. M. Nk*low. *rf/J State / . '- ,lnm. 
/V»«t Rep- Dec SI. 1*74. ORM -SlCX.p. IIS. 

I. I W OMe jnd Y U. Wntbn.rtr.n Rev. 1*5.733 tl<*ft> 
3 II. I Nreh. S. IcpmM. and I II SpnWine. ftn Rex 

132.1092 tl9*3>. 
4. M. (.'.ritt'd. R K Skovhdopolc. and I H Spcddii*. #*«. 

Rn 93.6S7(I9S4|. 
5. *'. Marihjll and S. * L<n«cy. chip. 13 in rheitrv •>/ 

Therittl \eutr<m Stallennt;. Oxford I'nivcriilv Pro\. London. 
1*71. 



5. Research Materials 

The primary purpose of the Research Materials Program is to develop :ne 
necessary techniques required for the growth of ultrahjgh-purity and 
controftcd-impurity research specimens of immediate and long-range interest to 
O R M . and other ERDA installations. The actual choice of materials for 
examination is based primarily on the potential gain to a fundamental 
understanding of solids. Progress in understanding the fundamental properties and 
ihc ultimate range of properties in many materials has been severely limited in the 
past by the bck of research quality specimens of high purity and perfection: single 
crystals arc required in many experiments for the unambiguous characterization ot 
various physical phenomena. Certain research materials that have not been 
investigated previously are now being produced, and new techniques are required 
for the purification and crystal growth of these new materials. 

Information concerning the preparation, availability, and physical properties 
of high-quality research materials has always been difficult to obtain. Therefore, the 
Research Materials Information Center was established as a pan of the Research 
Materials Program to provide information to both producers and users on the 
initial purification, crystal growth, characterization, and availability of 
research-quality materials. The ready availability of an accural? and up-to-date 
listing of research materials has served to eliminate much duplication of effort by 
individual research groups in attempting to produce materials that were already 
available elsewhere. The simultaneous listing of those research materials that are 
desired, but are not available, has served to focus the attention of crystal growers 
on new areas of investigation. 

A secondary purpose of the Research Materials Program has been to supply 
research-quality specimens that arc not commercially available to research groups 
within ORM. and ERDA. During the past few years, due to the redirection of 
many research programs at ERDA laboratories, much effort has been spent in 
supplying specimens, which were prepared by techniques that resulted from 
research conducted in pursuit of the primary purpose of the program. It is 
appropriate to point out that this procedure cannot be allowed to continue 
indefinitely as a large effort because the lack of research on new techniques 
and or new materials will be detrimental to the program. 

During the past year a large number of r-c-Cr-Ni alloys were prepared in rod 
and foil form for irradiation experiments by members of the ORM. Metals and 
Ceramics Division for a program to develop low swelling stainless steel alloys, and 
many additional iron- and nickel-based refractory metal alloys were prepared for 
rauation. tensile test, and phase transformation studies. Samples of lead and 
lcad-0.05 at. r f gold alloy were prepared for ground-base and space-flight 
experiments on surface-tension-induced convection in encapsulated liquid metals in 
a micrograviry environment in the Apollo-Soyu/ light. Extended hot-pressing, 
/one-melting, and thermal-equilibration experiments were carried out to promote 
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large grain erowth in \b-.Sn. Additional large single crystals ul spinel lerritcs were 
$r»«n lor use in the ORNi. magnetically pulsed neutron iime-ol-fught 
>pcctromctcr. and hybrid flux pulling techniques have been nitrated in an attempt 
lo produce strontium- substituted /-fertile crystals lor that facility. Specially 
doped single crystal* of germanium were frown for defect-impurity studies, but the 
primary emphasis in the semiconducting materials program has been shifted to an 
tmotigation of silicon as a candidate for sobr photovoltaic conversion: this wort 
is described in the section of this report on Physical Properties of Solids. 
Equipment has been purchased, constructed, or modified to pennit Czochralski and 
float-zone silicon crystal growth, high-temperature vacuum annealing, high-vacuum 
evaporation for deposition of metallic films, and a detailed characteri/atwo of the 
electrical properties of silicon ingots, slices, and fabricate* devices. Experiments to 
determine the best techniques for preparing neutron-trar^muutiorHtoped | N T I » 
single-crystal and potycrystaUinc silicon have been a major part of this investigation. 

RESEARCH MATERIALS PROGRAM 

J.W.Cktamt 

The purpose of this priicram is to develop technkiues 
as required tor the initial purification, crystal growth, 
and characterization or analysis of research specimens 
of a sue and quality as required in programs on 
materials research of interest to ERDA. the Research 

Materials Information Center IRMIC) assists in identi­
fying those materials for which a need exists and in 
supplying information on materials already available. 
Selected samples are loaned to cooperating research 
groups for comparative measurements that aid in 
characterizing these materials. Examples are listed in 
Table 5.1. 

Tabic 5.1. 

MiWTUl 

Lam of MU> crystals for ranncfc oatri 

Type of study 

Svperc Mtdocimly 

de me Rcaenrcn MsnmulsPiogf amfcxl'TS Tabic 5.1. 

MiWTUl 

Lam of MU> crystals for ranncfc oatri 

Type of study 

Svperc Mtdocimly 

To whom «nl Qrttaanatioa 

Nb 

Lam of MU> crystals for ranncfc oatri 

Type of study 

Svperc Mtdocimly D. Christen ORNL 
Nb Scattr injt espcrimeni* B. Applet<>n ORNL 
Nb Vacuum annealing A. Paao ORNL 
Nb X-ray diffraction H.Yakel ORNL 
Nb Superconductivity A. DasGapta ORNL 
Nb Radiation damage WSdnRMc Jnfccfc. Germany 
Nb Surface supcaoaduciiwty A. DasCupla Karlsruhe. Germany 
Nb Hydride formation S- Rcidiagcr Broofclia*cn 
Nb Pbstk deformation R. Arsenault Uni*. or Maryland 
Xb It Neutron diffraction N. Wakabayasfci ORNL 
Nb Zr Radiation damafc J. Narayan ORNL 
Ni Radsiion damage R. Carpenter ORNL 
Ni Radiation damage K. Farrcn ORNL 
Ni 0\y*en content studies G. Peterson ORNL 
Ni X-ray fluorescence L. Hirieti ORNL 
V Low-temperature radiation 

danure 
R. Coliman ORNL 

V Hydride formation S. Reidinger Rrookhaven 
Ta Scattering experiment* B. Appleton ORNL 
Ta Hydride formation S. Rcidtngei Brookhaven 
Mo Scattering experiments B. Appleton ORNI 
Mo Re Inelastic neutron scattering S.Sekub ORNL 
Ti Radiation damage ttudics K. FarreH ORNL 
Re Radiation damage studies K. FarreD ORNL 
Nb V X-ray wattcrine and tensile 

tett experiments 
C. Sparks ORNL 

le <> Ni Neutron irradiation and ion 
bombardment 

L. Mansur ORNL 
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P S . M 

Material Type :4 ttnd? T«» « h i « i will Orfaaiiatiaa 

«* Al 

t t Ni 

F« Cr 

Fe V 

Fe-Kb 

Fe T i 

Fe Mo 

Fe Ma 

Fe-W 

Ni-Cr 

N i - V 

M B T i 

Mo * 

V T i 

V Mo 

V-Ni 

V-Cr 

Fe -Cr -T i 

Gt crystal 
Si wafer* 
Si wafers 
Si wafers 
Si wafer* 
Si wafer; 
Si crystals 
Si crystals 
NraifMHraMMWialmi-Aiped Si 

ingots and/or wafers 
Neatroit-tijniniytatiun duped Si 

ingots and/or wafers 
NcatrotMraniimilalion-dopcd Si 

iajtots and/or wafers 
NntroiHraHMiMiatJon-dapad Si 

meois and/or wafers 
Neuirofwrarrsmufatkm-dnpcd Si 

•neat* and/or wafers 
f^tron-trammutatioit-doped Si 

ingots and/or wafers 
NeutrcrtMransmutafion-dopcd Si 

ingots and/or wafers 

Radnf iuu itwnjge aad phasr-
traasforatiln»a snahrs 
R i f c u w damee aad tcasde 

m i ipttiaatas 
Radatma damage and tensdr 

test ipnanta^ 
Radiation damage aad tceade 

vest ^ecimen* 

•c*t *ackuacnt 
Radotiuai 

tcslfl 
aad lease* 

an? sgtecimcas 

lev 
Radntrm 

m i 

aadtcasdc 

aadtcasdc 

lew ipoancm 
Radiation t m y aad icntik 

test Specimen* 
Radiation damage aad tensile 

test specimens 
Radiation damage aad tensile 

test specimens 
Radiation damage aad teasne 

test! 
Radiation* 

test! 

test specimens 
Radratioa damage aad tensac 

test speevnens 

test specimens 
Far infrared laser window 
Neutron scatt 11 an, 
Diffusion experiments 
Diffusion c*perimcuts 
Materials studies 
Materials '.tudies 
Internal t.-xw growth 
Negative-ton source 
Electron spia resonance 

I electron microscope 

Radiation damage anacaNng 

Power device fabrication 

Avalanche defector fabrication 

Avaianchc detector studies 

Avalanche detector sridics 

R Carpenter ORNL 

C. Wlutc aad R Clausen; ORNL 

C. White and R. O w i a ; ORSl 

C. White aad R. Ctaunag ORNL 

C. Whrtc aaa R. CiusMr. ORNL 

( White and R. Ctautiag ORNL 

C. White aad R. Cbusmg ORNL 

C. Wane and R. Ctausiag ORNL 

C. While aad R. Clautmx ORNL 

C. White aad R. Clausing ORNL 

C. White and R. Clausing ORNL 

C. White aad R. Ciausiag ORNL 

C. White and R. Ciausiag ORNL 

C White and R. Cbnsiaf ORNL 

C. White aad R. Clausing ORNL 

C. White aad R. Clausing ORNL 

C. White aad R. Ciausiag ORNL 

C. White aad R. Clausing ORNL 

J.Wahhnan 
D.trasfci 
J. Roberto 
R. Perkins 
S. Spooncr 

G Clark 
G. Alton 
M. Abraham mm

m 

L-Hsdcit ORNL 

R.HaB General Electric Co. 

R. HyieR General Electric Co. 

R.Hysen General Electric Co. 

G. Hath 

W Se*t 

UCLA Nuclear Medicine 
Laboratory 

UCLA Nuclear Medicine 
Laboratory 
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Labnfabirt 

RESEARCH MATERIALS INFORMATION 
CENTER. 

T F. Connolly C. C Battle. Jr. 

In 1975 the RMK" answered about ©50 questions, 
two-third* of them concerning the preparation and 
properties of material* and one-third seeking in forma 
tion on their availability The publication, in July, of 
the RMK" International Directory of Solid State 
Materials Production and Research I updating a similar 
W71 compilation) wo-'J be expected to cut down the 
number of inquiries on the availability of materials, 
since it describes and indexes by materials about 600 
materials science projects in 41 countries 

Work is continuing on the compute n/utg ot' special 
btbbofraplwes on retractive indices and on laser win 
dow. filler, and minor materials 

PREPARATION OF MGKfURfTY METAL 
AND METAL ALLOY SPECIMENS 

FOR RADIATION DAMAGE 
INVESTIGATIONS 

R. fc Reed' H E Hannon 

One of the primary objectives of the metals and 
metal alloys group during the past year lias been fo 
supply programs within ORNL and fcRDA with re­
search-quality specimens that are not commercially 

http://TaMr5.lt
http://MapKfk.rrMHnai.ir
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jvjdabfc Twelve mgh-pwrm aRovs of the Fe Cr Xi 
system were prepared by the same techniques reported 
previously' hir neutron vndattam and ion bombard­
ment studies undertaken by owrt tH of the Metals and 
Ceramics Division m a program lo develop j mmVw 
steel a im that would HOI J M T appreciable nnimnf. 
alter madntioR Twenty aRoys of Fe Ni. Fe C'r. 
Fe V. Fe Xb. Fe Ti. Fe Mo. Fe MR. Fe » . 
Fe fr Ti.Ni fr .Xi V.Mo Ti.V T:.V Mo.V Xi. 
V Ci. Mo Ti. and Mo %V were prepared as *0-g metis 
and roRed m o 0 _*OHB sheets p n n lo fatmcatimi ol' 
tensne test specnaens lot other radiation damage 
stmfces b> members of the Mnab and Ceramacs 
Dnrraun. Twelve addMmaJ nickel-based aRoys. m-
cmdmg Xi Al. XI Ti. Xt V. and Xi Mo. were 
prepared lor the Metab and Cnamiii Division as 50-g 
melts from International Xrckei Corporation grade 2^0 
mcfcei. Ah.ua reactor-grade i n a w i . Rnreau of Mmes 
vjnadwm. Thermo Electron Corporation motylsdeaom. 
and iiiaMwn as supplied M crystal bar form. These 
aRoys were swaged 10 provide O.I25-m -diam rods and 
wdl be used m radiation damage and phase-translof-
mMmm studies. Table 5 1 abo bsis many metal or 
refractory-metal ingle -rystals as supplied on request 
from slock tir produced on reqnesi tor the type ol' 
studv radicated 

1 l>c*.>W 
2 • I b ^ . l D . l i m r . « < H . K I I i n m . M W S W r 

I»T I*** n.fft.p #>« JI. ii74 < « s i * o » . p i»; 

ATOtLOSOfYUZ TEST PROJECT MATERIALS 
EXPERIMENT "SURFACE TENSION 

R W U C E O C O N V E C T P O N M ENCAPSULATED 
LIQUID METALS M WCROCRAVITY " 

R E Reed' H L Idar H E Harmon 

Skylab expemnenial rewlts have unhealed rtui 
gravity -induced convection is esseniiaHy ekmnuied m 
space processing, however, convection effects coined by 
surface tension variations may become an mtportani 
factor Surface tension gradients could be caused by 
thermal or concentration differences m the molien 
metal, which are not gravm-dependent factors. Expen-
ments performed on Apollo 14 and 17 revealed 
convection effects due to thermally induced surface 
tension gradients The objective of the present experi­
ment is to determine if srnidar surfxe tension-induced 
convection effects can result from concentration gradi­
ents formed by diffusion of one metal species into 
another. 

