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Specia! Dedic_tion

Thes ssuc of the Solid State Dvision Anaual Repurt 1s dedicated 1o the memornes
of o valmable Pnsion members aho died duning the past vear.

J. Ray Sarage was 2 wensor laboratory Wechnxmn i the research group concerned
with mvestigations of the phrysacal properties of crystal surfaces. His various actnvites
incladed the growth of highly perfect simngic crvsials of metats, which were essential for
the expenmcnts on surfaces and for other research mvestigations of the Division.

Rrchard E. Road. Sr.. was the leader of 2 rescanch group that developed
techmgues for the purnification. crystal growth. aml characterization of high-quahity
rescarch matcrals. Through hes kadership and pesonal cfforts. many research
specimens were prepared for important solid state investigations that could not have
been underiaken without them. He was abo the principal imvestigator of an exoenment
that he desgned for the Apollo-Sovur space flight.

Both of these men accomplished many skillfui scxentific and technscal tasks for
ar-mbers of the Solad State Division. ORNY.. and ERDA. Their skills and their close
avsocrations with Dhision members are greativ missed.
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Introduction

The arrangement of the Annwal Report has been chosen to emphasize the major
arcas of solad ~tase sciece im which the Solud State Division conducted research during
the period from Jamsary §. 1975, tdwough Decemver 31. 1975, These aseas are
Theoretical Solid State Physics, Physical Properties of Solids. Radimtion Effects n
Each of them constitetes a main section of the Report, and additional subdivisions arc
included within the sections. Each section bes a briefl imtroduction that mdicates the
scope and goals of the research and gives some highi*2hts of the past year. It is hoped
that these introductions give a clearer pictere of the maaner in which the individual
programs are interrelated and also show how the rescanck: activities of the Solid State
Division comtribute 1o various programs of ORNL and ERDA. The last section on
Isotope Research Materials reprevents a new research area for the Division but aot for
ORNL: the Isvtope Rescarch Materials Laboratory was transferred into the Sold
State Division on July 1, 1975.

In the last Annual Repo:t, it was apparent that the formation of ERDA. with its
broad mission in the development of new types of energy sysiems, would bring changes
in the rescarch emphasis of the Solid State Division. These changes are casily seen
throughout this issue of the Annual Report. Research contributions i every section
include investigations associated with nonnuciear energy technologics, and the section
on Physical Properties of Solids s devoted almost exclusively to investigations of that
type. This is certainly not surprising. because essentially all nonauclear energy
iechnologies are limited by materials problems, and the solutions of those problems
musi rely heavily on mformation obtained from scientific research. The new programs
that were initiated during the past year resulted al:nost entirely from the reorientation
of existing programs.
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1. Theoretica! Solid State Physics

The members of the Theory Section kave continued during the past year 0
work om a brinad range of problems directly related to the diverse expermental
programs within the Division. The period covered by this Annual Report was one
of change within the Laboratory and within the Division. and this is reflected :n the
theoretical effort for the year. Thus. although theorctical rescarch las continued m
a nunber of arcas of long-standimg interest. some redirection of previvusly existing
efforts wok place. axd new areas were enteved. The emphasis on monnuciear.
energy-related rescarch has grown rapudly. As the sciemtific staffl has explored new
encrpy-rehated areas in which the facilities and capabilities of the Division can be
most cfleciively utilized. the mteraction between the theovists and expenmentalists
has been further strongthened. For this reason. several comtributions of the
theoretical section will appear in research studies reported in experimental sections
of the report. As in the last few Annual Reports. for convenience of discussion. the
theoretical rescarch can be grouped iato the four areas of surface studies, kattice
dynamics. particke-solid interactions, and clectronic and magnetic propertics. The
work in these different arcas is cften interrelated. and any one theorist may work in
a number of them concurrently.

Research in the area of surface physics has continued 1o grow in tive Division
during the ast yeas, once again empha:izing the increasing importance of surface
studics (o materials problems related to advanced energy systems. Studies of
reflection of light atoms from solid surfaces, which are importamt for the
plasma-siability probiem in controlled thermanuciear reactor (CTR) devices such as
ORMAK. have been expanded in scope and improved in methodology. Two of the
most common ecxperimental techniques for studying surfaces are lcw energy
electron diffraction (LEED) and Auger-electron 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 siraightforward 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 dackscattering and the use of
LEED and Auger spectroscopy as compikmentary and contrasting techniques for
determining and verifying surface structural information. ORNL appears to have
unigue 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 vibratiom! properties of perfect crystals, mndom
alloys, and crystals witi point imperfections. One of the most interesting pieces of
work reported in the last Annual Report concerned the possibility of observing
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seli-mecrsttials m foc mctals dircctly by mewtrom scatering. [k configuration of
the scif-micrsinial has long been 2 matier of comtroverss. but ocmthy comsaderablc
progress has boen made in cxlablishing it 1o be of the dumbicit or (100)-spia
wicrsttial form. Direct obscrvation by acwtron seaticrimg cxperamcnts of cfficets
duc 10 scil-micrstitials has now bocn made and s repuried is Sext. 4 of this Anmal
Report. These measurcacents. m connection with theoretical work, open wp the
possibility of applying mcutron scaticrmg to 2 variety of probicms not hexctolone
acressible to this powerful tool. A potentially important reformulation of the
random alloy problem ias been carmcd omt by 2 scwber of the Theon Sectwn
working together with a mathematicion from the Computer Scaences Dinisivn. At
the very least. this reformeiation helps to clucidate some of the approxmations
made m previows treatments of random afloys. and & may kad W improved
computational approaches. Another worthwhile sicp lorward m alivy cakculations
has been taken with the construction of 2 computer program for the calcubation of
the attice dymamics of larpe clusters of atoms. Clusier cakulations are wcful
providing insight mto certain aspeets of alloy theory, and if the clusiers can be
made large enough. whilc the computational time is kept within reasomable bounds.
the calculations may provide valuable quantitative mformmation.

The theoretical studics of particie-solad mteractions deal with problems that ane
cither directly or indirecthy related to atomc collswns m solids. Some of these
topics. such as won rdation damage m metals. are of direct relevance (o lechnical
problicms in the development of both fission and fusion power reactors. Others. such
as channeting. are primanly of atcrest cither 1o fundamental studics of solids or to
detailed studics of the atomic collision: themschves. Recently a proposal has been
made by 2 member of the Theory Section (0 use ionchanncling echanues 10
investigate nterstitial configurations in copper and other fec metab. Such work. of
it proves to be feasible. could complement and supplerent studics by neutron
scattering of the configurations and vibrational propertics of merstitials. As in
previous years. work on channcling has continued in an cflon 1o make # an
accurate and relmble method for probing hattice potentials and wn positions n
many dificrent materials. Theoretical work on the simulation of fast-neutron
damage by heavy-ion bombardment has also been purnsued during the past year; a
description of this work will be found in Scct 3 on Radmtion Effects in Metals.

The theoretical rescarch on the ekectronic and magnetic propertics of materiabs
is concentrated on studies of hulk properies of metals. nsulators. and
semiconductors. both with and without point imperfections. Results of electronic
encrgy band cakculations are often used directly in the interpretation of the
electronic structure and optical propertics of perfect crystals, but more importantly.
they form an indispensable basis for the calculation of magnetic and vibrational
properties of materials. In last year's Annual Report, cakulations of the
wave-number- and frequency-dependent magnetic susceplibilities of iron were
described. Thexe calculations yielded statisfactory agreement with the experimental
results obtained by the neutron scattering group in the Division and. together with
carlier cakeulations on nickel. showed that at low temperatures the band picture of
clectronic states in crystals is not incompatible with the occurmence of
ferromagnetism in nicke) and iron. Recent work in this area provides an excellent
example of the effective interplay of theoretical and experimental research: the
calculations on spin waves in nickel motivated new experiments which verified the
theoretical prediction of “optical” spin waves. Theoretical work on the electronic
susceptibility in high 7. superconductors was continued during the past year, but
this is a formidable problem and further development of both the theary and the
computational procedures is needed. Calculations of the clectronic structure of
simple defects in alkaline earth oxides were also continued. This work has
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partecubar sgifwance tos the cxperimemial rescarch on high-temperature coramics.
and # & antowpatad that wmilar cakulatw:, an be made on semiconductmg
materiab which are of direct spmficance for the program of solar cmergy
comenson now devclopmng m the Division.

SURFACE STUDIES That is. the amplitude at r due to emission at the
somic wte 1, is wkem © be of the form A"
(K8 -1, 1 (F -1, ). marere B " is 2 spherical Hankel

SPECTROSCOPY . .

DEFENDENT AUGER function of the first kind and the ¥y are complex
H L Dass  Theodore Kaplan

Thewretnal studies have been mitiated concernmg Ofm—‘o"_ 7‘..'..70

the pussible utilization of angular dependent Auger T -
spectroscopy (ADAS) as a tool Tor quantitative sucface-
stiructure ‘Lemmlim. Revent  observations have (100} Cu FACE
shown that consderable structure exists i the angular M, 3VV TRANSITION
distrbutions of 62V M_ V¥V anmd 107V M, VYV e
Auger clectrons emitied from 11002 ¢110). and (111) $:45° [oo]
ckan oopper suriaces’ 2 As an dlustranon of the
structure found experimentally . the lower curve in Fig. 1 MULTIPLE SCATTERING __
1.1 represents data vbtained at ORNL for 62<V Auger CALCULATION
clectrons observed about 2 ( 100) copper surface > The - -
anglcs @ and ¢ describe the angular pinition of the
Auger electron detector abwwe the surface: the polar
angle 0 is measure * relative (o the surface normal. and
the azimuthal angle ¢ is measured relative 1o the [O11]
surface direction. The measured intensity  vanations
with 8 are seen to be large: large variations also have
been vbserved' * m intensity ws 0 plots for other
aimuthal angcs above the 1 100) copper surface and in
angular intensity distributions abwwe the Cu (110) and
(11D surfaces. Such variations have given rise 1o the
hope that ADAS will eveniually evolve mio 2 quantita-
tive toul for surface-structure determmations. However.
ditficult questions remain to be answered befiwe ADAS -
can be himly established as a2 usetul oo, and addres-
sing these questions is the major thrust of the preseat -
program.

In order to utilize ADAS for surface analysis. if s -
necessary 1o fully undersiand the fundamental mecha-
nisms responsible for the observed angular variations. -
The most likely mechanisms are (1) anisotropic Auger
emission at the individual atomic sites and/or (2) dif-
fraction caused by the scattering of .he Auger elecirons
{after emission) by the atoms in the surface region.
Both of these mechanisms might reasonably be assumed ,
1o be operative for Auger emission from a general T T T
crystalline surface, To test their relative importance for 20 40 60 80
the specific case of copper surfaces. we have performed 6, POLAR ANGLE (deg)

model calculations in which the emitied Auger elec- Fig. 1.1. Angeler dependence of 62V copper Auge tramsh-
trons are assumed to have various angular momenta.  won,

'

M e

SINGLE SCATTERING =
CALCULATION

INTENSITY (orhitrary units)

EXPERIMENTAL
MEASUREMENT -~
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spherical harmonics. The complex wave number is x =
(F - Fo)'?. where F is the energy of the emitted
clectron outside the crystal and Fg 5 2 complex
background potential within the crystal. In addition,
Ve has an imaginary component in order 1o simulate
absorption of the emitied wave via melastic scattering
provesses, which cause clections to have a fmite path
kength inside the crystal. The magnitude of this path
kength is such that only Auger electrons emitted in the
first few atomic layers of the surface can effectively
reach an external detecton.

In our model. the emitted partial wave is allowed 10
scatter from atomin sites in the surface region_ and then
the total wave amplitude and the corresponding inten-
sity are calculated at the detector pusition. For fixed 8
and ¢. the total detected intensity s the sum of
mtensities for emission origmating @ cach of the
individua! atomic layers of the surface region. These
mdividual mtensities must be weighied by probability
factors for the ovcurrence of Auger emission m the
respective layers: for example. the experimental results
of Fig. 1.1 were obtained? by stimulating the emission
via bombardment with 350V electrons whose path
length m copper is approximately 10 A. Because of the
probability weightmg and the absorption of the Auger
clectrons after emission, only emission in the first five
or six layers of the Cu (100) surface will contribute
significantly to the observed total imtensity. The scat-
tering of the partial waves by the atomic sites has been
acounted for by employing scattering parameters
(phase shifts and ¥ values) identical to those used by
others* in cakulations 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, (I,m) = (0,
0). Single-scattering approximation results obtained
for this case, calculated employing a formalism due to
Holland.* are shown as the middle curve of Fig. 1.1.
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 nui good agreement
between the theoretical results and the experimental
data, the calculations do reproduce some general
features of the experimental resuits, su.h as the general
magnitude of the variations with angle. However, if
only singe-scattering results were available, it would be
difficult 1o determine whether the discrepancies be-
tween calculation and experiment would be assigned to
anisotropic emission mechanisms or to multiple-scat-

tering effects. In a1, it has been speculated® that the
principal czuse of the discrepancies between the lower
two curves in Fig. 1.1 is the neglect of multiple scat-
tering effects in the calculations. In order to test ths
speculation. we proceeded with calculations in which all
multiple-scattering etiects were correctly included.

The results gven by the top curve of Fig. 1.1 were
obtained for s-state emission: by emploving 2 multiple-
scattermg formalism described by Pendry.” Although
the multiple- and single-scatiermg results do differ
significantly . magor differences atso remain between the
multiple-scattering cakulations and expenmnent. Thus.
even though multiple-scatierimg <flects are seem 1o be
very important. Woudruff's speculation® concerning the
reason for the differences between the lower two curves
must be discounted. The most obvivus difference
between the multiple-scattering results and experiment
occurs near 0 = 0°. where the experimental mtensity is
amost zero. In an attempt o determine whether this
large difference near 8 = 0° could be removed by
varying the calculational parameters (phase shifts. E.
and Vo) while retaining the assumption of s-state
emission. a series of calculations was performed n
which these parameters were allowed 1o vary over
physically reasonable ranges. None of these calculations
produced results in which the 6 = 0° mtensity was
greatly reduced from that of the top curve of Fig. 1.1,
At present. then. we are forced 10 conclude that 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 cakulations for emitted ~artial waves having
(ILm)=(1. )and (1. 1) these produce zero miensity
at 0 - 0°. This also occurs for any partial wave withm
# 0 relative 10 a2 coordinate sysiem whose 2 axis is
nomal 1o the surface.

Since the 62V Auger emission for copper involves
electron transitions between the valence band and core
states, it appears highly unlikely that any model that
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. 2 model could be formulated
in which the emission is represented by a limear
combination of partial waves having different (/. m)
valuss. Such 2 model would not only entail rather
elaborate calculations, but it would also require know!-
edge about features of the electronic structure near the
surface which ace not adequately understood ar present.
Thus, it might be more fruitful for the possible
development of ADAS as a tool for surface-structure
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amalysis i cxpermments were perfornmed wsmg Awgrs
tramsithoms mvolving oaly core states.

1. L YDenaell D. P Woslswfl. 2ad 3. W._ llelland. Sarf
Scr S0, 91975y

20 M Zchacr. § R Nveman. d L P Jenkons. Sobid
Statc Comamn 18,435 (197%).

3 IR Nownm D M. Zchocr. 2nd L H Sk /. Vox
Sz Tecioued 13, 183 (1976).

4 DY Jopeen P U Yorcws. 208 ¥ Jum Py Ry B S.
3397

S 3% Soland./ Fhvs C85. 2671941975

& D. P Wepdrafl Sarf Sc2 53,538 41975).

7. 3B Pendy. ] PAvs CB.2413 1975

NUMERICAL TECHNIQUES FOR LOW ENERGY
ELECTRON DIFFRACTION ANALYSES

H.L Davis

Low ewergy clectron diffraction (LEED) s now a0
csabinhed techmique for e imvestipation of sarface
siracters. Valwable mformation concermmg the sym-
metsy of serface stiractwres can be obtaimed dwectly
from she diffraction patterns observed m LEED ex.
periments. md wach more mformatior  becomes
polentially availabie if beam micmsitics are measured a5
3 fenction of ele-trom ewergy . Given miensity data from
2 surface. however, extensive samerical cakulations are
requiwed for the extraction of mformation such as the
atomix locations and the | ond distances m the surface
region. These calculations mecessanly mwst be com-
cemed with the mechanics of how the mcident elec-
troms are multiply scatiered by the atoms m the swrface
region to produce the reflected beams observed m the
LEED experimems. In the past few years. deveiopments
in the wnderlying theosetical fosndations' have resulied
» several relisble techmiques for performing multiple-
scattering cakuwlations. but each of these techwiques
requites the comstruction of elabosate computer codes
before it can be exploined.

As pant of the growing serface-studies program
within the Division. computer codes that will be weeful
n exiractling surface mformation from LEED miensity
meassrements have now been developed. The codes are
based on the remomalized forward scattering method
of Pendry’ and showld prove useful for ireating data
obtained from clean surfaces for emergies m the range of
about 20 to 250 eV. The codes have been extensively
debugged by crmpering the results obtaimed from them
with those of several published LEED calculations >4
ft is amticipated that the firs! new application of ouwr
codes will be 10 the treatment of LEED mtensity data

from the 1 110) sweface of copper. which s wona to be
comsidered by the Dmsion’s cxpermaenaal surface
poup. Al the same lmme. severa multislescattermg
subprograms of the codes have already been very wseful
m the diooretncal malyss of angular dependent Auger
spectroscopy

1. See_ for cample. J. 8. Pendvy. Low Fnergy Eicctvon
Deffouctoon. Academs Press_ New York. 1974,

2 5.B.Penixy. J Phys C4.3095 (197D

33 Y. Tosgand L. L Koamudd. Py Rex 8 8 3753
173

4. 0% Jepoen P M Mscws ol Jom Fhvs Rex B S,
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S H L Deses aa] T Kapba. “Theoretical Amalyss of
Ampulyr Depemdent Auger SpecirowoPy.” this report.

COMPUTER STUDIES OF THE INTERACTION
OF LOW-ENERGY LIGHT IONS WITH
SOLID SURFACES'

0.5.0m M.T.Robmsom

Throudh charge exchange. 1ons can escape from the
magnetaly cafmed plasma of a3 coatiolbed thermo-
muclear reactor and can interat with the walls of the
contamment vessel. Some of these escapmg neutral
aoms wll be reflected from the walls back mio the
amd come w rest withm the walls. This pastiche
recyclimg s very mmporiant m the design of a thermo-
mackear reactor smce o affects the patticle emergy
balance of the svsiem. A comprechensive program
stedy the mierxtion of bght ims with solid srfaces
was mitiated (wo years ago’ 344 durimg the past year
two papers have been writien® - describmg some of the
results. The studies utiized the bimary collision cascade
program MARLOWE * which was modified 1o treat the
sefleciion of low-energy light ioms. The calculations
were performed for 0.01- 10 20keV H. T. and He ions
mcident upon amorphous taigets of Al Cu. Nb. and
Au. In the smulation the incidens pasticles are fol-
lowed. collision by collision. until they cither leave the
target surface agam or gow down (0 some cutoff energy
15 eV), Eaxch collinon with 2 target atom consists of n
clasinc past described by 2 Thomas Fermi potential and
an inclastic part bxsed on 2 semiempirical model. For
exch set of mitial conditions. 1000 or more mcident
partiches were followed, and statisticall miomation was
recorded fov those pariicles comimg o rest within the
solid and for those reflected.

The mean penetration depth for low-energy kight
ioms 15 found 1o be only 2 small (raction of their total
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path length. This s due to the many large tadom
deflections. which kead 10 2 Ettusiondike motion for
the projectile. For 2 speaiiic  projectne e mean
penetration depth in amy of the target matenaks
expressible n terms of 2 wnversal curve. This univer-
sadity breaks down at the lowest progeciile eneroes.
where the nuciear stopping compunent s an appreviable
fraction of the total stopping. The penetration Jepths
calculated for hydrogen wons are from 30 o 1007
geater than those found amal vically by Schiert”
These differences are believed 10 be due maindy 10 the
ditferent  wreaiments of the free surface. which ©
difticult 10 include propedy n an analytical treasment
the presen! computer simulation automatically treats
the presence of the surface by separating the teflecied
particles from those stopping within the solid 11 is also
found that the meas. renetration depth has ondy 2 weak
Jdependence on the angle of beam ncidence . whereas it
might b2 expected 10 have a2 cosine dependence. This
rather surprising result is understandable on the basss of
the diffusiondike motion of the projectiles. which
quickly “forget™ their omgnal diection of motion
upon enienng the solid. However. the fraction of the
beam that stops within the solid decreases a. the
incident angle invreases away (rom the surface normal.
and total reflecnion occurs at a3 onital ange which
depends on energy and o the progecide 1arget com-
bmation m 3 manner anzlogous 1o that tor panar
channelmg. The cakculated penetration depths are
Tound to be rather weakly deyendent on the electrons
stopping. For instance. increasing the electronic stop-
ping by 507 decreases the mean penetratiom depth of
4keV *He in Nh by only 137 and produces only small
changes i the werall penetration protile. The calcu-
lated penetration profiles agree fairly well with the
recent experimental work of Behrisch e1 al” for
low-energy *He 1 Nb

The fraction of particles and the fraction of energy
reflected are found to increase with increasing atomic
number of the targes material and to decrease with
increasing incident energy. For  hydrogen incident
nomal v amuorphous mobum. the reflected pariicle
number fraction decreases tfrom (.63 0 014 as the
mcident energy increases from 0.1 10 10 keV. The peak
n the energy disinbution of the reflecied particies
shifts 1o a lower fraction of the inc:ident cnergy as the
mcident energy increases. A qualitative understanding
ol the overall results can be obtamned by viewing the
reflected fraction of patkles o consisting of two
components: (1) particles that are direcily backscat-
tered from the surfa ¢ layer of the target and (2) paru-
cles that penctrate the surface and undergo a diffusive-

vpe motion mn the solnd beture ocapng through the
surface. The calculatns agree farhy well with the
limird expenmenial data available.

1. Semmany of paper to be publidaal.

2 M T Robmraon sad O S Oen. Sevind Siate Dix
Mog Rep Dec 311979 ORNL-SO2E p o

305 Ocnand M. T Ribmron. “UComputer Studus o
the Pemetratnm Depth of Lew Fwergy Loght boss i Solads.™ 1o
be publrdacd.

CO S Omoand M T Robrwn, " Computcr Stedaes of
the Rethevton of Laght boas from Solsds ™ 14 be publethed .