A mftuson couple ol lead and lead 0 0 5 at " cold 
aRoy was prepared and t n> UJHMI tied m weitmg and 
noawet lur; capsule materials. Durmg the ApuRo-Soy u/ 
raghi. these samples were fused m a mtcrogravitY 
environment. A schematic dragraci of nV arrangement 
ot' the specnwenii m me multmurpose electnc furnace 
aboard the ApoRo laboratory rs shown m Fig. 5 1 

omtL-ows M-UO*O 

TYPE Of 
•WOUCf 

«50*5O*C wnu. 

I I I 1 
cmrnhOGC w o * « r t 

«CTT«K 
WHJD STEEL) 

] C 

"I NOK-wCTTmG 

" • MH-ncrraiG 

(6MAPNITC) 

at-nCTTojG 
t6IM»MTEi 

r%. 5.1. • ASTP 

Recause «>t the tonefndnul heat tVm in the furnace 
upon beating and cocbng. the specnnens probably 
melted from left to right, as viewed m the schemalic 
drawing. and sondified m the reverse direction. Our 
observations thus far have been on space-Aighi samples 
and ground base samples contained m nonweiied 
grapmie capsules, the samples were oriented as indi­
cated for mghl cartridge 2 m Fig. 5.1. Roth space-tlight 
and pound base specimens underwent swndar tempera­
ture lime histories. 

After removal from the graphite4med capsule, each 
specmen was polled m ep«ny and sectioned longiiudi-
nalh:. The epo*y was then dissotved from the sample*, 
and a sample half from each specimen together with 
lour lead gold calibration disks was mounted in a 
5-cm-dnm epoxy mount. Each mount was then meial-
lographK-aMy pohshed and irraduted m the Bulk Shield­
ing Reactor to produce stwne "*Au throughout the 
sample The distribution of gold m the samples can be 
determined by exposing the polished surfaces oi the 
specimens to a nuclear emission plate that is sensitive to 
the beta disintegrations of the radioactive "*Au 
isotope. If no convccirve stirring effects were present 
while the samples were molten, then a concern rat ion 
distance profile as predicted by normal diffusion of the 
gold in the lead would be found, however, it convective 
stirring effects resulted from surface tension variations 

http://Ah.ua
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CJUM.-J h\ iM ci>nvit»lijti»n trjdiciitv thev «<«J1J 
JJM> be <ii>:omeJ h\ the juii>f.nlui£t.tph uvhnkjuc 

Pfdttmiurv evjmmjlH<n ><t the rlirfii simple* IIHII-
. j i e j itut j nomul ditiuMon-ptcilivU*do>ik:cnir.iti«m 
JIV-JIKC pti»tik- "V it»»M ma-, ^humed m the vunpk- Tho 
eokl omccntrjiuHi diMaiwc JJIJ have \et to (v quant i 
tied, hut 3Ut>HJtiKWjphx idtnparc IJV.WJNV »ith dit-
tUMon distance prediction* rnmrd 1*1 tho /HV >cit-dittu-
*ion Jjfj obtained in Sk\Lib experanent M-55V thi\ 
*.*nparabiliu would MI$£?M tlui the dittuMim ot £i4«l 
in lead was I>PKJI ••> liquid JittUM.m Addith-nal 

e»jltuii'fj «>t jll flight vtmpie* »:ll he needed t<> explain 
the observed curved gold diltuvion miniate and en-
dence ot Jittmicn aioil£ the cvUndtval twtace »•!' tbe 
melt Quantitative £otd doinbuitoa data v i be •<*» 
'.aned tr«*n denMtometei «nojMifon.mt- ot the auto 
(jdsojnaph* and wrf] be uted to explore thev phenom-
i iu a* «ed j> i» determine it Mir;*.v ten>t<wi-mdii>.ed 
ionvtvti»n ellevU were ptoefit. 

I UctvwU. 

»»«oto » i j 

r-
200 400 

O.Of 

F .̂ 5.2. Cms wrliM of » 

-H «—r 
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— 50X — H 
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ttOO 1400 

0.05 

t r r M . WX. 
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ouffi GROWTH AND n a m AL STAMJTY 
OffNh.Sn 

I" Roy w fc Brundapr 

Swplr crystals irf Nh,Sa arc nrrded m order to 
• w n i p i f the lattice dynamics and intrinsic snpercon-
i k w m Whereas the teasmmtv «»t crystal prowttt c% 
sapgprsted b\ the rxiMikt.»! •wh ,me MaMe phase at 
Mp* temperatures the compound melts mconrniently. 
mi the Im cowUifnent r» bqm. votaide at the 
pemectic temperature |2I.*0'C» liuiul efforts were 
therefore dncvted to fmdmp a swuMr vontamet A 
cold-pressed fwpn of Nb,Sn was placed m a Mmft-
fiitwp praphite tube, awl a wort wductnrefy healed 

long we length of the tube Metalkv 
alum wowed decompuMiMW and exteu-

woe carbide lorwati«n. The critical temperature T, was 
15 5 K The extent of chemical interaction and thermal 
viabwm was further studied by hot-pressing NbjSn 
powders 160 mewl at MMO pv fW 10 mm at WOT 
intervals between !500 and 1*00 C The 7", renamed 
fairly outstanf at iT i 'K The etched and anodi/ed 
samples slum a network of gram format'- •«» Although 
the rnxde p w i c<w*srsts of \ b , S n trie boundaries 
ciwlaw isany phases »NbO. excess tin tree mohnnni 
Reguiantv w paw shape indicates scondary gram 
piowth 

Additional expenments were performed on thermal 
eamnbration and gram growth using a mature of 
ntabwm and im m an eiectrow-beam-wetded mobwm 
cavity. The samples were vacmwvanaeatrd at \f*O0TC 
for 22 hr Fmnre 5.2 wows a typical cross section The 
•rxces* tm attacks the tnobmw tacket. resulting m 

por.rJt\ due to the Kerkendail eflev.t as well a- a 
volume chanpr dne to compound formation. The inner 
core consists of large grams up u> ! mm in si»e 
Extended hot-pressing near ihe melting poin; internal 
/one meitmg. and thermal equilibrjiion wdl be contin­
ued to effect target pram growth 

FLl X GROWTH OF STKONTRJM 
SUKTTTVTEDZ rZKsnrfs 

I R"s V E Brundage 

The hexagonal / ferntes oi the chemical formula 
St, , to ,Zn ; l -e 2 . iO«i exiubtt a hebcoedal spm order 
mp which rs magnetic-fieil-irpendent Large crystals of 
the compound correspond* MJ to * = Oh are needed tot 
the OHM inue-of-flight reulron inonochromator ami 
chopper Growth attempt' have been nade m accord­
ance with the pmcnptnn ot Savage and Tauber ' 
Mixtures ot oxides and carbonates were stowty heated 
to 1450 f and then cooled at 2 to 5 C hr down to 
I lOO'C. Smpie crystals with hnear dnnensions up to 10 
ww were obtamed. They exhibit characteristic hexago-
nai growth morphology and lattice parameters Chemi­
cal analysts. >m (be other hand, shows that strontium 
and barmm compme amy 50^ o! the mended durpe 
It is aniicmaied thai the sioichiowetry wiH iwrrove it 
the compound is synthesued before prowth. Crystal 
prrwth B also betnp attempted by sondtficatton m a 
pbtwwn-hncd taniarwn bomb and hybrid Anx pulhnf. 

I R. O Sa>a#r »4 A. TMVCT. J Am. Ctrmm Sot 47. 13 
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BOMOKfHOUSSUasmUTKK 
AND SUKaCONOUCTIVITY 

MSnNELTTTAKATES 

I Ro> V t Bnmda*e 
D K O a M e n S T Sekula 

A number ot spmel Manaies based on the caenth.al 
toramLi LiTi : 0 4 haw been synthest/ed. art winch 
partial tsomorpbous substitutions »<te nude lor hth-
lum ami titanuMi »«es. Ponders ot leaprnt-frad? 
Li :CO,. Li;Ti : 0«. T : : 0 , . TlO : . AUO,. \ a : C O , . 
k ;CO>. and UOH wite maed i«» the desired stoicm 
omem. cold-pressed, and arc-melted m argon contam-
OK: +^ dry hydroem. An ac stoceptmdm tectm*nie. 
devnbed prewttsh -' n*» used IU measure me (ran* 
twa lenpnmitt T MOM ample. n h h R i i J rather 
broad irjmitnv. nidth I AT,I. *•*** ufcfccated jn 
mRomoeruem Joe u» the preparatton technique. Sam 
pies « m wrapped mdtvidmtH m copper tod* and 
encapsulated m quart/ ampoules which mete nHrd with 
arpm and hydropen A homuenu/aiion anneal jf 
1Q0 C. tolowed by <fcnr c<N4mp. improved the material 
iMahty Tank 5 J presents the results >rt 7", measure­
ments on these w«t and pusianneaW samples The 
results are in enterd agreement wrth previous nrtsrsiup-
IMBV : Several partial tutMiftHhMi* bate resulted ui 
dorp transitions i<> the supefconducimf state without 
degradation nt the transition temperature fontirau-
IMKI of ihoe prenmmary remits i* presently under way 
by means «« chemical analysis, vray SIIMIK>. and 
metallography We plan i«> continue * systematic 
nwe- gallon <H the fundamental super., .inducting piof> 
erties ot these materials as a tiUkr « ot" crystal 
chenusiry and preparation (edKuque 

1 D K ( 1 > I > M . I (.•>.» t . i i « t e . « y $ is<Uti. 
i+JSlslefln Amtu fmt R.p ft-. SI If'-* OHM-JtO*. 
P « 

2 If. < . Joan*,*. II rrjk^b. n . | | AKlunM*. JO4 R 
Vrm ĵ MlkjM. N>7.-r »Vi m»Jr B.?77fl<v7«i 

surutcoNournvrnr M FILAMENT AKY 
l iTi .04 

r R<n A Dnfrtipia' C ( K.^h" 

One- and fmH-nfe ci>mp»Mie wire^ <»t tnamenian 
I iTi ;0 4 were prepared :r«xn an equnnniaf miMure of 
l i ; T!;0< fK A K lahoraiofiev IIK I and Ti ; 0» 
|Venir>«i Al'j Pr<>diKi<> p->wder>. swactd dmvn in 
i.-oppei luhet. .'v reaclion wnlermp ai 'iflO C tot 24 hf 
The vnfKjl len.pcralure T, w » arnnii 11.4 K. as 

detetmwfd In an A MivepiMil> ievhnh|ikc Ptet*m 
nan rcaane nteaMHemenl> nete made ai 4 * K m a 
iian»»enc appbed nuoKik. lteM up to aK«ti H» Uke 
Tne appaveni vtHKal oiiieni den»ii\ J, »a> J to IO 
A.vni : at H - 1 \Xkt m ifcoe p>«ou% tpevimetA. and 
H,2 »a» ahunt 4U MV «'aknlalh<n% Kr*d nptm oV 
Goodman C^w\.o» relamntdnp* and the atanaNe n>w-
«d-«tale lewtnrm data' **cjr*t rial a «nak.<«hk 
tof-to-meta) ttanatinnt pte».c*f> the metal-t>v^npef-
ctn>dn>:tix lran*Hi.ni at T_ Work t» m ptofsew to 
ptepmx I I T I : O J h\ aliematne lecKnuye' tacit a> 
not-p«tM«^:. «4nhti>.aiii«i iiom itr melt and l1n\ 
ou«ktk ni »tdet •>• tind> !»e inperv>«dnt:inn: p»"p-
o m ot ifco oxidk; -A^npiiund 