5 M. T Robwn ond | M. Torem Py Rer 8 4. 5008
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6 H . Sohwtt. K NDur Videmk Schk Mar -Fvo Modd
IS Ne 9.419%5)

7 R. Behriah. j Bottaeey. B, Bkvien. U Iatmnari. 3.
Roth. and B. M. L' Scherzer. Appl PR Lete 27,199 411975

RELAXATM™N OF SURFACE ATOMS
John H._ Barrent

Davies et al' recentdy reported channehng meas-
urements showmg the effect of relaxation of the
topmost laver of atoms wn the (11 surtace of
plaimum. Their method was 1o measure the etfecive
number of surface atems per row contributmg To
backscattenng. From ther resuls, they interred that
the surface fayer relar>s vutward by 0.31 £ 0.05 A

A seres of computer smulations has been com-
pleied o1 the .ume set of conditions. The results are
shown in Fig. 1.2. The general natue of the calculated
values s smilar 10 that of the expenimental ones. but
the magnitude of the relaxation nferred is appreviably
smaller. bemg 0.20 £ 0.03 A. The error estimate hese 1s
parily due 1o scatter in the simulation values but is
mosly due to watter in the experimental values. The
main ditterence between the refaxation value just given
and the carlier one of ref. 1 1s prohably due 1o the
inclusion here of the effeces of thermal vibrations and
the excluson of them in the provedure used by Davies
et al. A value of 0040 A was used for p, the
rout-meansquare displacement of an atom rom ils
row. at the expenmental temperature of 40°K. fiis
pussiblc that nterpretation of the experiments will also
need 1o take into account the special natuse of surface
vibrations and the correlation in vibrations of neighbor-
ing atoms; these factors will be explored in future
calculations,

Computer suimulations can be of value in inter-
preting such ~xperiments in 2 number of ways. At
present they uifer the most axcurate method for
determming the magmitude of the relaxation. A second
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Fig. 1.2. Effective wmamber of atoms per son contributing at
49 K 10 beckscaticring foom the 3 (111) smeface for heliom
woes incident aloag [011] 2t vasiows enesgies. The crosses and
curves drasn theooph them are computer sanalation resalts for
relasation of the wriae ayer of atoms by the amount shown
near cach curve: 1 ciches are experimental values of Davices ot
al.

useful contribution would be 10 establish a2 more
accurate expression than now exists? for the effective
number of surface atoms per row in the absence of
relaxation. Such an expression will be helpiul in
determining just how much of the backscattering is due
to relaxation of the surtace laver rather than to other
factors such as thermal vibrations. And. finally. com-
puter ssmulations could help to validate analytical
approaches 1o the problem: one such approach is
already under way along the lines of eardier blocking
cakculations by Oen ?

1. 3. A. Davies. D. P. Jackwn, J. B. Mitchell. P. R. Norton.
and R. L. Tappimg. Phys Lerr S4A. 239 (1975).

2. ). N. Barret;. Phys Rev B 3.1527 (1971,

3.0.S Oen. Phvs Letr 19, 358 (1965). O.S. Oen.

“Blovking Cakubitions for Surface-Stricture  Apalyss.” this
report.

BLOCKING CALCULATIONS FOR
SURFACESTRUCTURE ANALYSIS

0.5.0en

The sheoretical biocking model® developed several
years ago to intcrpret 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 experimental methods. although differing
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n pnnuaple. make use of the channeling and blocking
phenomena. The two-particle. analytical blocking
mudel mcludes effects of thermal vibrations which are
descnbed usng 2 Gaussian probabaity distribution for
the relative transverse displacement of the emitting and
scaltering nuclei. A computer program has been written
to evaluate the miegral gving the blocking pattem. The
model. n addition to helping miterpret experimental
rewlts. is expected 1o complement the dewailed samula-
tion analvsis program of Barrett

1. O.S. Ocn. Py Letr 19,358 11965).

2 J. A Davien, D. P. Jackscu. J. B Mitchel. P. R_ Noston.
and R L. Tappme. PR3 Letr S8A.23941975).

3 W. Turkenburg. “Proceaedings of the Intermatsomat Con-
ference on Atomi: Collisions s Solids.” specl isswe of Vac!
Instriom_ Merhods tim prew).

4. John M. Barvert. “Retaation of Surface Atoms.” thie
report.

LATTICE DYNAMICS

LATTICE VIBRATIONS IN RS, K, ALLOYS
IN THE COHERENT POTENTIAL APPROXIMATION

Mark Mostolles  Theodore Kaplan

Coherent melastic scattering measurements of lat-
tice vibrations in a sequence of Rb, K. alloys were
performed at ORNL several years ago.' The concentra-
tions of potassium in the crystals studied were ¢ = 0.06.
0.18. and 0.29, and as expected. a local mode band was
observed which grew in miensity as the concen fation
of the lightes mass atoms increased. For comparison
with the experimental results. coherent potential ap-
proximation (CPA) calculations were carried ot in
which the potassium atoms were treated simply as mass
defect; in the rubidium lattice. and force-constant
changes in the alloy's were neglected ?

The mass-detect CPA calculations gave results in
pour 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
wattering wave vectors near the zone boundary along
the [110] 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 2 self-consistent mean field theory not
capable of reproducing shape structure in the local
mode region.?

As shown by the authors.*# forceconstant changes
can be treated within the framework of the singlesite
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CPA if the force constants m the aloy are assumed to
superimpuse  limcarly. A restrictive statement of thes
assumption, but oc: which is applicable for nearest-
neighbor foscevonstzas chamges in an aloy hike the
rubidium - polasium system. s that the A-B force
constants i the alloy ase the arithmetic average of the
A-A and BB force constants. For the Rb, K, allovs.
we have made the further 2ssumptiva that only changes
im the radial wearest-meighbor force comstamts are
wmportant. these are the sprimg constants for vibrations
of a pair of first meighbors aloog the direction between
them.

Despite the apparenty drastic aature of the simph-
fying asumptions made concerning the forceconstant
changes, the CPAF. » we will refer to owr (PA
treatment including forseconstant changes, is compu-
tationally somewhat difficelt to apply. For bee alloys
with mass differences and radial mearest-neighbor force-
constant changes, the CPA-F yields six complex equa-
t:ons that must be solved self-consisiently. and in these
equations appear real-space  CPAF lattice Green's
functions that can oniy be evaluated by numerical
integration over the Ballowm zone. The numerical
techmiques used are discuned mrefs. 2 5.

Figure 13 shows illustrative calculated results for
Rbg 33Kg 15 for three values of the local force-con-
stant change assumed. ranging from mass defects only
(A = 0) 10 2 negative change of roughly 20% (A = 400

dyn:am). The clculationms were performed Tor 3 neu-
tron scattermg wave vevtor of Q= (2za) (232500,
ad the results shown mclude mstrumental resolution.
For the host or reference crystal. 3 vintual crystal moded
was uwsed: that s, the force comstants of the reference
crystal were taken 10 be conventration-waghted anth-
melic averages of the force constants m pure rubsdium
and potassum crystals ®-7 As mdicated in Fig. 1.3 the
wal mode peak shifis down m frequency as the
forcecomstant change becomses more negative. while the
m-band peak shifts relatively Little.

Fig. 1.4 compares calculated mass-defect CPA and
CPAF results with the newtron scattering data for Q=
2x'q) (25250) im Rbg g:Kg 1o: for the CPAF
cakulations. 2 loca K reconstant chamge of 300
dynicm wasused. At this scattering wave vector for this
concentration, substastially better agreement with ex-
periment is achicved when fosceconstant changes are
wmcluded. However. the experimental peaks remam
sharper and more distinct than those calculated. Fur-
thermove. the same forceconstam change does not give
agreement as gond as that shown in Fig. 1.4 for other
scatiering wave veclor directions and/or other allov
concentrations, although the CPA-F does generally do a
better job than the mass-defect CPA.

A number of conclusions can be drawn from the
comparison between the experimental data for Rb, K,
alloys and the calculations just described. As suggested
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in ref. 1. the dncrepancy between calculated and
experimental results may retlect the single-ite. mean
field approxmmations embodied in the CPA-F. which
cannot describe scattering from clusters. On the other
hand. inclusion of muore forceconstant changes within
the CPA-F mght improve the agreement between
theoretical and experimental results. More sophisticated
theoretival approaches® and brute force cakeulations for
large clusters of atoms’ may provide the answers to
these questions.
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OFF-DIAGONAL DISORDER IN RANDOM
SUBSTITUTIONAL ALLOYS

Theodore Kaplan L. J. Gray'

A theory for clementary excitations i random
substitutional alloys with off-diagonal as well as di-
agonal disorder has been developed. The theory paral.
tels Movkerjee's®? treatment of alloys with diagonal
disorder only. 1t can be divided into two parts:
11) constnction of a2 new (nonrandom) Hamiltonian
sich that configuration averages in real spxe are equal
to nner products in what we <hall refer to as the
augmented space and (2)evaluation of the Green's
function in the augmented space by applying a recur-
sion method* 1o the new Hamiltoman. Transformation
to the augmented space (which we shall define shortly)
allows one to evaluate the configurationally averaged.
seal-space Green's function directly by computing the



Green's function of the tamtormed Hamultoman  Thrs
method bas many adhantages over other thevnes for
disordered svstems. Besides mch.ding oft - diagonal dis-
vrder correctly . it works well in both the short and long
mean-tfree-path  rewons  and 1t gemerates 3 trams-
lavonally invarant Green's function that s afwavs
analyvtie. The essenual ditterence between our treat-
ment and Mookengee's involves wnting both the di-
sgonal and otf-diagonal elements of the Hamiltonian
matnx m terms of unctioms of an approprate set of
independenr random sarnables ar:? applving the tras-
Tormation to the augmented space I 113 most general
torm. Ia general. the matnx elements ol the Haml-
tonizn in real space must be representad by tunctions
that mvolve products of Kronecker delta functions. By
treating the Kronecker defta tunction as the limit of a
exponential function. the transformation to the aug-
mented space can be casily handled.

The theorv is quite general and can be applied
equally well to phonons exciions. magnons cte. In
order to be more specilic. we mvestigate here the
electronic properties of a bimary A-B dloy with a
nearestteighbor.  single-band.  tight-binding  Hamil-
tonnn. The Hamiltonian H. is gven by the relation

Hy=eb, + W, th
The diagonal clement €; equals cither €y or eg. and the
ofi*diagonal element W,; takes on the values Wy y.
Wyp. o1 Wyg = Wiy depending on the occupation of
sites i and j. Also. W, =0 i =j or Wi and j are not
nearest neighbors. The relative concentrations of the A
and B constituents are denoted by cq andcp =1 ¢y
respectively. The theory treats the diagonal element ¢,
as an independent random variable with probabiluy
distribution pie,). Then W,; can be wntten explicitly as
a function of ¢; and ¢; as

W), = Waahte, ey IMe. e4)+ Wyghle, ey Wle,.cp)

+ W.,\b(f,.tn)’)(r,.(,;)' Wyphic;.cpidlc;.eg). ¢2)

where Me;. ¢4 ) 1s the Kronecker delta function.
We want to evaluaie the configurationally averaged
Green's function G,A¢€). which is gven by the relation

Gie) =II I wii el - Hiep)) - ey
X pleywucs) . ..

pleg).. . deydey . dey . ..

10

whete «; v the vector Jdefined such that W, =
w B oW

To comtruct the sugmented space » Jdescnibed by
Moukere ” proceed as Tollows. Fiist. choose a Hhithent
Pae Og. 2 umt vector \'.,k m O, and a selt-adpunt
operator MY such that
Im LA el M A

hm H

[3 -I"r-“

1
Ht" )= =

Such a sefation can always be Tound for any positive,
mtegrable function p. IV the Hanudtonias s ongmally
defined on the Hilbent space 2. then constiact 2 new
Hidbert space which is the direct product ot the spaces
of the random vanables and 2. Thn space 13 the
augmented space and is detined as

v=R2O AR, x0f... Q=D 5
where = indwates the dicect product. In this space. we

Jetine the operator

- 10)

H-2P:0Q+27, - R
I Ul
where P, 15 the proxction operator onto the site i T, o
the projection operatos onto the pair ol mearest-
neighbor sites / and J.

Q=lzlu. IsMW==I. ')
Ry=Waatlalz. afy.. 2 =0 )
1 VLU ES - FURE- ("2 D |
tWegallzcls. . ofg 2z ).
+Wpgtalz. zfg . 2fgfz1. ). (8
and
£, =Mep). M) fy' = dleg) M) 9

The superscnpt i on M and ' indicates that these
operators appear in the same posiion i the direct-
product definiions of Q and R as o, appears i the
defimtion of d given m Eq. (5). For a binary alloy. cach
o has dimension 2 und

- ifa ':I,

¥
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where

d=CaCy T ORUR.
b=feyt epviearn.

CTeytey 4

=

We approximate the Kronecker delta as the hmat a0~
0 ot the exponential

Ml M)y= £y' = hum expt el MY o (I

g—0
and find that
-1 =l
A § \f‘ﬂ\"ﬂi ;"B - VOACR]
‘A = ; i 'n = ’
iVeacp o Veaes oy !
- - - d
(I 4
In the augmented space formalism we then have
Gher= s, 2 ye (el W' w2y, 1y
where
Yo=Vo' zvaix . vakw .. r

We have defined the augmenied spae and the
relation between the averaged Green's function and the
matrix elements in this new space. Evervthing to this
point © exact. The approximation is miroduced when
the Green's function i the augmenied space is evdu-
ated. We (hoose 10 use the recursion method of
Haydock. Heine. and Kelly* as did Mookerjce in hi
theory for diagonal disorder. This method genesates a
vontimued-fraction approximation 1o the Green's fun-
tion. The wcuracy of the approximation is determined
by the number of levels of the continued fraction which
are evaluaied exactly. For n levels the contributions
from the first 21 moments are included exactly. while
the effects of larger moments are approximated x a
backzround effect. This method is particularly attrac-
tve since it always gencrates an anzlylic Green's
function.

As an example, we have calculated the density of
states of 3 one-dimensional hinary alloy with ¢4 = 2.5,
eg= 285 Wapa =05 Wap=Wia=05 Wyp=10.
and cp = cg = 0.5 uung the augmented space theory
with 3 recurson level of 9. The results of these
calculations are shown v Fig. 1.5, where they are

Oue_-0WE T6- 30528

DENSITY OF STATES

Fig !.5. Cakulntion of the density of states by the Jug
meaicd space therwy uith 3 recorsion leved of 9 (smeooth hee?
and exaxct rewits (histogram) fos 3 onr-dimensional elex tronic
alloy with ry = -rg = 25. Wyy = 05, Wyg= Wy, =08
Wgp=1.0.20d Cg-0.5.

compared with essentially exact results obtained using
the Schmidt method.® Note that with osly 9 levels
the recursion agproxamation. the theory agrees reason-
ably well with the exact results. even Sor this split-band
case. The theury correctly predicts some of the major
peaks in the deasity of states and approximartely
matches the unequal band widths of the iwo bands. For
a similar three-dimensional system. the exact density of
states is considerably smouther. and even fewer levels in
the r¢cursion method shou’d be needed.

One final comment is necessary. Mookeree® hxs
also attempted 10 inciede off-diagonal disorder using
the augmented space formalism. As he noted himself,
he faiked to incude the correiitions between sites
correctly. He sumply replaced the hopping integrals
randomly and thus neglected the fact that if site §
conlains an A atom. then W, must equal Wy 4 or Wy
for all j coupled 10 i Smmlacddy 1l site i ccatains 4 B
atom. W,, must be Wy o Wyy. The theo'y we have
presented here properly accounts for these (orrelations
between sites,
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LATTICE DYNAMKS OF LARGE CLUSTEKS
Mark Mostoller  Theodor Kaplan

When analytical thevries cannot adevyuaisly doscribe
the vibrational properties of alloyvs, it is semetimes
possible to use large cluster calculations to model these
propertics directly. However. despite ihe .oe and speed
of preser:.t computers, relatively spevial techugques s
still be sought in order 1o treat ufficiently larpe
lusters that is. clusters comprising hundreds or even
thousands of atoms. One technigux that has been used
successfully by Haydouk. Heine. and KeBly' 1S trmat the
clectronic properties of alh:vs is the recunion method
This s a form of a technique wrignally devised by
Lanczos.? Using the recursion method. we are able in
princivle 1o cakulate any desired clements of the
displacement-displacement  Green's fumction in the
cluster.

At present we are invesligating the speed and
accuracy of the recursion method for simple cubic, fec,
and bee crystals. A particular Lystem of interest is (b
metallic alioy K _Rb, .. Calculations based vrun the
coherent potential approximation (CPA} do not yield
results in satisfactory agreemwnl with the neutron
scattering studies of these alloys performed v CRNL,
even wien force constants are included within the CPA
framework in the manner propused by the authrys.) .4
1t is hoped that by studying large cluster models. we
may ke able to gain some added insigh! by accounting
for those variations in the force constants and those
multi-site scattering correlations which the CPA does
not include,

Resuits of one of our typical cluster calelations zre
shown in Fig. 1.6. The curve plotted is 1th~ density of
states at the central site of 2 259-atom cluster, averaged
over ten randomly generated cluster configurations. for
a ncarest-neighbor  force model of Ko ;gRbg sz
{nominal concentration). The sharpness of the structure
in Fig. 1.6 is in part due to the relatively small cluster
size. ans to the small number of coniigurations aver-
aged over

I is hoped that the recursion method will enable us
to evaluate neutron scattering cross sections. but it is
not known 3t 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* 10 calculate electronic spectral density
functions for large clusters. This method is aso undes
investigation.

I. R. Haydock. V. Hyine. and M. J. Kely. J. Mhys. C 8,
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NEUTRON SCATTERING FROM COMPLEX
DEFECTS IN SOLIDS: SELF-INTERSTITIALS
IN FCC METALS

R.F.Wood Mark Mostoller

When an atom enters a crystal as 2 substitutirmal
impurity, it perturbs the phonons of the hrii material.
If the impurity atom is lighter than thc aiom it replaces.
or if it is much more Xiffly coupled tu iis neighbors in
the lattice, the impurity vibrations may be local modes.
with frequencics above the maximum frequency of the
host crystal. A heavy impurity. or one that is more
loosely coupled to its neighbors, may give rise 1o
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 cuficeninations
of a few percent.

If a molecule. or molecular-like complex rather than
an atom, is introduced substitutionally into a crystal,
the cenier of mass perturbs the host phonoms in the
same way as a3 simple atomic impurity. In addition,
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however, a wolecular inpurity mzy have intemal
vibrational. rotational. or Kbrational degrees of free-
dom, and hese mternal modes can produce effects not
found fur simple defects. Specifically. the intemnal
modes of complex substitutional defects may hybridize
strongly with kattice modes of the same symmetry if the
mpurity mode frequencies lie within the host phoson
bond. The theory of thir hybridization can be de-
veloped in 2 form simiat 10 localized perturbation
thewry for sabstitutional defects but w52l & resonant
pertwrbation. that is. =z wach mvolves an energy
denomin~s, (W* - wy?) which becomes large in the
wnmmediate aeighdorhood of the resonant frequency
wy.' Through their resonant hybridization with the
Isttice modes, the intemnal modes of complex substitu-
tional impurities may be observed by neutron scattering
at impurity concentrations orders of magnitude smaller
than \hat required for simple atomic impurities .t~ 3
Several examples of complex defects in solids recently
have been studied and currently are being studied in the
Solid State Division. Here we will discuss the theoretical
work on the (100h-split or dumbbell interstitials in
copper and aluminum: two olher sysems will be
considered in the lollowing two contributions to this
2nnual m_b.‘l

At low temperatures, the siable configuration for
seif-interstitials iu copper and aluminum appears to be
*he (100)split conliguration, in which the intcisatial
and 2 host atom form 2 dumbbell centered at 2 norrwal
lattice -ite and oriented along a cubic axis. The
librational wodes of the dumbbell are expecied to be
quite low in frequency® and to undergo resonant
hybridization with the lattice modes: thas they should
be observable by coherent inelastic neutron scattes-
ing.2? In experiments performed last year at ORNL.,
ususual structure and 2 resonancedike frequency shift
were found i the coherent scatfering ~.iuss section of 2
neutron-isradiated copper crysial al very low lempera-
tures.! However, the structure Jid r.c vary as expected
with chenges in the wave vector. and neither effect was
completely removed by annealing at 300°K, where, it
hes been thought. single interstitials are nv longer
slable.

Several approaches are being pursued in an cffont to
explam some of the unexpecied features of these
experimental results. One approach is to include the
experimental resolution function in the cakculations,
and preliminary results indicate that this may have a
significant effect sithough it seems uniikely that it can
explain al! of the discrepancies between theory and
experiment. Ancdher approach is (o use simple models
1o mock the effects that modified interstitials, di-
interstitials. or other interstitial complexes might pro-
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duce. We have further developed our computer pro-
grams (o include the effects of two resomant denomi-
nators in the perturtation matrix. It was Ut im-
mediately obvious how to do this. but the present state
of alloy theory imdicates that a suitable approximzuvn
for the sitwtiors envisaged here is v wrixe the
seifenergy. Z, as » concentration-weighted averags of
the two ¢ Sustrices: that is,

Sz teyn. )

The concentrations of those defects whick hw reso-
nance denominatons (w” — we 12 ) and (W? - we,?) are
¢, ad c;. amd 1, and 1; are the correspording
r-matrices for the individual scattering-hybridization
processes. Calculations within this approach show that
complicated patterns for the shift of the phonon
frequencies can occur: Fig. 1.7 illustrates one such case.
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Although we could continue calvulations of this nature.
the sumocr of parameters involved in the model ang
the degree of accuracy of the experimental data make it
unwise 10 carry out extensive new cakulations uatid
further experaments can be undertaken.
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THEORY OF NEUTRON SCATTERING FRGM
PHONONS IN KCICN™

R F. Wood Mark Mostoller

Cyanide ion inpurities m the alkali halides appear
to behave a5 hindered rotators rather than as fixed
librators (as the (1000split mterstitials in copper and
aluminum: might be described). In the cubic crystal
fields of the dkali halides. the rotational ground state s
3 tumnelsplit multiplet involving the cight equivalent
(1) oviemtations of ‘he CN™~ ijons. and the lowest
excited states are coupled to this tunnelsplit ground
state by low-frequency phonons of the host crystal. In
the firs! neutron scatiering experimments carried out for
the purpose of observing the resomant mining of
impurity iztemnal modes with lattice modes. Walton,
Mook. and Nicklow' reported striking new structure in
the one-phonon coherent cross section of KC1 doped
with CN  ion impurities. This is shown in Fig. 1 8.