- It. !--*•<.«. rVI» ihfMv. I or.ciMtv .< t j h i m i . !kM 
DKf: l*?5 

SHJTOK UTNH^I INTERACTIONS 
iNttRMAMUM 

J l ( Hand 

Last VCJI' :l nat reported lha! ^ertatn anpanlx 
interak.iH>t:% •K.^UI m errniarumn durnt^ v r \ «ial 0on:h 
and sample preparatbm and that the natu.v and e\lenl 
•>l ihew mieractkmN mnM be determined b e . f e one 
^an hope to understand an> delect*npuni> A . . I K 
!«•*»> m uiadiated term n u n txrxraneniai re«nlt-
•ere prrtented «•• indicate thai dr%«vuied .»\\een t« 
ine rndv wefl-eMaMtdted pi»fvip«iaii.«» <tie tot liihiam 
dillined mio jcermaniian and that the -oie »t dt-ioca 
tnm> h\ifeo©en >H ^opper j * a u;l<iun> precipiaiion 
Mte appears to he ne^faphk 

•*eubt«»* : dnnnn an evMMnatnin • I the role ot 
vdK«i itr \nWon oxide cfcntcr* »m the r-ie ot traponn; 
in iadtat»in-deteLn>(A|ualrt\ pemtaniu.W- produced 
«nne s*r»0e .rwtal HM^H\ of hc^i-punty nrmunnnn 
that cimtamed a kn<<«n «.onceniratmn oi «n*ci« In the 
present e\pemnent\. errmamum vnnpies were idnantrd 
niik.it conianted about 10* *. It/ *. •« ewotiiafft *<• 
«mc«wi alom> per cutnc keninneler. and iiilnWR na» 
dil'luvd in the same manner a* pretmitnh reported ' 
FnBjie 5 .' r> a gcraph of the donor concentrjfmn r> 
deieripmed at T T K v\ the tone ot lithnnn prcvipMation 
at MM K These daia indicate a rapid decrease in the 
donor concentration due to the «fiu«ed luhnun il 
vificon i> proem in the crrmannnn. bur the> do not 
indicate the ttwmaiion <»i any type ot precipilatHm Mie 
thai remains electrwaHy acirve It is still evident that 
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3«*.-9ac •»:•%« 

•c>x 

K m I H M I ^ I I * * 

drtMVUtrd ttwftn r* tbr >nt> «fH-r>ijMfhcd <-K\Tr: 
^J3 \ .wirvr pw«.Tpiijii.<o MÎ - i n iiihnim HI ernajninm 
N»i ifc-rt >lu' ' httuum j*oa» pet ..uN* .n i imnf : ..jn 
tv pr<r*s: m ^rinvmnMi ffcvtrv.rfU Halite undc: 
..rrljm oflldifftw* Nil fVifrxjth *.irv<r undft ccrijm 
other condnwNi* 

I I » «IrUM. S-*U Srn. Pn Imn A<< Htf pr. •/ 
I*V CM\I VO». p I Jfc 

; * il We***™*. \w.l fnttrwm U.th-J. MA. .1* 
• l«7J» 

UTWini DIFFUSION AND TUtOntAlWt* 
m SILICON 

K T Yt-un* J * f Hjnd 

rVH' jnd rcn«Mn.: in «tud*r> of ihr rneiirntjiion of 
liihnm diffused mio MIRI*) of hifh ovhprn imurnirj 
I Km. found ihj: in* diffusion limned prcvipiuikin 

model propmed K Ham* « j * n.--t «**>ed Tbr> 
•4**-r\rd r»> Jfvav ..*»•»!.»!•» i«<r MU. .« viwijamy 

*I0' jt««it ••< o\v$en pet vubw .emmeter jnd 
t<mnd Jhji ihe Irecvjrncr .••fk.mirj;h<n JI the drwort-
imu'tx is the »fcwj\ *i»t\e\ »*» equnjlesi i<> »he 
ow^rn ionienf A t\>mnjik *iud\ ol the o\\gcn 
v<<<k-mirjii>n) m >4K<« h*» heen carried out uwnf ihi* 
levhmqur .* !•> J lower limit »f leiHitrcm of jbout 
10' * cm '" jnd HJOT* theon »j> found '<> be % jhd tor 
ulh'on •>! !•*» o\\^rn content * 

Prevtou* imf»Iip(«n»' * jvtultwd thjt the . j inei 
mohrfm would not r*e .iffeiied h\ 'be precipujiion 
pr<vr»*. n> ihe\ me J KMtinin mejt*uieiaenu <mi\ i» 
inter iru- JrofvJirni lonceRtrjiion In the prevrt 
evenmentv we diffused liihrmr. ji 450 I" e>20 C mt.> 
vjrnplet ••( hijh vn»fil> dtdotJlion l:ee llojl/.mo nivon 
with jn o\> frn convcnirjti<m le« ihjn 5 x I'.V * v m * 
j * determined t»% mtrared jhv>rpiior> mo*uii%n«Mi» 
the vjn JCT Pjim i^hriKiiw » j t uwd i<> drtcnnifK ihc 
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-4i!io? ».HK. en train*? jnj IR<4NIIII JI .'.•.in tenipcijture 
.r» A ?utKti««n ••: tame j!le: lithium JIN'-M.*! jt jfi 
eievatej :cmjKuturc f/j JOJ Kmc-ietm jnikjlmt j ! 

Fieure 5 4 «hwh t-- j pjph •»! the ,.jirvr ..-.wKentij-
th« v% tinv." UI4KJIC^ ihjt the mitul AttuM.-J lithium 
vXWCTHIjl**; i\ a «tf.<fl£ !UIVtfc»n .4 f/> jn.1 ihjl tfcc 
|H<vi|iiiji»« ieU\Jt>>Ti law r. htttih JrpenJerit . « 
r D . hat there r. n»» •.>Hf<ii!h>a betmeen the )>(cA:*.*ni 
ot Jtwon'mitx m the 4f^j> curie riu: VJR he 
jttnhuteJ i>> the »\\pfn vnftccntcithvi m thoc e\pe»i-
tnrat* 

ftfutf 5 5. «hk-h t» * fHf4t <>t the vJtnci m*4*ht\ \ . 
vjrrm >.<«KrtitrjtKm n*iw.ito tfcjt the « .* tbn i» «efi 
M u t e d !.* J Mmpte » i A IitiiiMR Jiiniica .it «>.>.» C 

hu! thjt ihe iithmm pn-.ipit-i'K-fi *»efi4\i<>i !• itu.-i.-Jr. 
tilHereril !••• j l,«>-i f ;, tr. '.hat th-.-J.- i» jp;««>4iR.'.*.l 
m-'Mm minimum Jurin; the pre*ipitji!.«n pi.xe^ 

Ihi-'H.- Jjtj •••uU »U5X»I thjt there r» j JtlfervrKe »n 
iK- lithium p:evipitjth«i me^hjr:>n; ••? »n»- »h~t: 
Jeprnth . « T/, Set..* in j Mi»4\ .-: :h: r-ie.irkji 
pt"pe:*ir» >»t t««i «np4jntc«i h«»t.*i HI p4\t.". «fjJline 
NJIKXTI iitau lp.<i\«dK>«il >4»Kf%eJ J mtmmuRi in the 
n»<faht\ «.tkh he ji?:rfiufeil t«> ^jttiei ^jfT^nt jt ii-wn 
K<anJjt>r> Ik- v<-«*.!'j»iej thjt kjft*ft rrjppmf ».<aUi 
pf.*fcR.- J ix-tenlul bjttmrt ihjt • •«tkt exhdhtt j 
a i W i B uiue *» 4 tMWtHti .•* oKtcjt-utt i"fjmi 
..•nu.enir.ti»<n with J ,."*re»p«**hiir tejuvtt.«i m the 
n~<Ntm untri the fijwi h-imXtnr. »ere vjtuotej jt 
»erv *uf& t«KjJ Jupjnt i<4k>eafi.»ti.«fr> 

XK "» «"»-

f 

X 

* 

ws. 

«*•« « 45*. 5 » m* * » C. 
••» riMr «f i IM IWC 
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F*.&5. Ci « «$• .» • . a * fc»t. 

(tai experiment* are a? pttifrew. Hut The remit* !•• 
date worr*' that Mkam prc^*ia*i««» at VKan*.> 
.krocr* nu> (W-HICVC *n <ie,.lf>m trap *i;h i *p*-c 
„luf£r thai <iw> l<> Je*iea«e the >ji!k" m«*»ilrt> 
mfcercn iilimar. ptc cpiljl»« •« «\>pfn >« .tj *.K-*V 
%A ••\\pfti pa?r« J««e* »•• prt«fthc m cVvlr.-c ir.jp m 
tpake-vinrsr rer*>« lite* l>fv •< ie*ult »* jl*.- p«r»ru-
lateil ;.N <«e<li» radutfcm dete*:.** It f» anih.ipaied 
•Vol talwam Jts:.»»« ami pfe,.9it.iii.«>. cxperment* •*» 
pnhifJKm nj> rv ••» taW m J deteiBBrut»4t •>! the 
nde .4 me eie*t:h. J wi.yrtlx ell**« ••< pxa-- H>*indaf*r> 
jnj m aiahmf iltr rnethanrun .»t jn\ eniuiwed 
j l l m r t i ••* sinputitic- Jk«f dtvi»Kaih*n .n pjm 
h>*mdbf>e*. 

I I « Mi. r > ' » * A/**«»•#%.•» . - / ' . in.~,. .**<J 
/.fc....rowrf*»—« i-4 ; V - I rv.-ute. V » >-H» l » " 

; I • Irtnua. / I^J flk.. » . ' * " ! «W»» 

« M | M « « * I. r lUtMrr. Ml •- \ " i « f » j .VT 

• H I jr kv i mJ n . i »• Hwn. y irr" /*»• -M. 

«. i t * vs.../ irr* r%>. 4ft.«;4~ii«7<». 

wtcomms AiKJt* SATE m SEMITOKDUTOK 
R D *e*ltifo.* T H Mfreen' 

When n r w i m f mmotiivomrt dtffuwoii leefth «r 
IrtViRK m * ihm due O* nr*f ihe wrface of J **mpW. M 

i% ncrv^r. i.= ehmmatc •»: mnunu/e vi'ixrf re»umfci-
ru::-«i e??ê :» The sui*.? phoM^iisage ISFVI meth-
<d; * i* iir-ji-r mvc4apih>n j ! ORNL* hevjv*e it i* a 

m«ide»n»tT!vc te*! and rheiei.«re :* an attractive meth 
•>J i'K ..haraiiensatc prrmi-nisirfi «H **h>.oe thai r* 
iMuierpjmsf iati<*i* materui Muds.-- « A a* 'totiTi.>n 
JOJ mneitmf . • w r w r t 1 ' In t>nnor*r the SPV 
aciiffi r> laJrpntiimt »: aiiefieien^e^ ?r<«: Mirijce 
>ijto J* !««f J^ thrv jre »tjr»tc jfld A* B-: Jn:: Junnc 
BK-jnumsent A- ft i*ticn î  a c e w t n u- -mfuiw^ the 
Sf\" >*pui it» f»«« ii j f w t the n.*î e k\ei the •*!!*.? 
.»! j« n-i%pe v«?ipfc r> 4r^er. J» t̂ . t.'»\»r<l the f-t\pe 
. < « i i v « *. poNMbie jnJ 'omAxih *p-i\pe vonpie t> 
aven .m B-r.pe »urT'A.i- Thev turtA.e treatment', ate 
J.*K- »n set ^hem^Jn jn j are ••Xhfcnn^ j»ui reJi^inc 
:e*pewfAeh * e hjte !i<un«i that r.»» t»xr^«r» "t thp-
lApetBDCRt r'>P* *̂»ftA.e> ««t ^w«<i *te ro»*re ̂ tjNe 
»ifh i«re liuu « t \^e MWlxe^ afhi theret«»fe » e 
*.hK-nr m>He repriidiK'tMe re*uft-> TMIH fi-*.pe ^jnirir* 
l ien vi>. vime simple* require houts >H pertuf** * «iii 
.« ;«» fretiife (Wii^rimf *tjNe etuitfti l><r reiuhU* 
mexMwement 

Ibcre jppejf* it» be m- elYew! «»| vfv*tji .Kienution 
•m the meavurrd *jh»e .»: iiletime B»«h »t>pe jnd 
p-ivpr ^I>MJK of MIKIMI were meaaureJ <HI JU three 
pnnurv txev i IOOI. 11101.11111, with m> »Mynjbk 
vjrhtfmm 

The real ditTKuitv in interpretation of the 4aO 'Vvur> 
in tome tngh-remtmiy umpie^ One of the boundan 
CIXMIIIHWÎ  n that the concent MI ion of mievted earner 
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must be «naN i<OOI> compared with the thermal 
equidjnuat lonceMration Violation ot tins condition 
retails m a nonbnear plot ot the data and JR errnne 
ousty latnr tame ot drtftmon length. «»r lifetime 
Therefore n tugb-resBtrvm simple* a t> mandatory 10 
tun the empei—tilt a! itverai decresmg mtensHie* tmirf 
constant mnit* areobtamtd Wane must sample* yield 
to tin* procedure, a iqpuiicant number do nut We fmd 
both «- and p-type ahcon samples that w * not reach a 
>taMe vara* ot bleume by ttm itvimune. and as yet we 
have not dncovered an explanation, ft t> always 
lemptMf 10 blame problems m hfeume mierpieiatioi-
oa sunt atone property of irappme centers, bni to far 
»< have found no snbstaatiatmg eridence ot snmLu 
problems vnen e i —mm* these samples nub the more 
oonwrntmnal riMtovondactice decay method 

I. OftAl —ifiMjhiilL r m f . i Tr—» liuai tjrtcfai* 
I'Atr. NerdMvM. « n 

> » i fh»T .v»jj_vr.i. /.».-. m- is.!*••*• it"r» 
» R t» fecal*—* J i A / t o tkt I'm f-e K-r "" 

.'t /*V I I R M > > > p li> 

ttMKtiKDUTTOft CRYSTAL FURNACES 

R D W*sibt««ok C t . Rutniwn 

fcnfcrm^ ;be field ••» ie*arcfa m *rmi»«dncMf •*!*.. *> 
ha> !t.ve>Miated j i w r M t m i and rcbwldnw •»! a 
n i ihrt .1 furnaces anj beat treaimK lacdmei !•» 
accimwn4jte aniiupated crista! <i.mrii and anncahne 
ret|wreme»'> We i*.wt hate euMpmeai !«« b><th C/>vfi 
«aWu and I"H\JI /.«»* ^T>M I p.«»ffc jnd r.f au&tein-
fvralwe vxiwm aanestae up !•• I .»>** f A bKb-ucu-
•an evjpucatniB ii«tem i- read* f-«i appticaifcfi ••« 
*ano«\ metal*; idm%_ aad a ^ari ha* been nude >« 
jttaNMng m-arumetHattoo t.n drtarfed chatatiert/atfcitt 
ot the rrlevHKal properties irt *K>*t vKM{4e>-
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6. Isotope Research Materials 

For M» years the picpaiaiiMi of special rhtmaal aad phyixal fonas of 
teparafed. hnJi p w > isotopes has beca the pros axe of the Isotope Research 
Matcrak laboratory I IRMI.) Research •jjaajlei, asiag aearfy afl stable isotopes 
aad abas radsonofopes icspecadk ate act—It ikanatsl base beea andc to 
caiinaarr ipccifkaima* ai lappmt of ERDA research arograats mroaghout the 
I aaed Scale* aad at torcaai coaachev la addrtsoa to satisfying isotope research 
abienaK rcwmrcairats tor ERDA programs. IRML pros ales aa amnmioaa! 
*CTVKC oi saaiplc preparation sapphmg oser 180 aaiccrsiurs aad coaaaercol firms 
m more ;haa 3D coaatnrs with saaades aaosaaabtr Iroat cuaaatrcal soarces. 
Ha nag, the past scar acark JBBO samples acre prepared fur the owtraatiraal 
KicMrfic coaanamty Iksinhatam of prepared may In. aad aJtoatwa of servaxs is 
rojwwcd by ERDA to he oa a ful-cost recovery basis, aad dan-fore IRMI . hasaa 
aacrtai sales Inaction w«h assocotrd ancatorv aad revcaar accoaanag 
operatwas. I be research aad denlapaKar aciisiUes are maded pi-ugramautkily 
rbroafh the ERDA Drvtswa of Physical Research, whereas "be rcmjmdtr of 
opcratmg sappon j u f K t dwectK froai sales of anienafe. aad sei -kev 

I be tcchmcat faactioas of IRMI . caa be calcgorvcd generally mto atatenab 
research aad dcvihipnum. morgana: chenucal coavcrtio*.*. prcp*i.tt«oa of specal 
physical form*, radwisotope soarcc prcparanoa*. puntKaimts. smjc-cryslal aad 
ipwaxial growm stmhc*. aad de%cfcipaa.nl of analytical tcchawjacs fasaalK 
aiwwfcjtractrie HKtbod*) cwmpanhh aith charactcruatioa of thai fiba samples. 
F ro* NKcptibA. IRMI ha* prepared sahatoaur pamctc accrkraior targets aad 
tarpct* lor study of acatroa aneracttoas. Tcchaokfics of abyssal sapor deposition, 
chevac? sapor dcposiiaoa. mcchamcal rocang of aictaK dtstdbUK>a <4 oKtab. 
metal redactions, arc mehmg. iesNation mefcttg. smfcrmg. aad myrad other 
mojnnrgical aad i hi naval processes are naptoved lo prodace aaaiue 
notope-coMaaaaf samples, la all operatmas. sfecdk effort* lo improse aad or 
anmtam coascnataoa of vamaMr isotopes is of vital anponance saice the 
monetary s t̂ae of isotopes coasaaied durmg a preparation may be many times the 
cost ol asaajned manpower aad ancillary expense. 

rhc aaiaae icchmcal capabwVKs developed for isotopr sample preparations 
base been frequently applied to the performance 01 activities not directly related to 
matcnab. bat rather to the development of technology m suppor* of programs such 
as waste management. NASA space research, a variety of classified ERDA 
programs, reactor dosimetry, and preparation of reaction rate standards. For 
example, during this past year a program was completed m which measurements of 
the separation factor for hydrogen and deuterium Iwith cakublk:n» for tritium) 
were made in a diffusive system for the purpose of developing a process to remove 
tritium from reactor or fuel reprocessing plant effluents. Further work in this 
category ••ill he initiated in the near future using an aqueous rather than a gaseous 
process. Technologies developed for thin film preparations in IRMI . ire directly 
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applicable to development programs in solar cell technology, preparation of laser 
reflection surfaces, optics, and microcircuitry. 

I sc of stable isotopes in research ami development activities related to the 
physical sciences is well documented, especially in areas of nuclear structure studies, 
diagnostics oi neutron spectra in reactor regimes, chemistry, metallurgy, and solid 
state physio. Because ol present-day interest in high-energy physics research, new 
technologies have been required to transform large (multigram) quantities of 
separated isotopes into thick, large-area target samples, whereas developmental 
efforts in earlier years were concentrated on preparing ultrathin self-supported films 
suitaMc lor Van de (iraafl accelerator experimentation. 

Procedures developed lor handling stable isotope materials are usually equally 
applicable to radioisotope sample and source preparation. Adaptation of 
preparative methods to radioisotopes generally implies modifications for remote 
operations I hot-cell enclosure of processing equipment) or at least glove-box 
operations required for personnel protection. Almost all of the above noted 
operations have been adapted for radioisotope processing. ReccntV preparation of 

I t targets and sources has been reinstated as a standard IRMI. function after 
more than three years' discontinuance of such activity. An existing hot-cell facility 
has been adapted in which cvapomion-rondensation and self-transfer depositions 
ol californium can be performed without difficulty for quantities of "* Cf up to 10 
mg. 

REACTOR DOSIMETERS 
I ( Qumhy I II Kobisk 

Oximetry is used routinely in I-BR II and other 
reactors to map and unfold the neutron spectrum by 
determining nevlron energy and llux at spec ilk points 
throughout lhe c<>re and retlcelo' regions. \uclide% 
suitable lor transmutation or IISSKM) into gamma-
emitting isotopes jre used to determine the neutron 
energy trequeucy distribution, this i& a powerful control 
too! in connmction with m-core experiments. Sub 
v.-qo<.m counting of gamma emissions from spccifk 
(ranMimtcd nuclides or fission products is used to 
compute :1K- neuirmticv The iniiial nuclidic samples 
used tor dosimetry must be of high purity to avoid 
extranet-•:% UJIJIHMIN and must be capable i>t definition 
ii> within one error levs than l'< in isotope content if 
Mittkienily accuiafc neutron spec'ral characlcristics are 
w be determined. Furthermore, m-vore materials must 
survive j leinperaiure condition of nominally II00°C 
without Mgnilicani nuterial loss. Over the past four 
vejrv cncjpMilatcd powdered oxide samples of desig-
n.'tc ' sto'opes and <u mommuclidic dements have been 
prcpated lor this purpose. Because ol ditfkulty in 
quantitative loading of 0.1- in J-nig quantities into 
miniiie capsules. 'V cos' of each dosimeter averaged 
jb.«ii SIJ5. which is a relatrvely la'je cost since it is 

estimated that 2000 dosimeters will be consumed per 
year. In addition, the nominal err.* for isotope powder 
loading for each capsuk* was about l.5 rr. as compared 
with a desired enor level of less than 0.5''. Fabrication 
time per capsule was about I hr u r each nonradioactive 
sample and 2 hr for each radioisoMpe-containing 
capsule. 

During the past year an effort to reduce errors in 
capsule loading by converting isotope oxide powders 
into structurally strong and easily ruadkd solid forms 
that are suitable for direct weighing before encapsula­
tion has resulted in much-improved samples. Ceramic 
wires ol pure actinide oxides, scandium oxide, and a 
wide variety of dilutions of the desired nuclide oxides 
in aluminum oxide, lor example. O.i',; UO : in AKOj. 
have been prepared, the success of this program is 
illustrated by the reduction in the average cost of 
dosimeters by about 5f/V 

SmaJI-partKlc-N/e (about 300 mesh) .so*ope oxide, 
either pure or diluted with aluminum oxide, is mixed 
with a hydrocarbon hinder (paraffin, cornstarch, etc.) 
and is subsequently extruded into uniform-diameter 
wires. The process of humogeni/ation of starling 
material is carefully controlled, because the end prod­
uct must remain constant in isotope content over I-cm 
lengths of wire to within 0.5'; of ihe average value. For 
pure materials, simple liomogcni/ation of powdered 
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oxide is adequate', fin dilutions in aluminum oxide, 
coprecipitation from molten urea followed by a calcine 
at 800"C must be performed to assure uniformity. 
Depending upon the oxide, various binding agents (or 
lubricants) are used winch, subsequent to extrusion, are 
volatiii/cd or oxidi/ed ;«> remove gaseous effluents by 
k «-temperature firing in air or argon. After removal of 
the binding agent, firing at 1200 to 1650°C (depending 
upon the oxide) sinters the wire (0.5 mm in diameter) 
into a nondustine ceramic stubble for routine cutting 
and encapsulation. Error rn in*.- weight measurement ol' 
segments of ceramic wire is within 0.5'/f with nearly 
zero rejections of loaded capsules after welding, because 
direct weight of the ceramic wire is reproducible on a 
microbalance and the material neither dusts nor tends 
to leave the capsule during welding. Ceramic wires have 
densities between 65'.? and K5'T of the theoretical 
values, depending upon the oxiJe material, processing 
history, and sintering temperature 

TRITIUM TARGETS FOR HIGH-YIELD 
NEUTRON GENERATORS 

H L. Adair J. M Dailey 

Intense monocnergetic (14.5-MeV) neutron fields 
are being generated for purposes of neutron activation, 
damage studies, and a variety of biological experiments. 
Although tritium-containing targets have been made for 
neutron production purposes for more than 25 years, 
insignificant quantitative evaluations have been made of 
neutron yields and target lifetimes as functions of 
incident deutcron beam energy, target preparation 
parameters, and the choice of metal used to sorb 
gaseous tritium in the target. 

In support of studies at Lawrence Liverniore Labo­
ratory, the Isotope Research Materials Laboratory has 
been producing large-area tritium targets (an annular 
ring of 3*H) cm2 on a disk 23 cm in diameter) 
containing approximately °00 Ci of tritium sorbed into 
a titanium metal matrix. Over the past year. 24 targe's 
of the type described have been prepared, these targets 
have routinely produced 2 X 10' 2 neutron ;/sec lor a 
700-mA-hr target half-life (the time required for the 
neutron yielJ to drop by a factor of 2). localise of 
improved preparative procedures, variation of perform­
ance amoiig targets is but ±20% as compared with 
1200% only two years ago. Quantitative study of 
neutron yield performance at Lawrence LWermorc 
Laboratory as a function of target fabrication parame­
ters is now being initiated with the intent of increasing 
neutron yields lo more than 10'* neutrons/sec. 