We have performed simpe model cakulations,
based on extensions of Klein's two-level theory for such
systems.” which give qualitative agreement with the
experimental results of Walton, Mook, and Nicklow.
These cakculations 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 expuri-
ments were intended only to show that the resonance

1. R F. Wood xnd Mark Mostoller. Phys. Rev. Letr. 35,43
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coliegent Auwtren scattering crass section from KCELCN. The
Also, the theweetical corwes have not been convnlnied with
mstrome:tal resaluting lenctien.

hybridization effect does oocur, awd additiomal ex-
periments have not yet been carried cul. It is mot clear
that such experiments showld have 3 high priority on
the Division’s list of neutron scatlering studies simce
other. similar sysiems may be of mire immediate
imterest. The theory of resonance hybridization effects
m KCI.CN dilfers somewhat from the theory for the
self-mterstitial in copper and uminum. The reasons for
this are 100 involved to discuss here, but the most
nolable result is that the perturbed Green's functions
become strongly dependent on the temperature. The
results of Walton. Mook, and Nickicw clearly show this
sensitivity 1o lemperature in that the structure intro-
duced by the resonance hybridixation is present at 4°K
but has disappeared at 300°K. Our calculations are
based on 2 model m which resonance scattering of
phonons occurs by way of virtual tramsitions to two
excited states of the hindered rotator. The f-matrix is
written in the form of Eq. (1) of the preceding
contribution to this report.? and the Green's functions

e v e
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are made ‘emperature dependent in the maneer pre-
scribed by Kiein for the case in which only one
excited state s invoived. The concentrations ¢; and
€3 i Eq. (1) are assumed 10 be the same. From the way
im which they enter *he theory. Uy showld be
considered as “effective concontrstions™ simce tramsi-
tion probabilities are implicitly iscluded in them. We
have, in cffect. assumed that both the comccutrativa
aood the tramsition probabilities are the same for the two
levels. Figure 1.8 shows the results of our calculations
when wy, = 164 THZ iy = 1.71 THz. amd ¢ gy =
0.0018. Cleardy the cahulations give the same behavior
as that observed experamentally; however. we have
made mo aitempt 1o fit the cxperimental resuits
carefully. and we have not included mstrumental
resolution effects.

It is mteresting to observe here that had the utility
of meutron scattering for this type of measurement been
realived carliey. the long-standing controversy over the
orientation of the CN ~ molecule in KC1 could probably
have beem resolved weuch earficr. Even 21 the time
belicved that ihe (N molecule had potential minima
along the (1'00 directions. Although this costroversy
mow seems to have been resolved for KC1:ON 7. there
are wndoubiedly similar systems that could bemefit
from newtron scattsring studies.

). D. Wahen. B A. Dinsk. 29 R. M. Nakieow, PAys. Rev.
Lerr. 33.412 (1974).

2. M. V. Kiin. Phys Rev. 106, 839 (1969,

3. R. F. Wood and Mark Mesioller. “Newtvon Scoitering
from Complex Deferis in Selids: Sel-inverstitioh im IFCC
Mesals.” this repurt.

NEUTRON SCATTERING FROM INTERSTITIALS IN
AgCl AND Aghr AT HIGH TEMPERATURES
R.F.Wood Mark Mostoler

Many of the silver halides exkibit anomalies m theis
high-temperature physical properties which seem fo be
associeted with an sbmormally large number of Frenkel
defects st below the mehing pomt.’ In Aglr at 400°C
(Tag = 422°C). for example, the concentration of Ag®
ions n mterstitial positions is approximately 2%. These
jons are believed 10 move throush the lattice by a
socalled mtenstitialcy mechanism in which the inter-
stitial ion moves on to a nomal lattice site by
displacing the ion previowsly at that site inlo an
interstitial position. This is in contrast 1o 3 molion in
which the interstitial ion migrates from one nterstitial
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site to another without displacing lattice ions. Uncer-
tainty sbout the nature of the mechanism of ionik
migration is increased by the results of calculations by
Hove® which suggest that a Ag® ion is rot in its most
stable configuration at any normal intersiitial site of the
NaCl structure but pairs with 2 Ag® ion at a lattice site
to form a dumbb:ll imterntitial oriented in a2 (11D
direction. The sume calculations suggest that the trans-
lational motion of the dumbell dong tk:e (1 11) direction
iso-called “collinear imtenstitialcy motion™) has a vecy
low activation energy. the motion in which the dumb-
bell changes from owe to another (1] 1) orientation has 2
somewhat hightt activation emergy. and the direct
mterstitial migration has 2 very high energy. The results
of these caiculations weye published i 1956. and high
accuracy camnot be ascribed to them. Nevertheless. ihe
cliculations together with the mmowmaies s vatious
physicd properties are suggestive of a situation resem-
bling th3t for sell-mierstitials in copper and duminnem .

We have been canrying out the greap theoretical
amalysis of the (111) dumbbell in AgCl and AgBr. The
symmetry about the dambbell axis is Dyy. and the
symmetry coordinates of the dumbbell and its sin
fisi-nearesi-neighbor jons have been constructed in this
representiation. Since the symmtry coordinates wos-
wmally used for Oy symmetry are written with the (1000
divections as the principal axes of rotation. 3 transfor-
mation between the two sets of symmetry coordinates
for the firsi-nearest-neighbor halide ions mast be carried
out. This growp theoretical work is tedious and tyme
consuming but is an esential part of the problem. i is
sow substantially completed, and afier ferther
checking, the computer program for calculating the
Green’s functions. r-matrices. etc.. will be comstructed
and the coberent inclasiic newtron watlering cros
section computed. This pent of the cakculation should
changes in already sxistimg computer programs.

The apparent similarities between the Ag* dumbbeil
mterstitiol in the silver halides and self-imterstitials in
fcc metals are mirigeing. However. enough differences
enist 1o make ome wary of confidently predicling
success for meulron scallering experiments on the
resonant hybridization of intemal and kittice modes in
AFC) and Aghs. The most obvious difference is that the
number of intenstitials in sitver halides is a sensitive
function of the temperature. Near the melting point of
Aghr, there are many more interstitials present than in
thermal-neutron-irradiated copper a1t 4°K. but the
temperature dependence of the phonons and the high
degres of anharmonicity in the silver halides at elevated
tempesatures mav mask the interaction of the intrmal
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ad Lattive modes. Oa the other hand, 31 hybridizatioe
effects can be observed in Aglr or AgCl. it seay poiat
the way 0 studies of superioni comdwctivity and
high-temperature phase traasitions by way of seutron
scatiering experiments.

I Sec. for example. D. S. Tasmlouser. L. ). Bruncs. and
A Y. Lawson. Phrs Rev. 002, 1276 (19356): Rebert ). Frionf.
J Appl Phxs. Suppl 33. 94 (192). K. F. Leix 2md D. E.
Schucle. J Py Cheme. Sonds 3. 2051 (1970).

2. JobmE. Hove Phvs Rev. MO2.91S (1956).

PARTICLE-SOLID INTERACTIONS

ENERGY LOSS ASSOCIATED WITH THE
PROPAGATION OF ATOMIC COLLISION
SEQUENCES ALONG LATTICE ROWS

D. K. Hulmes M. T. Robistsn

There is a continuing contruversy over the Tole played
br crclawed collision sequences m the productivn of
radiation damage. The present study is an atiempt 10
eslablish it to the kengths of sch sequences. swe
AWNc Current wtas sugpest extreme soqucace kengties of
hundreds of atoms. It is also of interest 1o compare the
resulls of improved caloulations with the MARLOWE
cascade simulation program. for which the hasc bisan
collision approximaizon is unseliable v the low ewerpy
range «of micrest for these collision sequences.

The caeulationat method used for this study is the
Small Atomic Group Program (SAGP). This program
acurately computes the classival trajectonies of swall
poups of atoms i motion and can thus be 2t w2 10
represent the (ransfer of momentom down a artice row
m e preseme of close neighboring atoms. 1 is the
enerpy boss 1o these neighburing atoms which limits the
fmal kength of collisin scquences, and | is alw just
sawh hvses that are powly cakulated in the bimary
wllison approximaton. The inleration potential has
* been taken 1o be the Molier- - the Bom  May<r with
parameters chosen o represe:.s copper.

Table 1.1 gives some typical values for emerp; hosses
{as alculated by the SAGP) 1o rings of neighburing
atoms tor the (110 row n the perfect (no thermal
vibratins) fec lattce. The brss i . 1o the ring abone.
arvees fairly well with MARLOWF. and quite well with
the calvulatwons of Andersen and Sigmund.' The muore
realistic losses M, are latper hecaise of the showing
down cf the mwing atom in the regon of the ring. and
they apee well with the resulis of Dederichs and
Leibfried® and of Gibson ¢t al.’ Losses, AF;. in the
(10® and (1 11D directions have als heen cabeulvicd by
the SAGP. and they arc much larper. as shown in Tabie

Toble 1.1, Eneogy lossrs oo vimgs of

atighbering 30vus grs wrp of
{119 sequences (copper,
Mslitee pescntinl
. . Ak teV)
EgpcV) Skgechy thoes o the 1omy
ehry b U
1 pUImary CWCTE ) rmg abonc) wth the mext
cham atem prownt)

s ([ n.el

[{{] 0.8 "wel

» ole (LY * 3
S0 wn? 9S3
o "ol [ X 1}

1.2 (w0 be discussed hter). The £ busers are greath
uaderestmated by MARLOWE:.

For the Mulicre posential. the SAGP shows that the
mamg aom fals 0 break theosgh the rime of
weighburs below 2 weriam “pemetration cmergy E,-t
s found 10 have the values (Molcre poiential) 14 c(’
for the (11G daecinm. 10 ¢V Jur the (JO0 dnvinn.
amd 30 eV for the (11 1) directnm. Below these energies.
only muscaom nn aasterrad Jown the owm: the
replacement provess ceawes. The emergy ramsierred man
siill be semificant. amountmg to 957 m the (110 casc.

Anther quantity of mictest is the fucusng e
Fp. whah b defined & that emergy below whch the
angular deviatnm of the nwston from the Btine om
decreases from step o sicp down the cham. In Table
1.2 thewe encreies are aven as cahulated by the SAGP.
both for the “hare™ row £, of aloms and s with
the rimgs of nenghborme atoms £,'2°. The preseme of
rmgs stecrs the muovimg atom hack toward the row. and
the resultant effect os called ~“asasicd focusmg.” Thus
the quantity [£,.'3) E VS s wme
measic of the meamum number of  replacement
collisions 10 be expected in a collision Jhain. This ratwe
ts also given m Table 1.2

These results of the SAGP can be used 100 mprove the
~akulations of MARLOWE. In 2 given J00¢V radation
domage cascade i copper. the MARLUWE program will
show 3 certaim mumber of hng replacement sequemces.
Usg the sesults of the SAGP. such seymences can be
corrected 1o muore reabisin. swwicr kengths. Averapng
wer 1000 different cascades. the following results are
oblained for the numbers of replacement events to be
expected:

fwdated replocements 4
Replacemenis  paws 70
Replavemenis i wquemes of 1s.0

theee o mnre soms
(Namber of cqmenves 3 aiovmn ey or longer) (39

Tetal namber of replavements F



7

Tabie 1.2. Focusing camgins is coppev (Maliser potental)

(2]
Er  vmmssmnctt ' canmacty tnergy lom W Y -E,
ispe ot ron W e .c;.q a —_——
EF‘ «V) lef,:'”l
Iio 3 17 087 45
Tom 1 » ¥ ] 2,
A asn? 235 132 149

“Actually_ 2 value of 10 & brtacr fov dhe - 111 dircctren bocwse of the sypmficast ne » AF;

s the ewcrgs Talls l‘m-}.’,,-'” " E'.

Aot 2l the lumg sequences ase of the (1 10 type. and
only wnder extremely favorable comditions B 2 s
quence be lownd W uavel 50 slomic distances. even
Aoming for 2n el defocusmg porion and 2 limal
“momentem ansier only ~ purton tdows 10 JeV)

A furthey comsideratn m the shortenmg of collisun
<hai~s s the presence of thermal vibeatiows. The SAGP
has ot been adapied W icdude these: so the calowla-
taws have boem periocmed usime MARLOWE. Thes the
mflmence of the ncaghboring negs kas oot been so well
cvalmated (o some cowmsideratom of thes powst. sev
Sanders amd Flun® ). bus the resalt of the displacement
ol Jam asoms lrom thew proper postums has been
ewmphasized. In pemeral. therwol vibvations tend o
detiect the collsion scquence ol the perfect latte
disection. with comsequenthy  greater cmergy  Joses.
while the fvssng wndency at hvwer cmerpes may
parinlly compensate for this effect. (These pumts have
been diwusied with malyinal cakwlatows and com-
porr vwmubtwon by eb-wm. Thompum. and Moent-
pomery.' by Pugacheva® and by Agasovich and
Kwsomn_7) The MARLOWE progiam allows the miro-
duction of thermol vibiations. and the provedure s to
perform many cakoulatnms of the collison cham kength
2 3 peew emperature and (o waape over the resills.
The dstribution of kengths 1ums out 10 be bivad and
shewea.

The result fov the reduction W average sequence
length with increasing amplitwde of thermal vibration is
shown i Fig 1.9. In the ligare, the average seqacme
lemgth is ploticd apamst the reciprocal of the rom-
mean-square {rms) of the ampiude of the thermal
vibraton. expiessed wm umits of the latine parameter.
(To makc the compatmn mwe cvident. Zero-pownt
vibuations w copper wmild correspond 10 an s
amplitude of Y, o of 3 lattive distance.) The sequences
averaged for the rewalts of Fig. 1.9 are (1100 sequences
m copper swied 2t 25 ¢V and termumated at 10 eV,
For this case the MARLOWE progam gives 2 kength of
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104 atoms n the perfedt. static lattice. The resalts given
shos that ¢<ven sero-pomt vibratons wall reduce this
value 1o en chamn Jdistances.

It oy be sxn on this plot that at high amplitudes of
thermal viboatwons dwere s soow tendemy for U
average kugth 0 vary lmcarly. The partcular lorm of
the plot was chosm 33 2 result of 2 sugpestion by
Thompsn and Buck® that soquenve kugths might
decrease as the reviproval of te square oot of the
absolute emperature mreases.

In conclusion. it must be pomiad ous that the eflects
of thermal vibratwons. dong with lage energy losses to
nings of neighbors. severely lmit the expecied kngths
of all currelawed collision sequences. The present cahou-
bioas would seem 10 mdicawe that (at kast m copper)
sequences oager than 310 atomie distawes ac
mmprobable.

I. H H Andcvon and P. Sigmamd. K. Do, Vidensk_ Seldd .
Mar.-Frs Sedd 348.No. 15119960

2 P i Deicvnhs and G Lesbined. 7. Pivs 170, 3
9%,

30 B Gbuem. A H (wdusd. M. Vaum. ad G, .
Vcy ard. PRis Rer. 120, 12391 1900,

4. 1. B Sandcrssnd ). M. Fhunt. Pryace 39, 129 1 194,

SR S Neten, M. W, Thompum. and 1. Moatzomen .
Praadrs Mox 7. 138511980,

6. T. S Purachonra, Sor. Pnse Soind State RV 75 41907,

TN N Agommnh od V. V. Kevan, Sor. Phis. Solad
Seate 1AM, 2147 41970

3 DO Thempuw and O. Buck, Phvs, Matis Sofids 37. 83
1197,

EFFECT OF CORRELATIONS IN THERMAL
VIBRATIONS ON COMPUTER SIMULATION OF
JON - SOLID INTERACTIONS

John H. Barrett D, P Sachww’

In computer umulation of s ol IRteractions. i iy
often wnportant o nchuke the etfects of thermal
sibeatnns. The only swthed 1hat has been utilved in
the past 1s one i which cach atem i the sodid s treated
as o it vibrated mdependentls of cach of ity neighbors,
AMithough  this approvination 1. much better  than
asuning a3 nigd katiwe. there v v gueston about
what cffcct correlatons m the vibratons may  have.
Jackwn. Powell, and Dulhing® have cakulated a wt of
corrclations from a soventh-neighbor Bom  von Kaman
tensor model which was fitted to experimental phonon
dispersion relatems tor molybdenum.” A method has
been devised (0 use sich g st of conclations topether
with o random number genetator and  appropriate
matns operators (o produce as exlensive 3wt of

It

properh  correlated battwe vibratnms s meeded o
computer sanulation purposes. A vens s number o8
such scquenves has been aenerated and e corele-
twas checked in order o venty that the conrect deaer
of correlation 5 demg produced bt metiend. By
futing a2 suiable anab tval cxprossaon o the e,
obtaincd from the Born von Kartman mesdel. it appears
possible (o0 oxtend the range of corrchatons with
acuray.  deswed. Comuderatam has been gziven 1o
mnimizing compuatenal e B ovprossing e re-
quired matrix operations in the most Siterent torm aad
b utiliving kok-up methuds m computer-siored tables,
Mmimum yacld and surtace yield i chanaclne are
quantitics that have been shown (o be strongly depemd-
cnt un thermal vibratams. So the first test of the efiacts
of correlations will e 10 utdize the resad s of Jackson,
Powell. and Dolling® m cakoulating these twa guantities
for muhy bdenum both with and without correlatons.

1. Chalk Rver Nackar Labwwatornrs. Atomn iy of
Conads Limwtvd. Chulh Rever. Ontases, Canada .

2 PP Jakwn B M. Pouch. and G, Dolleme. PRvs. 11
585, X7 419750

3B W Powcll, P Murich. omd A DB, Wowds. M. Bos.
170, 727 ¢ 19n¥).

INVESTIGATION OF INTERSTITIAL
CONFIGURATIONS BY JON CHANNELING

Jobhn . Barrent

Channeling has been used i many sears 1o hwate
ponitons of impurninn atoan 1osdids. More recenthy.
this techngue has bevn used (o sy iterstnials
trapped at impunities.’ Use of anial chanmelmeg 15 mmwre
convenient W sich studies evause acceptance anglies
are large and minimum s wlds sie small. Howeser. use of
planar channciimg has Trequently been found 1o be mnwe
powcrful m gecuding hetween different ponstblie am-
mratens. Becauswe oF the power of planar chanachng
demnmstrated m o owveral studies. an exploraten was
make of wavs m whxh e wmsiivity of planar
vhannclng  awasurements could e imcreased  sutti-
cenih w that <limierstinals at atiamable conventra-
tuts might be observable. A handicap s that the ussal
massrcients of plana ownimum yicld give 3 valoe of
abit U2, whercas the anial vahwe may he a5 w2
0.01. Tiw usw of double aligment results m cach cawe
m salues that are approximaicly the spiares of those
st gven. A Turther reductnm in the planar case can be
made M kng advantage of the depth dependemce,
which. for ions that are incident parallel 1o the plame of
the channel. consists of a large peak at the surface.
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Fuest resalts indwate that ssmutatwon wall albow comsader-
abh owwe precise determmaton of the displacement of
an mpunn a5 3 conseguence of its havine trapped an
miterstitial.

1. M. L. Smanwm_ . Mawny . and A | Qecomewilie. Pl
Rex. Lerr. 30, W7 4197 M. L. Sumswn 2ad I Nawry. (o
1 Phys $3. 117 019TS),

2. M Dnam snd RMI. Cotwenll. p. ™ m [orrnr Depenrs
and Thew rtevectims. od. v R, R. Hhammti. Gondos aad
Breach. New York_ [19e7.

ENERGY DISTRIBUTIONS AND RANGFS OF
PRIMARY RECOILS RESULTING FROM
HIGH-ENERGY #- 8¢ NEUTRONS
IN NSOBIUM AND GOLD'

LB Roberic M. T. Robimsom €. Y_Fe?

The use of high-energr  neatroms from the devterom-
breakup rection presents an Atractive possibility for
asmalatmg the 13-MeV compor it of 2 fuskon reactor
neutron spectrum. The deuteron-brcakup scheme offers
detmite advantages m flux and cxperamental volume
wver other propused sources bur it is characterized by
an energy spectrum that o very broadly peaked near 15
McV compared with the monvenergeix distnbution
characteristic of d 1 fuswon. We have mwestagated the
effect ot this broad cnergy spectrum on the resulting
pnmary recod energy  distributums i nwbim and gold
and have correlated the sesulis with experimental
measurements of the ranges of praman recuils resultimg
trom high-energy (2. 21/ reactnms using the Oak Rudge
d Be ncutron source.

The primary recod specira were computed using
techniques described n the followmg artacle of thes
rept.’ The results of the cakeulaions for mom-
energeix 15-MeV neutrons and d - Be neutrons { roadly
praked near 1S MeV) are shown for mobem m Fig.
1 12, Altheugh the neutron spectra are very different
o the wo ases. the reulimg recod] energy distribu-
tuns ae quite similw, cach dominased by clastic
scattermng at lower recoll energes. with 2 broad
shoulder due o nonelastic miteractons at hagher enes-
mes. It 1s mteresimg (o aote that the d Be neutrons
produce a recoll spectrum that 1s sofler than 2 15-MeV
spectrum wer much of the range of high-emergy recoils,
even though there are sgnificant numbers of d Be
ncutrons sbowve 15 MeV. These higher energy neutrons.
however. end to produce relatively fewer hagh-eneigy
recotls since the nonelastc scattermps are sprvead over a
wider range of possible recoll energies. The overall
results arc similar for gold and indicate that speciral
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Fig. 1.12. Cikculnted primmasy secad specom for §5-30:V and
J-Be seatonss i anbism. The corve bivcled F PR 5 2 seoem
estmmate of the recoil spectrem Sor 3 seobm e wall ma 4 1
Toa® rex b,

deficrences between pure 15-MeV neutrons and dew-
wron-breakup neutrons peaked at the sane energy ase
oot stronghy reflected i the correspundmg pramasy
recoll distributnms.