PREPARATION OF FISSION CHAMBER PLATES 
FOR CROSS-SECTION MEASUREMENTS 

H. L. Adair J. M. Dailey 

In support o( programs of the ORNL Neutron 
Physics Division, about 50 well-defined deposits of a 
varety of fissile isotope oxides were prepared during 
the pai' year. Deposited isotope oxides include 2 J 4 U . 
2i%V, J 3 , P u . 5W* 2iiU-5(T> l 3 " U , and 2 4 , P u . and 
efforts are being made ro produce similar deposits of 
2 J , U and 2 3 , P a . Numerous plates composed of a 
lOcm-diam aluminum substrate and a 5-cm-diam de­
posit of the desired oxide have been produced for 
specific actinide isotopes. Electron-beam-heated vapori­
zation sources (about 2300°C) have been used with a 
variety of crucible configurations to vapor-deposit 
oxide layers: in some cases, radio-frequency heating of 
the material in tungsten or tantalum tubular crucibles 
has been employed because of severe limitations in the 
amounts of isotopes available. In every case, direct 
microbalance weight measurements were employed to 
determine the total amount of oxide deposited to 
within an error of \7t. Verification of isotope content 
and uniformity of isotope distribution over the substrate 
surface was performed by low-geometry counting of 
alpha or gamma emissions: agreement within I.5T 
between weight and counting methods has been rou­
tinely achieved. 

THICK TRANSURANIUM OXIDE COATINGS 

II. L. Adair J. M. Dailey 

Vapor deposition techniques have been developed 
for forming thick transuranium oxide coatings on 
titanium metal substrates. Examples arc the 12- to 
14-mg 2 , 7 N p O j targets that have been prepared for 
Argonnc National Laboratory for use in fission-track 
recorders and the 3- to 12-mg/cm2 :**CmOj targets 
that have been prepared for ORNL and w'estinghouse-
Hanford for use as alpha sources for helium injection 
into metals. The latter are used to study the effects of 
interstitial helium gas atoms in the nucleation and 
growth of voids and dislocation loops that might occur 
in materials used in fission or fusion reactors. Methods 
for vacuum evaporation of the various oxides by 
radio-frequency induction healing have been developed 
which arc conservative of materials and efficient in 
terms of uniform deposition. The substrates, normally 
titanium, were heated to approximately 300°C lo 
obtain excellent bonding of the deposited material. 
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ACTTNIDE METAL REPARATION 

H. L Adair C. A. Culpepper W. B. Crisham 

The Isotope Research Materials Laboratory has con­
tinued development effort* in the preparation of 
high-purity metals ol" : * ' A m . N , A m . ; , , P u . and 
-* 4 Cm. Trn* technique usually used tor preparing these 
metals has been a "bomb" calchiin reduction ol" the 
tluoride. which normally results in metals containing 
large amounts ol" impurities. In order to purity the 
bomb-reduced metal, vacuum distillation can be used 
wherein high-vapor-pressure impurities are distilled 
away from the desired metal and. it necessary, the 
metals can be further purified by subsequent distillation 
away from lower-vapor-pressure impurities. The major 
problem with purification by the described vacuum 
distillation process is that actinide metals react with 
most crucible materials. By vacuum reduction and 
distillation ot" the actinides from their o\ides in which 
'horium :s jsed as the reductani metal, very high purity 
ac:*r.iuc v.ietais have been produced and then rolled into 
thin foils for various research purposes. This process has 
been used lo obtain approximately S g of J , * P u . 20 g 

of 2*' Am. IJ g ol : 4 J A m . and 10 g of : 4 4 C m . all of 
which contained less than 450 ppm total impurities, 
including oxygen and nitrogen. 

LAVES PHASES OF URANIUM AND 
3<f TRANSITION METALS 

K. C. Beahm1 C. A. Culpepper O. B. Cavi.r 

In support of an ORNL Chemical Technology Divi­
sion program to investigate Laves phases of uranium 
with 3d transition metals (chromium, iron, and nickel». 
intermetallic compounds of the type AB ; were pre­
pared. These compounds were produced by accurately 
weighing component elements (±0.0017V). combining 
them by arc melting, and homogenizing the specimens 
through multiple melting and stirring operations. Sub­
sequent annealing ol" the compound formulatitins at 
800°C for 66 hr in flowing argon was performed before 
crystal structure parameters were determined. The 
parameters shown in Table 6.1 were determined by 
x-rav diffraction. 

Tabtrt.l. Cnamm-ctefi -MUK-Mrfcd Laves pluses 

Alloy «.<>mp»Ml»>n fjt 
33.3 at.'.' V |Hu< 

t"r Ni 

I JIIKC n>n«ji i ,M 
lAI 

Comment* 

CM 

5.0 61.7 a 
c" 

= 4/»74| * «V«*Mi7. 
= H.J5II • il.(RH»7 

10 It 56.7 a 
« • 

-4.9X56 • IMRH3. 
= H.2569 • OIRMI 

I5t> 51 7 = 4 .WI0 - <ll»K(7. 
- Jt.2670 • IMIMW 

tabic 115 

I 5 . I I 51.7 7 im7 - i t .mix 

2}.n 43.7 7.1153 • O.iwnJ 

33 3 33.3 7.I42< • IMRRli 

36.11 30.7 7.1441 • lllRNM 

44 7 22.n 7.15.11 • 0.IRW6 

55.7 I I . I I 7.1511 • OIRI25 

:».i» 31 7 7.H 7 1157 • n.nnr 

3611 i l .7 9.0 7 I45U • OIRHNI 

4411 117 l i l t 7 1476 • o.iRMii 

Wry IJHII Ni fines jl«> pnr«M 
t'l. Ni line* Jv> prcwni 
( r. Ni lmc\ ilto prneni 

I-jim 11'. Ni lincx jlv> prevnl 

lc . Ni. <°r line* JI«» present 
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PREPARATION OF SELF SUPPORTING METALLIC 
FOILS OF ISOTOriC CHROMIUM 

P. R. Kuehn 

Excessive consumption of valuable isotopic material 
makes production of self-supporting chromium foils by 
vacuum evaporation and condensation impractical. 
Electrt>deposiiion has been developed into a dependable 
and reproducible technique which results in minimal 
material losses so that chromium isotope target ! JIIS can 
be prepared economically. When used as an accelerator 
target, the physical properties of a chromium film must 
necessarily be different from these of decorative chro­
mium, namely, the film must be ductile and free of 
chemical impurities. 

Chemical purity of Wlfi has been obtained using a 
plating bath temperature of W°C". as compared with 40 
to 55°C used for commercial plating: throwing power 
and plating efficiency are substantially reduced at diis 
higher bath temperature. Plating cell design and elec­
trode preparation have been developed so thai struc­
turally strong fods with thickness variations to within 
y% of the average value are rcproduciM) obtained. 
Excessive loss of isotopic material is avoided by using 
inert elect rinks, with the result that the Cr III Cr IV 
ratio in the bath increases during deposition, optimum 
current density increases as the valence concentration 
ratio or the temperature increases. Chemically impure 
chromium was found to deposit at low current densi­
ties, and the resultant foil was stressed at current 
densities in excess of the optimum value, so that the 
usable range of current density is only about 0.1 
A.cm2. The bath composition found to be most 
reproducible for this purpose contains the equivalent of 
125 g o( CrOj per liter of a I 100 H.SO4 l l ; 0 
solution. Since only about I g of CtOj is used, the 
solution volume is quite small. 

L'sing this formulation, more than 25 self-supported 
chromium isotope toils were produced durine the Vvar 
with thicknesses of 0.25 mg cm3 to 35 mg cin : and 
areas of I enr to 25 cm J. To provide the films in 
self-supported form, clccirodeposition is performed 
«mto carefully masked, polished brass shim slock, which 
is later dissolved away from the chromium in dilute 
nitric acid. Films arc usually pinhole-free and can be 
readily mounted on suitable support frames. Electro-
deposiiion has proven to be ideally suited for foil 
prepar7»;on using separated chromium isotope*. Unused 

chromium can be salvaged with minor losses through 
simple chemical processing. Targets prepared by this 
technique are structurally strong, uniform m thickness, 
and sufficiently pure for most nuclear applications. 

••TARGETS FOR THE CONTINUOUS 
PREPARATION OF " C 

E. H Kobisk T. C. Qumby 

Cyclotron bombardment of '"B with protons pro­
duces ' ' C. an imporiani isotope . >r medical research 
purposes. In cooperation with personnel at Oak Ridge 
Associated Universities, a special target was prepared 
for continuous production and subsequent removal of 
" C (as CO ; | during proton bombardment. A 12.5-cm 
length of molybdenum rod with a diameter of 6 mm 
was machined to have a triangular cross section with the 
edges notched parallel to the length of the rod. In this 
serrated section of the rod. ' " B , 0 , was deposited by 
mist-spraying a solution ot' the oxide in alcohol onto 
the surface, a process that produced uniform coating of 
the fin surfaces with oxide at an efficiency *A' tTi with 
respect to material utilization. Vacuum degassing and 
fusion of the coating resulted in a uniform, transparent 
coating with sufficient adherence to withstand ex­
tended proton bombardment (up to 20 hri in the 
ORNL No-Inch Cyclotron. L'sing a earner p s (helium i 
(lowing over the target surfaces during bombardment, 
the large-surface-area target generated 75 to Wr of the 
maximum quantity of ' ' CO : and maintained an even 
distribution of B ; 0 , on the irradiated surfaces even 
though heat from the proton beam impingement was 
sufficient to melt the isotoptc film. Target development 
is still in progress. 

HYDROGEN ISOTOPE SEPARATIONS SYSTEMS 

D * Ramey T. C. Ouinby 

The purpose of this program was to investigate 
possible separation of tritium from reactor or fuel 
reprocessing plant effluents using the well-known phe­
nomenon of hydrogen diffusion through palladium or 
palladium alloys as the separative mechanism This 
process provides high throughput capability (ions per 
year) compatible with volumes encountered in waste 
effluents. The capability of the Isotope Research 
Materials laboratory to roll thin membranes having 
zero porosity and maximum physical strength per­
mitted measurements of separation factors to be made 
at temperatures up to o(J0"C and pi.-ssure* up ti> (>.'.? 
kgcm :("000psit. 
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Although a number of different alloys of palbdiutn 
were formulated and railed into thin membranes, the 
palladium 25 wi sihvr alloy offered bet lei structural 
stability and the .•chest gas permeation rates. Mem­
brane ihkkncsse. itetwecn 0.01.5 nun and 0.03 7 > mm 
were employed to obtain high flow rates, and each 
membrane was supponeJ b> a tungsten tut of pure si/e 
suffictenth small to pcinut the seit-supporied area oi 
membrane to withstand the applied gas pressure at a 
temperature ol t«00~l'. Indeed, the enure flow system 
tor these experiments was specifically designed to 
provide .Maximum strength under these hostile condi­
tions, and choice ot structural materials was carefulK 
made to preclude hy drogen embritilcment effects. 

In the work reported here, only the How ol pure gases 
and separation factors associated with hydrogen-
deuterium mixtures were measured. The general form 
•>t the !low-iate captation, as an extension ot Tick's taw. 
is 

R, - I0 O A.„» ,«^/h 1 ±>/FA I 

where 
R, = permeation rate tor component i 

I cm'1 mini. 

<0oA'oM>J\/r)' = pressure variance equation ot the 
diffusion-solubility Ire^uenc' fK. 
lot tor component i. 

• I x / ^ driving force derived front classi­
cal theory. ±Jf - y/P~f \/Ph. 
where Pf is the lore pressure 
Ipsial and Pf, is the back pressure, 
which was constant at 15 psia lor 
this work. 

A = membrane area I in. : }. 

I = membrane thickness (mils). 

l i fo /RM-W^l* * pressure variance equation of the 
permeation activation energy Tor 
component /. 

T- membrane temperature (°Kl. 

TaWtt.2. 

rhc values tor the constants in lq. I 11 arc ei\cn in 
Table tv_\ 

Data tor imxed eases weic obtained by measuring the 
ilow rates as a function ot tempeialure. pressuie. and 
toil thickness while simultaneously analyzing the sepa­
ration-stage bleed and product streams tor the total 
hydrogen and deuterium content. Feed composition 
was varied from ftt>5 to 0.45 H : mole fraction, and 
iikrmbrane thickness was varied from 1-40 to 0.4 mil. 
Tore pressures as high as •V300 psia total pressure were 
used lor mixed pas studies, while the hack pressure 
remained constant at 15 psu- The sepaiaiion-staee 
schematic diagram in Fie. t».1 represents the two-com-
punent system of this work |H» D ; ». where X and Y 
represent mole fractions of components in the respec­
tive tlow streams. 

It has been assumed in this work that the permeation 
process has a rate which is controlled by diffusion and 
solubility in the metal lattice. Also, it is generally 
agreed that the gas diffuses through the metal lattice as 
atoms rather than as molecules. Therefore, one must 
concl'tde that the separation of the isotopes must also 
take place within the metal lattice rather than on the 
metal surface. The magnitude of separation of the 
isotopes must, in turn, be governed by the relative 
differences in those processes which control the perme­
ation process, namely, diffusion and solubility in the 
metal lattice. 

The definition of the separation factor is 

5 = K , ( I * , l / . r ,« l Y,) 121 

omii-oac I I - M H 
PftOOuCT 

tow MKSSUMC -^. A 

\-rn- • L E t 0 

l>^ y "~ Jrt* t) • xuy • • 

t v 

reeo 

^ H i C M PICSSuMC 

F**. l . 

I'omprmcnl l>o*o MoIR Temperature rjnpc #*0 

» 1 1944.0 1.0*5 1*66 0jnt«7 200 325 
•>I 3523 1 931 MS 0316 200 325 
I I , 37.9* 1612 292 0.412 325 600 
r»i 1175 1 712 15? 0 521 325 600 
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where > i is the mole fraction ut hydrogen in the 
product tlream and .f, is the mule tin: turn ot hydrogen 
m the Meed stream. 

Analysis ot the product stream and Weed stream with 
a mass spectrometer gave the relative concentratkms ol' 
H : . D 2 . and the intensotcpic molecule HD. To deter­
mine the total amount of H ; m each stream, the 
hydiopen contribution from the HD molecule was 
calculated as hall the HD concentration. It should be 
emphasized that the HD molecule will always be 
present in the separation system because of the cata­
lytic action of the metal membrane, however, the 
presence of HD in the system has little or no effect on 

the isotopK; separation (a bulk metal process I. because 
the HD molecule exists only in the gas phase. 

The separation factor temperature dependence was 
calculated trom the data obtained from mixed gas 
measurements, and the functional relationship between 
separation factor iS) and temperature can be repre-
senied by 

5 = I.OVIexp 1150 7*1 . I3» 

where 7" is in degrees Ketvin. No dependence of 
separation lacior on the s\stem pressure or membrane 
thickness was noted. 
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United States-Japan Seminar nn Radiation-Produced Defects and Defect Clusters and Their Effects in 
Metals, Ames. h*a, September 2H-30, 1975: 

R. R. CoHman. Jr.. "Electrical Resistivity Measurements on Low-Temperature Neutron-Irradiated fee 
and bec Metals" 



ISO 

Fourth International Conference of the \uclear Target Development Society. Argomte Saiional l^boraton; 
Argonne. Illinois. Septembei 2»lktober I. 1975: 

H. I - Adair and E. H. Kobbfc. "Target Preparations and Thickness Mcasurcrrrats" 

International Conference on Radiation Effeits and Tritium Ttthnttlogy for fusion Reactors. Gutlinhurg. 
Tennessee. (Mather l-J. 1975: 

V Chen. M M. Abraham. M. I Robinson. J. B. Mitchell.and R. A. Van Konyncnhurg. "Production 
ot Point Detects n l4.*-MeV Neutron-Irradiated MgO" 

J. B. Roberto. J. Narayan. and M. J. Sahmarsh. ~I5-MCV Neutron Damage in Cu and Nb" 

mternational Conference on Fundamental Aspects of RaJiatki.i Homage in Metals. Gatlmburg. Tennessee. 
October ft-lO. 1975: 

(i. Amesbcrgcr. K. Sonncnherg. P. WienhoU. R. R.tollman. Jr.. C. E. Klabunde. J. M. Williams.and 
R I.. Chaplin. "Influence ot Dhacancics on Stage III Recovery in I V 

V. K Chang. A J Arko. G. W. Crabtrce. J. B. Kctterson. I. R. Windmilier. R. J. Higgins. and K W. 
Young. Jr.. "Measuremenls of Conduction Electron Scattering in Neutron-Irradiated Copper by the 
dcHaas-von-Alphcn Effect** 

R. R. Cohman. Jr.. C. E. Klabundc. and J. K. Rednun. "Recovc-y in Stages I and II oi I hernial and 
Fission Neutron-Irradiated Molybdenum** 

C. E. Klahuadc. R. R. Cohnvin. Jr.. and J. M. Williams. "Lom-Temperature Recovery of Radiation 
Damage in Vanadium" 

B. C. Larson. "X-ray Studies of Irradiation-lnduceci Dislocation Loops in Metals." (invited paper) 

J. Narayan. I. S. Noggle. and O. S. Oen. "Depth Distribution of Damage in Copper Irradiated »«h 
MeV Ni and He Ions" 

R. M. Nidkuv. R. R. Coilman. Jr. b W Young. Jr.. and R. E. Wood. "IXnamic* of !he (100) 
Dumbbell Interstitial in Copper" 

S. M. Ohr. "The Nature of Dt>cct Clusters in Electron-Irradiated Copper" 

.1. B. Roberto and J. Naray-in. "Ni Ion Damage in Cu and Nh" 

Mark T. Xobinsoo. "The Theory of Radiation-Induced Defect Production" (invited paper) 

H. Schrocdcr. K Sonnenbcrg. P. WienhoW. R. R. Coltman. Jr.. C. E. Klabunde. and J. M. Williams. 
"Indirect Evidence for Vacancy Clustering During Stage II Annealing in Cu" 

Integrated Contractors Meeting. Bendi.x Corporation. Kansas City, Missmiri. October 22-23. 1975: 

H. I Adair. "Preparation of Well Defined Actinide Targets by Vacuum Evaporation" 

22nd Sational Symposium of the American Vacuum Society. (Jctober 2X-SI. 1975: 

D. M. Zchncr. J. R. Noonan. and L. H. Jenkins. "Angular-Resolved Auger Emission Spectra from a 
(Iran Cu (100)Su-face" 

Conference tm Preliminary Assessment Review- of Multipurpose Furnace Experiments Performed tm 
Apollo-Sovu: Test Project. XASA. George C. Marshall Space Flight Cenler. Huntsville. Alabama, October 
29. 1975: 

K. E. Reed. "A "Quick look' Assessment of ASTP Experiment MA-041 Subsequent to the 
Apollo-Soyu/ Tcs! Project Mission f->r the Period August 4. 1975, to October 10. 1975** 

ASM Materials Science Seminar on Radiation Damage m Metals. Cincinnati. Oltio. \ovemher 9-10. 1975-

Mark T. Robinson. "The Theory of Radiation-Induced Defect Production" (invited paper) 

file:///uclear
file:///ovemher
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F. W. Young. Jr.. "Annealing Processes in Metals' (invited paper) 

frvim on Fundamental Research in Catalysis. ERDA. Washington. />.C, Sovember 11-12. 1975: 

I.. H. Jenkins. "Solid State Aspects of Heterogeneous Catalysis" 

1975 Southeastern Section Meeting. American Physical Society. Auburn. Alabama. Sovember 13-15. 1975: 

R R. Cohroan. Jr.. D. K. Christen. S. T. Sekub. and J. M. Wittams. "Search for an Effect of Fhixoid 
Motion on Irradiation Defects in Vanadium" 

H. A. Moofc. "Neutron Scattering Study of TTF-TCNQ" (united paper) 

R. M. Nicklow. "Observations of Sdf-lntcnfitials in Copper by Inelastic Neutron Scattering" (invited 
paper) 

International Conference on Urn-Lying Vibrational Modes and Their Relationship to Superconductivity 
and Ferroehxtricity. San Juan. Puerto Rico. December 1-3. 1975: 

W. A. Kamitakanara. H. G. Smith, and N. Wakabayasbi. "Neutron Spectroscopy of Low-Frequency 
Pnonons m Solid He" 

H. A. Mook. "Neutron Scaltering Investigation of Peierb* rransition in TTF-TCNQ" 

21st Annual Conference on Magnetism and Magnetic Materials. Philadelphia. Pennsylvania. December 
9-12. 1975: 

T. !*nm. S. Sinha. A. S. Edetstcin. R. Majcwski. and H. R. Child. "A Study of the Frequency 
Dependent Susceptibility of the Compound. CcAI>. by Inelastic Neutron Scattering" 

A. S. Eddsicin and H. R. Child. "Nefron Scattering Measurcmcnu of the o-> Transformation inCeTh 
Alloys" 

U. Fclchcr. J. W. Garfand. J. W. Cable, and R. Medina. The Analysis of Magnetic Neutron Scattering 
l>ia" 

R. A. Medina and J. W. Cable. "Moment Disturbances in Nt-Cu Alloys" 



Seminars 

SOLID STATE DIVISION SEMINARS AT ORNL 
M M . Abraham succeeded J. W. Cable as Seminar Chairman during the year 1975. The foNowiaj acnuaars 
were held during the period covered by this report: 

"Neutron Scattering and Sightseeing in India and Pakistan." W. C. KoehJer. Solid State Division. ORNI. 

"Evidence of Phase Mixing During the Ferroelectric Phase Transition of KD.-PO*." H. Metster. Euratom. 
Ispra. Italy 

"Point Defect Production by Irradiation of Solids."' M T. Robinson. Solid State Division. ORNI. 

"Linear .Accelerator Source for Neutron Scattering." O. K. Harting. Baticllc-Nonhwesi. Richbnd. 
Washington 

"Spatial Distribution of Damage Energy in Solids by Fast-Ion Irradiation."' O. S. Oen. Solid State Drviiien. 
ORNL 

"Magnetic Resonance " 'Parts I and 2). M. M. Abraham. Sobd Stale Division. ORNL 

"Characteruics of Thermal airi Fusion Neutron Damage in Metals."' R. R. Cohman. Jr.. Solid State 
DiviikHi. ORNL 

"Electronic Properties of Ultra-Thin Films and Coalings of Transition and Noble Metals." B. R. Cooper. 
University of Wtst Virginia. Morgantown, West Virginia 

"Segregation of Vacancies and Intcrstitiab in High-Temperature Irradiations."1 W. G. Wotfer. Mctab and 
Ceramics Division. ORNL 

"Materiab Problems of MHD Electric Generator System*." Neil Loeflkr. University of Tennessee Space 
Institute. Tullahoma. Tennessee 

"Recovery Spectrum After Electron Irradiation."1 K. Sonnenberg. Solid State Division. ORNL 

"Investigation of Jahn-Teuer Effects by Electron Paramagnetic Resonance." L. A. Boatner. Texas Christian 
University. Forth Worth. Texas 

"Amorphous Solid Water." A. H. Narten. Chemistry Division. ORNL 

"Swelling in Nickel Due to Carbon anr! Nickel Ion Bombardment."' A.Taylor. Argonne National 
Laboratory. Argonne. Illinois 

"Recovery Studies in Cu and Pb." K. Sonnenberg. Kcmforschungsaalagc. Julich. Germany 

"Elastic Interaction and Diffusion Reaction of Point Defects."' M. H. Yoo. Metab and Ceramics Division. 
ORNL 

"Near-Surface Studies of Single Cryslab by Positive-Ion Channeling Spectroscopy." B. R. Appklon. Solid 
State Division. ORNL 

"Void Growth Kinetics in Irradiated Metab."' L. K. Mansur. Metab and Ceramics Division. ORNL 
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"Ekitronicalh Driven lattice Instatwliiies." S. K. Sinha. Argonne National laboratory. Argonne. Imnois 

-Radiation-radnced Creep."' W G. Wolfer. Mctafa. and Ccrauucs Division. ORXL 

-Optical Radiation Prodnccd in Low-Energy Particle Solid Conisions." C. W. While. Ben Uboratories. 
Murray HiU. New Jersey 

'Elcincntary Survey of Electron Spin Lattice Relaxation." H. J. Stapkton. University of IUMOB. L'rbana. 
lumoo. 