A pnd mdication of the relbilny of thee recmmld
cahulatins can e obtamed by comparine e\per-
mental ranges of primans reconds rewltmg from J Be
neutions with theorcinal ranges baxed on the caku-
lated recodl emerpes. We have made thn comparson
for radoative secords resulimg from (8.28) rea-
ons  awbum and geid. In the experamental meaaxe-
ments. the number of radwacime recols collected on
paphate catcher foils was compared with the remaming
atwity m the s The eniticd fracinm of (8,.27)
xtviy from the forward wsface of the target fonl is 2
divect measure of the projected range of the reconls.
These experimental ranges are comparcd with predicied
ranges based on Winterhon's®  reatment of the
Lindhard theory m Table (.31 The (A7) reaxinm
aczoums for the majority of the hogh-cnergy reconls m
niobium and poid. and the close ageement between



Tabie 1_3. Pougecoed canges of grwmary
srvais with svczage emengy J
scysitng fovm (= 2u) seacterns m sesbunem
and goid wxduncd with lugh-curvgy o -Be ncutoens

r Mg ood ramee ¢
Marcrui (L 1} L
okeW The-oay frperimen:
b ] 28 4% =%
As v » 12

theony and avperment sugpests that vur thearctacal
caloulatans o el cacrpes ¢ teawmable Be wan
amdede that neutron damage cllect: nwanted with
recdl spoctra Nwemld be samalar ter puse 15-MeV and
Jeutcrvm-brcadup ncutrons of the M can Ty

I. Semmmary «f pegct o b poblrdeed.

Newgton Fin wa « Deeem ORNL.

5. B Reberte snd W 1. Resbmvm. The Faciy D pend-
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THE ENERGY DEFENDENCE OF
NEUTRON DAMAGE IN COPPER AND NIOBIUM'

J. B Rusberter M. 1. Robevun

Primany recod spectia aed specdn damape cnergey
howe bezn computed e Reutnag MIcTa lnns B copper
and mobmm for neuvlion encrpes up to 32 MV, Tiw
ckulatewns ¢ hawd on theerefwal neutzon clos
scctums® and we usetul w e derpirn of both
sputicrmg and balk raduaten cftects Prevnes (3eas-
ments of aghrencres neutron damage have been limited
to acwiron encrocs kess than 20 MeN . the upper laman of
sustimg wackear data fikes uwh »» ENDE B The
extemam o the damage caloulatnws 1o hagher encrpes
5 mecessan o undersiand radaton  effects from
proposed  dewtcron-breakup o spoiatan  neutnr.
smrces that moude acutiens with cacrpes up 1o 30
MeV and mure.

The present cakulatnms dwade Thwe prssuble nuckear
reations mio four groaps clasin «watkermg and mon-
clasiic micvacinms wmth 2 ncutnw, 2 profom. o a0
alpha particke 2s the fwst partnke cmited. Subsequent
pariwcle cmssions m nonclastne svents ase agored. This
approach smplifics both the nuckar physacs and the
damage calculations and alows a2 convement means for
vomparing rebitnve  contnbutions (rom the prowipal
e ton 1ypes. For elasin watsesmg. the pramary recond
probabidity densitics were  computed s sums of

21

leacndre pohnomials with eoerpy dependent axtty-
ents derned from the theorziaal aaiulstons * Aac
2 tew medlon cectron volts, dwe clsinally wattered
ncutiens afc srongh poahcd 1 the Tormard directan.
dewountmz the rcatne clstn comtrduten o the
damaee cnerss o hracting the neraex reved emergy

For noechasine mtctacmms. the theoremal muckear
dta® were m e fam oF emergy speaina tex light-
parinie (n, p. or ab crswoms. Thewe dictobuinm were
tanstormed mite heany pariaie recod spectra v wane
the Amcmatn watlermye cqualews - cypress the po-
man seull caeTer 3> a Tuncien of the hght-parinke
ool enery and directams. It was nasmed that the
caciry wd angular dtrbutsny f the laght partakes
were mdependent. Poman recot! probabiliny Jensies
tor $mm) and LAY cvents IG nadbtum are dnvmn @
Fig 113 tor varmeus neutsen encrzies In the treure T
the recet enern wmith T, i quumum pensbie
wdue Thew distribursns src haswd - fhe ssampts
that dw hight pariwks are cetied iwiropnah m i
Yoy centra sysdem. The nomclastane recds ae peabed at
T a4 whch corresponds o the mavmum Kncmatr
calih alowed melninity and theretfowe to b light-pars-
Je emerges. This result supyeerts the approaimatsm of
e tmg the cominbuten o subsequent  partacke
cropsstony Lo the reco cneres

Dagage coerges were dermsed troam the tecod specing
vung the Lindhard theon of dkectsomn stopping. The
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Fig. 1.13. inslastic sexnil dnwidutions fov mubiowm ot swveral
RPN cnevgies.
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SPIN WAVES IN NICKEL REVISITED
J B Coudke

In 2 recent paper. Covde d D' prosented zestits
T e EARCIx dhRami s cpubiits (1. L) ol
nahel. ahulscd withm the tramcwesh - a5 itcs ant
cectn wmplnm 31 bm omperabros. The wabala
en maluded the hand and savevelior epemdkemac o
the ksl wreened coubsmb motay ckawenis 2
wli-conwtent wav. The cadvulatens s codulh e
dncd the bestreopi ypo-wate detse s cane -Pened
m anhel o well oy i Eappearanue oo e wpen wnes
shme the [111] drecmm o o reupeaad Dt in
cmbiaxl ke apenent. henower. seibdelucd  yan-
wanc pesiy were bimmcd cul o the Bodlounr: oz
ramundziy shmg the [ 1O ducoinm. and o ond sk
shac the spa-mane poab mas Land cecr g sestr Jed
taes ol mane okt Fhose canziate e mere tuxd L
a owedted  Gaai-Rachenbeirer oGRs mremge o
sheme Incrder nnomvestimate dhwi s ey dorvhee
b sTudh @ geater detad the woond peak found 1
Uq. .0 nhbtsmal dbulatem. P heon creed
nmg o micgataon whemxe bowd o dw tetrabed:
nath-d” This metesd n expeited o gve wawahar
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beisa axwray hur that purtnm of the mscgratasm werny
ncar de Fermm surtace.

Rewsles for Yt ) cbamed v micpyatme over 1024
wtracdka m e wrcdscibie Brllvwm sone ¢ hose m
Fig. 116 Sor vanves values of igl alomg e {100}
divection. A pht of he spm-uawe dpersh B WS
obtzecd from te postums of these peaks s shown @
Fig 1.17. These resslts ave corntially identacal o those
vbtaimed from e GR shewme. and thes the appasest
dscvepancy between dheony 2ad experimcst et be
ateribuicd b gumerical evvors m the caloslation.

Toar csults m Figs 1.16 2nd 1.17 dhow guine Jdealy
that dheve e tow spm-uawe boaadies. 1% appew w
wacrxt. and 3 ppreciabie scalicTIRg IMGCAHY GCCS
Tor the wpper bwanch onls i the rcpon whese the two
branches mteract strongh . The peak heugln of the bowey
branch s found 0 be et s order of sageitede
swalier fos igi > C. ¥ (m wets of °r ¢ withe the bt
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Fig. 1.17. Cakaloted spin-wpe dupemion come slong the
{ v89) disextinn for nichel.

cunstant) ton e ig =~ O1. m apocvent wath the
cubier Ghubdams. Thes rebsimehy sl scatecrimg
mecnsan . combmed with the wlatrwch lugh spm-wawe
encrges (2100 me Vi cuuld aocvest for the fact ot
dhe wpper brasch and she barger wase-wector past of the
bwer biamch werwe st wbscvved s e orapmal cxpens-
et

A mwre reormt metve-saiicrmg cxperament” hos
swes dot thes s mdeed the case. In dhis cxperament.
the wppet spim-wave branch was vhecrved and fomad w
br = cacefient aprecnncnt wath the resles shown i Fog.
1L17. I zddition. the wer spm-sow Wach v
llonsd vat s the e boundan . and e dsperavn
amve wn eead w be somcwhot flses e et
dwen m Fig 1.17. The latocr dues mot sepocsernt amy
fondamental diffuculty wuth the sheury . sor 23 Coulie
amd Donis’ pommeed cwt. e behavear of e bowes
spm-uave branch. afeey & bends over. is quite sewsioi>
w dight hanges im the band stracse_ wikile the low byl
part of the corve s ot In pasticels. o was aoted st
®m ome specific ckkubbtion the dispevson v =
extrewncly (ha afecy bendimg over. which appears e e
aoee an lae wuth the recest cxpevimensad sesules. The
cxperamental obscreation of Wi wpper spin-wave iwanch
ad of the complese lower Wwanch Yomg the §190)
disceepancy betwren thewry and experoment. bt Jlwo
prwsdcs ws sith 2 very sewitee el of the fervomag-
met band sirectere of meckel.

1. ). Coanlic sud H. L. Dsw. 58P Cong. Poc. 10, 1208
[} 7p- ¥

2. G ichwunn md N. Tost. Fiss Sconws Soknk B S4. 809
9D L Rah md A 5. boccumm. Plvs. Rev. B 00, 2199
11975).

3R A YMedk D Tanchern ood F. Yean. “Yapwns
B xcmatmmrs m Nochel.”™ thas acprory.

TREORETICAL CALCULATION OF
TRE EXCHANGE INTEGRAL FOR EUROPIUM

JF.Cooke N L Dwis

In the rare cnth stics. tee s [ exchange meraciion
between the Jocalieed 4 clecirons and the conduction
clectrons is thought 15 be basic 10 any proeer descrip-
tion of the wagnetc properiies of these moterids. As
shown by Rudkrwan. Kittel. Kasmya. avd Youh
(RKKY). shis dwect 5/ exclange conpling leads o 3
long-range. mdivect mieraction berween the Incalized 4
moments which. m furm, is thought to be responsible
for the wide variety of magnetic ordering and relaved



plrasmraa whach kave been vbucrved m e e carth
mectals.

s s somplest foom. the RKKY mecvaction is cquivy-
bemt 0 2 isowopic Heisrnberg model with 20 exchonge
mecgral Ag) weiated to the s—f exchenge matnix clewment
and o e condection clecoron band strachwe. Snce
A <aa 3w be devevmined experamentally by amlyz-
g pin-wave dRPETIUN CEINCS, i FEPICITRLS 3 Qrantity
of fundmmtatal supertance i cstablinling e validiey
of whe s f exchange wodel fav U rase canth mcnals.
Became Rg) plays this wnigee mle and becamse
womevical sednigues kave rwoently been improved 1o
penible. we decided o endertake cicalations of Ag)
v cuvpinm.

We chese w» priosm claliiess os covepiom
pvimmily becmee it has 20v0 ovbital moment and euly
onr stem pey wnis ol (boc svecoave). Fov thes case. the
qudtxm fox Aq) simplifics csssadevably to
pee

A@*= z ""‘k."di)__{;—l}ﬁ;- 111

wicve [ -Gk ¢ @ is the s-f exchange mutix
Mupuhmd-m-un
with ware vector k. and [, is the Fevam occupation
womber. Unformaately. Ag) has net yet beew meanered
fos copiom metid st we do kmow sowncthing
fundammcatal Jbout its foom: Simoc coropiom orders i 2
spinal-spm confageration. Aq) should hawe its mx-mwem
value 28 2 @ conesponding o the spival wave vecior.