"A Metallurgical Approach to H«h Critical Temperature in Superconducting A-15 Ccimpnuudi." David 
Dew-Hughes. Brookhnvca National Laboratory. Upton. New York 

"Influence of Chemical Bonds on CoRnion Cascades in Nuumtuli." K. Rosslcr. Kendorschungsanlagc. 
Jutich. Gernany 

"Critical Cuncnts in Smarted Niobiuni Nitride Compounds." Ronald PowcR. Harvard Umvcnaiy. 
Cambridge. Massachusetts 

X lLv Rotational Excitations and Phase Transition in a Quantum Molecular CrystaL" Werner Press. 
Kciufofscuungmuktge. Juhch. Germany 

"Radiation Damage in Fe.AL" H. P. LcigbH. University of Missouri. Roha. Missouri 

"A Study of Radiation-Induced Effects in Silicon Using Infrared Spectroscopy and Photoconductivity 
Measurements." Rom T. Young. Eastern Kentucky State Colegc. Richmond. Kentucky 

"Induced Neutron Magnetic Form Factor of Chronunai." Kye H. Ob. Ames Laboratory. Iowa State 
University. Ames. Iowa 

"Electronic Structure and Cohesive Energies of Transition Metals and Their Hydrides." C. D. Gehtt. Jr.. 
Harvard University. Cambridge. Massachusetts 

"Magneto Optical Studies in Lead Tin TeRuride." Jerenuah Ralph Lowuey. Massachusetts Institute of 
Technology. Cambridge. Massachusetts 

"Pulsed Neutron Sources for Utilization in Condensed Matter Research." M. Known. Toboku University. 
Sendai. Japan 

"Luminescence of Defects and Ions in CaO and MgO." A. E. Hughes. Atomic Energy Research 
Establishment. HarweR. England 

"Structure and Dynamics of Gases Adsorbed on Graphite Studied by Neutron Scattering." Kim Carneiro. 
Brookbaven National Laboratory. Upton. New York 

"Energy Loss Spectra of A-IS Superconductors." Lawrence Y. L. Shen. Bell Laboratories. Murray HiU. New 
Jersey 

"Channeling in the Superkmic Conductor 0 Alumina." L. C. FeUman. Bell Laboratories. Murray Hill. New 
Jersey 

"Electron States of Silver m Glasses." Satan Arafa. American University m Cairo. Cairo. Egypt 

"Neutron Damage Simulation by i-Mcv :*Ne' Bombardment in MgO." Bruce Evans. Naval Research 
Laboratory. Washington. D.C. 

"Densities of Suits and Spectral Weight Functions in Disordered Alloys." A. Gonis. University cf Illinois at 
Chicago Circle. Chicago. Illinois 

"Fundamental Aspects of Ftex Pinning ::. Type r Supcrcondvcton.' E.J. Kramer. Argonne National 
Laboratory. Argonne. ilbnois 

"Recovery of Irradiated Metals: Old and New Questions." W. Schilling. Kernforschungsanlage. JuHch. 
Germany 
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"Charge Dcasay Waves in Chromanu aad Its Ahoy*." V Kunitomi. Osaka I niverwty. Osaka. Japan 

"Spiaodal for Hydrogen ia Niobana." Georg Alefdd. rccaakal University m Mwuch. Muaa-h. tiermaay 

"Diffraction Effects m Pnotocnussiou froai Localised AdsorbaK Levels." A. I.kbscfa. I Diversity of 
Peaasy haaia. Ptuladclpbia. Pennsylvania 

"Trace Element Analysis m Blood I'siag Protoa-ladaocd X-Ray Fluorescence." Robert C. Bcarse. University 
of Kansas. Lawrence. Kansas 

"Survey of loaic Transport Processes ia Siher Hakde Crystals." Robert J. Friaaf. I nnersay of Kansas. 
Lawrence. Kansas 

"Spuneriag As a Tool for the lavesugation of Atoauc CoHsioa Cascades m Solids."' H. H. Aadersra. 
Aaraas University. Aarfcas. Denaark 

"Electronic Structure aad Physical Properties of Metals." Attan Markaitosa. Atomic Energy Comaussioa 
Rts*. Roskase. Denmark 

-Neatroa Scattcnag Snakes of Liquid aad Amorphous Matcriaa Using a Pulsed Source."* K.Svndu. 
Research lastmie for Iron. SlceL aad OoVr Meuts. Toaokti University. Seadai. Japaa 

'Theory of Excaatmns aad Phase Diagrams for Rare-Earth Metals aad AHoys." P. A. Lindgard. Atomic 
Energy Commission Riso. Roskilde. Denmark 

"Neutron lariastk Static ring m the Aatderromagneto NiS and KNiF;:Mn." Georges Parisot. Institute Max 
von l-aue-Paul Laagevin. Grenoble. Fraace 

"Radiation Effects in Insulators or Printmg Without Ink.- W. A. Sibley. Oklahoma State University. 
Stilhvater. Oktabooa 

I J « w Mcub jad Ccta—ci. aad Sofcd Strte IVtMoit ftadnlwfc D a n a c Svayiui—i 
Z. I Moral Ixctnro 
y SpiMtwccd foawh b> PIKMO Dntwoa aad Soad Suit I M i w t 
•» SanOMNed jmatk b> CfccoHtm I ) K M M ami SoW S u e Dnrun 

LECTURES AND SEMINARS 
Lectures and seminars presented by Division members during the year included the following: 

M. M. Abraham University of Kansas. Lawrence. Kansas. "Dynamic Nuclear Polarization in Solids": 
University of Geneva. Geneva. Switzerland, and Ecole Poh/tcchnique Federate. Lausanne. Switzerland. 
"Magnetic Resonance" (six kx>ures) 

Y. Chen- Texas Christian University. Fort Worth. Texas. "Radiation Damage in MgO": Georgia State 
University. Atbnu. Georgia. "Radiation Induced Defects in MgO and CaO" 

J. F. Cooke Danish Atomic Energy Commission Research Establishment Risjf. Roskikfe. Denmark. 
"Theoretical Investigation of Spin Waves in Nickel and Iron" and "First-Principles Calculation of 
Phonon Spectra m High T, Transition Metal Superconductors": Kcmforschungsaniagc. Julkrh. 
Germany. "Theorctica: Description of Spin Waves in id Transition Metal Ferromagnets": Institute Max 
von Lauc-Paul Langevin. Grenoble. France. "Inelastic Neutron Scattering Calculations in 
Ferromagnetic Nickel" 

H. L. Davis The Ohio State University. Columbus. Ohio. "Crystal-Field Spectroscopy via Inelastic 
Neutron Scattering" 

W. C. Koehlcr Iowa State University. Ames. Iowa. "Neutron Scattering and the Rare-Earths Fifteen 
Years of Study" 
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B. C. Lanoa University oi Oslo. Oslo. Nonny. "Dymuaical aad Kiaematica; X-ray Studies of Defect 
Ouster* ia Copper': University of Munich. Muaich. Gcrmaay. aad Max-Plaack-lnstiiut fur 
Mctaaforsrbuag. Stuttgart. Gcnaaay. "The Effect of Irradiation Temperature oa Dislocation Loops in 
Xcutroa-irradaicd Copper' 

h. A. Modine Labnntoire d°Optique Pbysioue at Ecoie Superirurc de Physique ct dc Chiauc Industricnrs 
dc La Vile dc Paris. Paris. France, aad Ceatre d*Etudes Nudcaires dc Greaobk. Grenoble. Fraace. 
"Pobrauoa Moduhtioa Spectroscopy at ORNL" 

H. A. Mook lastaute Max voa Lauc-Paul I l a y v'm. GrcaoMe. Fraace. "Magnetic Exdutioas ia 
Crysnttac aad Amorphous Transition Metal Fcrroaogaets" aad "A Magnetically Pulsed 
Taae-of-Ffafat Spectrometer for Neutroa Inelastic Scattering Research" 

J. Narayaa Radiatioa Effects aad Microstractural Analysis Group. Metals aad Ceramics Division. ORXL, 
-Characteristics of IS-McV Neutron Damage ia Metah" 

J. B. Roberto Radiation Effects aad Mkrostractural Analysis Group. Mctab and Ceramics Division. 
ORNL. "High-Energy Neutroa Damafe Cafcabtioas ia Mctab" 

S. T. Sefcub Naval Research Laboratory. Washington. D C "Radiation Damage in Type I I 
Superconductors" 

H. G. Smith Max-Planck-lusfkwt for MctahYonchuag. Stattgart. Gcnaaay. "Lanice Dynamics of Layered 
Compounds": Kcraforschungsanbgc. Junch. Gcrmaay. "Phoaon Anomabes m Superconductors": ETH. 
Zurich. Switzerland. "Neutroa Scattering Work at ORNL" 

N. Wakabayasbi Ohio University. Athens. Ohio. "Slow Neutroa Spectrometry" 

R. A. Weeks- University of Missouri. Rona. Missouri, and Vandcrbih University. Nashville. Tennessee. 
"Charge Trapping in and Polarization of Glass Insulators": St. Louis University. St. Lotus. Missouri. 
"Magnetic Anisotropics of Small-Panicle Ferritcs: Ferromagnetic Resonance Experiments": Vanderbih 
University. Nashville. Tennessee. "Diffusion of Mn in MgO Single Crystals: Application of 
Paramagnetic Resonance Spectroscopy": Knoxville Gem and Mineral Society. Knoxville. Tennessee. 
"Colors of Crystals and Minerab" 

R. F. Wood - Oklahoma Slate University. Stillwater. Oklahoma. "Electronic Structure of Color Centers in 
Aftahne Earth Oxides": University of North Carolina. Chapel Hill. North Carolina. "Color Centers in 
Aftabne Earth Oxides" 

D. M. Zehner Florida Technical Institute. Orlando. Florida. University of South Florida. Tampa. Florida, 
and University of Puerto Rico. Mayaguez. Puerto Rico. "Anomalous Surface Structure Examined by 
Low-Energy Electron Diffraction. Auger Electron Spectroscopy and Ruihcibrd Ion Backscattering": 
and University of Puerto Rico. Rio Piedras. Puerto Rico. "Studies of Surface Structure with 
Low-Energy Electron Diffraction and Auger Electron Spectroscopy" 



Scientific Professional Activities 

V M- Abraham Recipient. I n d e r a l Research 100 Award for 1975 
Vendor. Professor. TrotswaeCycle Rnminl deCkaanc - Co 

LYmrjrnemeat de b Cmaue el Phi.''aai, <C1CP». Carvcrocy of C o e o . ticaesa. S R d t t b a d 
Session Oturaua. WorfcyMip on Defects n t f a p n i c M Oxide aad Related Materials. Caataa. 

Honk Caruiiaa 
Participaai. MIT/AEC Mrttme. oa Critical >teedj aad O p f o m M i n at raadaatracal drama; Research. 

January 1975 

B. R. Appirton Editor. .-Una* COAIIKMO . .1 .Vmaft. n * I aad 2. Ptcmua Press. New York. 1*75 
Member. Gndaatc Sckocl DotiueaJ Committee. Department ot Physics aad Astroaoaay. L'nrtertwy 

of South Cirokaa. C c ;un:Hi». Soath Cjiwlan 
Adjunct Profcnor. Department of Phyac* North Texas Start Vmwrmtf. Denton. Texas 
Member. Organizational and Advisory Committee. Fnarth Coafercac* oa the f a r of Smal Accelerator* 

tlobehefctm |97*» 

J. B. Bale* General Chairman. ( I k Meerjar. of Ike Fourier Transform Spectroscopy Group. The PMhkarak 
Conference on Analytical Chemistry and Applied Spectroscopy. Chin had. Oka>. March 1975 

Member. Steering Committee. Fourier Transform Spectroscopy Technical Croap 
Lecturer. OR AH Travehaf Lecture Program. 1975 - J 976 

J. W. Cable Chairman. Prcenm Committee. Coafercacc on Neutron Scatterine Mo be add m 1976) 
Lecturer. ORAL' Travclm* Lector* Program. 1974-1915 
Member. Ph.D. Thesis Committee. Department of Physics. Georgia institute of Technology. 

Atlanta. Georgia 

Y. Caen Recipient. industrRl Research 100 Award for 1975 
Session Ouirman aad participant. MfT/AEC Meeting on Critical Need* aad OaporruajtKs m Fundamental 

Ceramic Reicarch. January 1975 
Lecturer. ORAL' Traveling Lecture Program. 1974 "• V/J 
Member. Organizing Committee. Workshop en Defects m Magnesium Oxide and Related Materials. 

Canton. North Carolina 
Member. Advisory Panel on Publishing. Armican Institute of Physics 

J. W. Cleland Lecturer.ORAL' Traveling Lecture Program. 1974-1975 

R. R. Column. Jr. Member. Reactor Experimental Review Committee. ORNL 
Member. Radiation Damage Working Group of the Clinton P. Anderson Meson Physio Facility. LA5L 
Lecturer. ORAL' Traveling Lecture Program. 1975 -1976 

T. F.Connolly fditot. Sn/id Snrr toytkt litermmr.* (midts. vol. 7. Plenum Prer.. New York. 1975 

J. F. Cooke Guest scientist. Danish Atomic Energy lommtssion Research Establishment Rise. Rodtdde. 
Denmark. 1975 1976 

H. L. Davis Member. Thesis Committee. Dc ,nrtmcn( of Physics. The Unwersif y of Tennessee. Knoxville. Tennessee 

D. K. Holmes Member. Editorial Advisory Board. KwdkHon Kfftrt% 
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t Caaajr.ax. Vorkatoa oa Defect* at Mararsaai Ovale aai Rcbfca1 Materials. 
Caataa. Najflk Cacaaaa 
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Gaea noMM. h M M t Mas TO* Law Paal Laa»Yiai Cteaoak. Fraacc. Saanaer 197$ 
Mcawer. PhJ>. RctraMaaj Pracftaa. ORXL 
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Parricapaat. Wotfcaboa oa ISn of AaVaacca1 Panca U f a — Soarccs. Arfjaaa*. Raaais. 1975 

Lcctarcr. ORAU Tn laa, Lccrarc Profjaai. 1975 -197* 

Lcctarcr. ORAC Travehae Lccrarc Procnai. 1975 -197* 
Mnoarr. Ptocxaa Ctw—iiHu. Coafercace oa Neatroa Soneray Ito be art* m 197*) 
Mratber. ORNL Ncalroa Ream Uam' Orcaaza* Coajaartcc 

Mratber. Amerkaa Sodeiy for Teniae Malcrea F-IO Tarit Groap c* Descriatiob of Raaahoa 
Daataat m Meiak IMaa. Elcctroa Microscopy 

Maaber. Graantc School Docioral Couawiet. Dcaanagat of Physic* aad Attiuautay. lartrtrty 
of Sow*. Carohaa. CalaaibU. Soath Carota-

Mnaorr. Aajencaa Soriety foe TcMie* MaMrab F 10 T a * Croaa oa Dtachatioa of RawHioa Damav 
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Gam Kieafiu. lattifai far Pkjr<ik. Mn-Pback-laMitat far Metaaforscfcw*/. Sfattpn.Gcmnay. 1975 
MeMber. Local Arfjanmrurt Coamrtwa. laicnutwaal CoafeTeacc on Faadamaaol Aiaeci* of Radatioa 

Dx t̂aat a Metah. GstaKaarf. T iaaian. 1975 

Secretary. Vacawa MmRaiej Drnwoe. AMencaa Vacaaai Society. 1974 1975 
Sacral Proccofap Editor.StfimdComferrmtoaSmKW<rroptny Htmltrnthiftto 7*ir* Arfn«a|Bulk 

Comimgt. 1975 

Mrmber. Synchrotron X-ray ami Pbotoa Soarcc Tadt Forr*. ORNI. 
Contnliuior. ORNL IMCIHC Ntatroa Gcacritor tot Raaaiioa laaaccd Damayr tINGRID) Proprtial 

Fdrlnr. ftrKfrJmrs fniemirinml Conferrnrt on f'uM-Mmtnul Atptrn of Radiation Hamate In Melals 
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R. D. Wcitbrook 

R. r. Woo*" 

K W. Yooac. Jr. 

Mewajet. SwcnafCooeaMtMe. WuctdM* am l'ae»of AaVaaKeel rwfcea Mcatroa Soarce*. Arcoaac. ! • • in 1*75 
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Meawrr. M m i w P w < t Sahcrmaa of Ac IAEA wotfciar O—T oaR»»*r Rajpque M a i a w n 
lectorct. OT.AI Ttmeaa* I M M Proema. 1*74 1975 
Mcatber. ORXL Sewroa S a m Coaaaancc 

Member. LaboraKwy Daevtor's Safety Bene* Caaaaerree fat Accelerators aaat Raanraaa Soar--** 

Leciwn. ORAl' Tooth* Lectaar ftwaraa. 1975-1976 

( t e n B M . l M m M i i w l i K - W l j « B M & i e M N r . F n u . 1974 197$ 
CO-STMOT. The hNeraataoaal Coaicrcacc on Low-Lya* V»t3ii«wl Jlrf^j»^1l»ar fcbiii^»|)i» 

Sfirn n»<wi ririrj aad FenocJectrioity. Sam Jaaa. fweno Rao. Ptnawau 1975 

Vaanaa ftotewor, Pefarwacar of Pbywa- OfcUhuma Sent twwwity - W w w . OM fcw 1974 1975 

Rantdi cohbocatoe. aVwiHuw.a Titataal Laboratory Saaaaatt Pragma oa Neorro* Sof'erne 

Mt—Ui. lm*tmrtC*mwmnttt.Jounmlofi»t Ammcm Com** Sorwenr 
Member. Eomoivi Roarel, •Mcmrmwaf \o90mtt4$oma SfaaKvajaWtroa/SoMftV 
External Esawaiaer. Ph-D- Theas. Vawacrbvt I macraty. V»*»aV. Ti a— iw i 
Coasaataoi. froatotao* of" Member of Staff, racafey of Hal phi I I . lamrnt> of Zaricb. ZarKfc. 

anmzerfaaal 
LetTarer.ORAl Trmrhar Uetare Ptofrcm. 1975 
External t xaaaacr. PJLD. TJkan. t-avaky of Scieacc. Cairo lawcraty. Cjaru. Egypt 

Member. A S T M Ciiawaiwee Fl.Chatrawiat Sahtuaaaittee oaGumiaiaM 

Ft jfcsKX i Adamct). DepartaMW of fay***. Georgia bonime of Tcchaohtgy. Attaao. U V T I I 
Neamcr. AeHijory Paaei of tfceSob* State Scaeacet Coatantfcr of the Nataoeai Research Coawc* 
Secretary. AQNnory Cjmaanre of Coafetcwce am Mafwubai aaat Majwrrac Material* 
Member. Pb.D. Thcso Committee. Deaanmcal of Pkywn. Gcorgr* Iwtatatr of Tedatoaajy. Attaata. Genets 
Ckaawoa. Etahoraoa Pamel for Reactor Raaeataoa Oisntom. Maria4 awwaa of SianiiiaH 
Member. E«ahnrwa Paawi for lastitme for Matcriab Research. Narieaal l a m a of! 
Member, txtcmamt C O M M M . Sowthcavtcra Secrtoa of Aaeerkaa Pbywcal Society 

. ORNL Committee on Research Reactors 

Chainaaa. Orpaizmi Committee, tertenmtmaal Coafcrcace oa Color Ceafen f to be beM m 1977) 
EOHOT. SoM State Payiac*. Coo*jaj»r«r fttrocs Commmmtkmimwo. North HoRaaa) fabhdHay. Coatajay 
Scnioa Chainaaa. Aaaencaa fhyoxaJ Society Mcetaax. Dea*et. Cofcjcaao. 1975 
Stoioa Chainaaa. Worfcsboa on Pefaro ia M^UII liaai Owk aaat Refcawl Matenab. Caatoa. Worth Cat uhaj 

Member. Uttortai Atfnjory Roari. OjnolSummon. Sanaari Verba. New York. lac. 
Mfmbrr. f Mcativc f omnmtee. Aaxhcan Asnciarioa of CryMal Growth 
IViicipaat. MIT/AFC Mceiiac oa Critical Xccas aao OpporiBattic ia raaainuar.it Ceraawc Rcfcarck. 

iaauary 197$ 
Ceacnl Chaartan. latcraariowai Coafcrcacc oa raafaweaial Ass«ctt of Raoatioa Oamaar a* Mcfatv 

(«ailinbary. Tcaanie*. 1975 
Miiot. ProcttJmfi tmurmthmml Comfmnct oa fnmieavwraf Asmrctt <rf R*tmrio* Dtmamr m JWrrab 
Teller. VrSST Sec:ioa. Americaa fhywral Socieiy Ekctioa 

D. M. /chaer Lecturer. ORAI Travetine Leciure Protnm. 1974 1975 

http://raaainuar.it
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Personnel Changes 

a. SaeatitK Staff 

E. H. Kobisk f transferred from isotopes Drama) 

H. L Adair (transferred fro* isotopes D r a m ) 

D. W. t a t t y (transferred from Isotopes Drama) 

I*. R. Kaelm (transferred from Isotopes Drawn) 

B F. Eart)" (transferred from Isotopes Dmaoai 

R- T- Yooaj. Assistant Professor. Eastern Kenfacfcy I'-nrrtniKy. Rktmnad. Keatacfcy 

C.«.'. Vm*. TedmM. jl Staff Member. Bel Laboratonr. Mnrtay I B . New Jersev 

b. Anmmiiratwcami TedwpcalStaff 

B. A- Taylor. Secretary (transferred from isotopes Division) 

K. B- CampbeB. Senior Laboratory Technician (transferred from isotopes Drama) 

C. A. Culpepper. Senior Laboratory Tedmktm (transferred from Isotopes Dr«iaoa> 

J. M. Dane). Senior Laboratory TcdaaciM(transferred from Isotopes Dmaon) 

W_ B. Cnsfcam. Science Tcchnoiopst (transferred from botopes Drawn) 

T. C. Qmaby. Science Tedtnotopst (transferred from Isotopes Drawn) 

J. L Srlers. Enpneerme Tuhaulufui (transferred from Instrmnentation and Controls Division) 

J. L Moore. Senior LapnceriKf Assistant (transferred from lastiamtnlation and Controls Drawn) 

L W. HntioR. Secretary 

Staff Tmafm mtd Temmatinm 
E. D. BoHmg. Science Technologist (votantary rcsapufioa) 

J. R. Sanae. Senior L boratory Tccmndaa (deceased) 

J. W. Miner. Research Staff Member»completion of temporary appointment) 

K. W. Urcerfeh. Secretary fvohm'ary resignation) 

W. A. KamHakahara. Research Staff Member (completion of temporary appointment) 

L C. Templeton. Research Staff Member (retirement) 

R. E. Reed. Research Staff Member (deceased) 

('•vtu Asafmmrnii 

a. Scientific Staff 

r. Lfibfried. KernforschiMifsaniafe. Juhch. Germany 
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f- J.t. Tasset. Institui Max von Lane Paul LanprvBifl L.t >. GrenoMf. France 

J R. Seretlo. I nnerstty of Fort Hire. South Africa 

W. lethcff. kernKtrwhuncsanlaee. Jubch. Germany 

D. * Kammer. Albion Collett. Albion. Michigan 

H. P. LeighK. I mversity •„•! Missouri Ruib. RoUa. Missouri 

C A. Rotter. West Viremu University. Morganto*n. Vest Viqemia 

K. Sonnenberg. fveraforschungsanlage. Jufcch- Germany 

H. D. Sthlluir :. University of Massachusetts. Amherst. Massachusetts 

H. Verbeek. Max-Planck rastitui fur Pbsnupnysik. (iar crime bei Munchen. (•errmny 

T M. Wilson. Oklahoma State Umsersm. Stdhtater. Oklahoma 

b Graduate Students 

O. J. Rubio. National University of Mexico. Mexico 

O. W. Holland. North Texas State University. Denton. Texas 

W. P. Crummett. West Virginia University. Morgantown. Vest Virginia 

K. A. Medina. Georgia Institute of Technology. Atlanta. Georgia 

Q. C. Murphree. I nrrrrsity of South Carolina. Columbia. South Carolina 

Summer A aignmenrs 

a- Scientific Staff 

J. W. Garland. University of Illinois at Chicago Circle. Chicago, illinots 

A. Chateiain. F.cole Poly technique Institute. Lausanne. Switzerland 

A. Goins. University of Illinois at Chicago Orcir. Chicago. Illinois 

C. I Hosley. Morehouse College. Atlanta. Georgia 

F. J. James. University of North Carolina. Chapel Hill. North Carolina 

C. C. Watson. Vale University. New Haven. Connecticut 

F. B. Tubbs I I I . Fariham College. Richmond. Indiana (Great Lakes College Association. ORNL Science 
Semester Program > 

S. Spooner. Georgia Institute of Technology. Atlanta. Georgia 

b. Clerical Staff 

R. A. Johnson. Secretary. Tennessee Technological Unr*rrsity. Cookeville. Tennessee 

D. L- Smailey. Secretary. The University of Tennessee. Knoxville. Tennessee 

c. ORAU University Faculty 

A. S. Edelstem. University of Illinois at Chicago Circle. Chicago. Illinois 

G. F. Shankle. San Angelo State University. San Angelo. Texas 

J. F. Guess. Trevecca Nazarene College. Nashville. Tennessee 

d. ORAL' - Undergraduate Research Trainees 

D. W. Harmony. Oklahoma State University. Stillwater. Oklahoma 

J. E. Breitling. Bethany Nazarene College. Bethany. Oklahoma 

T. L. Poigreen.Carleton College. Northficld. Minnesota 

K. F. Kelton. Arkansas Polytechnic Coilege. RusseJivilk. Arkansas 