Fus o mumerical evalsanon of the experssion given
& Eg t1) the setsdhedron method’ was weed te crvy
on du Drifosin rene imtegration. and the Korvings -
Kohm - Ressocker (KKR) method was wsed to gewesate
the cletronic emergies and bond wove femctioms. The 4
wove fenctions weve obtaimed frowm atewic Harvee--
Fock alculations. Abuat 1500 seerabbedss wewe wsed in
the wredacible rone. and 2l calculations were pev-
formed for q adong the | 100] divection.

In ovder to dewonsirate the role ployed by the 5-f
i clemest in determining Aq). we diw evabuaied
the expression gvewn i Eq. () with constant antrix
clements, thot is. wth/, 7K. k+q)* | The results of
this calculatirn are shown m Fig. 1.18. and the sessits
fow Aq) when the matrin clements we inchwded prop-
erly ave shhown im Fig. 1.19. It is ciear that the con<tamt
wlrix dewent approximtion is compleiely nade-
quw. In fact, on e basis of the constam rmatrin
clemen! calcubations. we would predict that ewroprem
was ferrommgretic. since e maximem vahwe of Aq)

>

eocurs 34 § = 0 On vhe other lund. de wnbs = Fg
1.19 dow et Ag has its aaxiamwm salee 0 q ~
Q375 (im wnits of 2xjs with ¢ e e constant)
w0 2 spisal spim configeration wish 3 trx angle of sbowt
67" Thin s sowcwhat higher s the cxpevimental
wilee of SO°. We found. houeve:. ot lowering the
Ferwni encrgy by sbost 5% scduced the tarn angic o
de expevimewtl wane. h thes appears gt wwdient
Juaage; = the kond sirectese on wlstantilly impreve
the agreement between theory and experiment.

The vesslts we hose obtiined emmamatate that = b
imisio calcubrtion of the exchong: imsegral fox covepiom.
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when peoperdy cniried oute yields 1casonably sod
agreenent with the avattable experimental information
and thus sipports the view that the RRRY dwary
provides 2 correct Jescription of magnetic ondening in
the sare caith nwtals.

1 Go Behinann oad Mo Laut, Phyvs, Statis Sodadi B S+, 489
19T Rath and %) Vrecuan, Piny. Rer. B B, 21
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ELECTRONIC STRUCTURE OF
THE F CENTER IN SO

1. M Wilson! R F.Wood

The energn fevels and wave tunctions o the F eenter
Cwe cectons noan 077 sacancy ) in $10 have been
walcuiated asa tuncrion of the 4 displacements of ilw
pearest-acighbor i of the ovvgen vivaney. The
Jdlvihinens were piade umy methads previoasiy de-
velepad and applied to g sumlar studs of the F oenter in
Calr and M7 Tottle i known experimentatly about
thiv center. and oo prior theoretical studics fave been
repoitell The absorpiion band tor the /' center has
mven wlennticd and pesks gt about 23 oVE one
e sweiee bands have been reporiel.

Fhe aewits o) our caleslations Sor the Jowest Iving
states of the £ ocenter are shownan il 1200 they are
quadiiatnehy simular 1o those for the 77 center in CaQ),
the 0y, = T T, absorption oveurs at 246 ¢V for g
S canwand relavation of e Tist-nearest-neighbor
iy N7 oms, For simalt distortions. the ".-I,‘r and

Iy, ~ates weie tound 1o e considerably  more
ocalved than thes were m cither MegO or CaQ). The
charge densitios out 1o second nearest neighbors, shown
w Table 14, Clewls desnonsirate the sensitivity of the
wave these  states o the
proaton. o the b sons. The rapid variation in the

clectrone tunctions For

Table | 4. Integrated charge within the
sevond -nearest-acighbor shell of ons in S¢O
as afunction of the 1), ouiward
drstorrion of the first-nearest-neighbor ions.
Fhe outward distoston 7. of the ons is
measurcd as a pesrentage of the perfect
Lt ~ amon - cation distance
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Fig. 1.20. F-zenter emergy bevels in S50 a5 2 fumction of

Iattice relanation, A, The abwisw rives 5. Cxpressed as 2
percentage of the anion <atwn distance in the perfect cry<al.

localization of the electronic wave tfunction in the
region & = (07 1o d = 67 accounts for te nonparabolic
shape of the energy curves for these states.

The caleulated curves predict a *Ty, = YAig ooy
sion band at about 1L.OCV anda 'T, =~ ' A, band ot
about 1.3 ¢V that should be weak at low temperatures
and should beconee more intense at higher tempera-
omwes. The caleulations also suggest the possibidity of
observing the excited state absorption for the *T,, —
3Ay¢ wanuton at about 1.4 oV, Furthermore. since
both the 2 T,,, and .4, wave functions arc compact in
the remon of the ahsorption (3 ~ 2 1o 37), the
oncitiator strength for this transition should be large.

Calculations of 1he Jahn Teller coupling parameters
of the Ty, ekctronic state 1o the £, and T,
vibrational modes is in progress and will be used later 10
calcalate the ahsorption and cmission band shapes.

b Prownt addiess. Oklabema State Uniweraty, Sultwater,
kla.

2 R 1. Wood und T, M. Wilcon, Solid Staie Commm. 16,
S4511975).

3L R P Johnewn and F. R, Henskey, Phvs. Rev. 180, 93
196,
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2. Physical Properties of Solids

Dunng xe past vear the rescarch programs concermed with the physical
propertics ot solids have undergone a change in emphasis which reflects the
expanded peals of both ERDA and the Laboratory in areas rehated to nonnuckar
cncrgy. So in many ways the research results reported here are ol a transitional
naturc. It would have been uarcasonable to discontinue abruptly ongoing programs
which were of primary concern to the AEC. but a part of the rescarch in such arcas
is being de-emphasized and attention is being directed to broader bused studics in
other than nuckar energy arcas. Most of the work reported in thiy scction of the
Annual Report represents cooperative efforts between vanous groups within the
Sold State Division as well as with scientists in other ORNL Divisions and in other
lboratoriky. Such nteractions and cooperatian continue 1o be one of the vital
strengths of the Dnision.

Fluxoid-lattice properties and structure have been investigated by means of
small-angle ncutron scattering. Such measurements have shown unambiguously the
enistence of a mixed intermediate state in niobium which permits a gquantitative
study  of the attractive lluxold interaction. These investigations  have  abo
demonstrated the capability of this technigue to obtain other valuable nformation
concerning fluxoid arrays at the microscopic kevel. Other work has provided insight
into the hmitations of the critcal-state model for describing flux pmning in
superconductors.

IThe surface propertics program has increased  rescarch cfforts related to
catalytn phenonena and has continued measurerients of high-cnergy neutron
sputtering vickds. which are of interest in controlled fusion device technology and
which have been a subject of great controversy. T':: latter measurements have kd
to the conclusion that crosion rates of candidate first-wall materials due to neutron
spultering processes are not of technoiogical significance. The rescarch concerning
catalysis has emaphasized the development of new methods for determining lattice
site locations of adsorbates on metal surfaces. Low-energy clectron diffraction data
«an define the symmetry of adsorbates but not the lattice site or layer spacing. The
angular dependence of Auger clectron emission and a combination of Rutherford
ion-backscattering and ion-channeling-spectroscopy  technigues can be used to
augment diffraction data in cstablishing adsorbate lattice sites. I'hese studies have
been strengthened by strong interactions with the theory and ion bombardment
groups in the Division.

Examination of the optical. clectrical. and  magnetic  properties  of
high-temperature materials is onc of the major :scarch programs within the
Division. Some new aspects of the program initiated recently are beginning to
produce some very interesting results. A new method. utilizing EPR spectrometry.
has been developed 1o measure diffusion rates of impurities in ceramic materials:
the method is yuite uwful for impurities having no radivactive isotopes or
short-lived ones. Studies of the effects of high temperatures and high clectric ficlds
upon impurities contained in Mg have produced some rather unusual results.
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Such conditicns were found to reduce iron, chromium. and vanadium from the
trivakmt to divalent state. whikk manganese was unchanged. Subseyuent reheating
without the applad electric ficld ked to reoxidation of the nduced species. Data
analysis snows that netther reduction nor oxidation is 3 single simplc process. nor is
the redox process simplhy reversiblc. In related arcas. examination of vanous defect
centers n the alkaline carth oxides continucs to be of mierest. and a comprebensive
study of F centers in these materiabs has been complewd. The sdemtitics of several
defects were chnficd. and some dscrepancies concerning structure of the centers
have been resolved. Initial data from lithium-doped MgO sugpest that the net
production of stable. mtrimsic defects produced by knock-vn processes b
suppressed. and a reversible coloration cffect that can be cofrelated with a2 known
defect has been observed. Resonance Raman scatwering studues of crystalioe
NaClO: has shown that an unstable form of O- is produced n the crystak by
gamma ravs A room temperature. The observed Uvermal instabulity and photolvtc
decomposition of this O: form lead 2o the suggestion that this species is mvolved m
many solid staic photochemical reactions. The implications for photocatalyzed solid
state reactions. oxygen binding and tramsport in biolcgical systems. and applications in
fuel cell technology are being examined.

Photovoltaic conversion of sunlight directly mto clectricity is 2 major clement
of the ERDA program in solar energy. The Division mitiated 2 small research
cffort in photovoltaic comversion early in the 1975 cakendar year. and his effort
quickly developed into ome of the most important nonnucicar. encrgy-rekated
programs of the Division. The program has been based on our past experience 0
the growth and characterization of ultrapure germanium and on our capabilitics
and facilities (primarily reactors) for the study of neutron-transmutation-doped
silicon. At present, the work s concerned primarily with transmutation doping.
anncaling. and elecirical property measurements of both single-crystal and
polvcrystalline samples of silicor.. but rescarch on other materiaks & also planned.
12 order to utilize effectively the results of this research, it ts desirable to have the
capability for fabricating and testing the sofar cells within ORNL. Therefore. as
pant of the averall effort. facilities have been set up for carrying out these more
applwed aspects of solar cell development. In fact, tests have deen made recently on
solar cells fabricated entirely within the Division from our transmutation-doped
silicon. From the experience gained thus far. it has become apparent that although
the clementary principkes of photoconversion are understood. basic research is
badly meded on many important clectronic and jonic processes that affect the
conversion efficiency in a vanety of photoconverters.

SUPERCONDUCTIVITY

SMALL-ANGLE NEUTRON DIFFRACTION
STUDIES OF SUPERCONDUCTING NIOSIUM

D.K.Christen S. Spooner?
F Tasser' H. A. Mook

An understanding of fluxoid behavior in Type [l
superconductors is important in the development of
thece maferigls for technological application. For a
Type H superconductor :n th. mixed state, the interac-
tion of fluxoids with one another, and in paricular
with pinning sites. determines the bulk magnetic prop-

erties of the material. On a fundamentai level. small-
angle neutron sattering is a powerful tool for the
investigation of fluxoid lattice properties and fluxoid
structure.

A high-resolution silicon doublecrystal diffractom-
eter has been used to measure precisely the fluxoid
lattice parameter in a large single crystal of pure
niobium. Two perfect crystais of silicon in a focusing
geometry are used in this arrangement. which has been
previously described.® The distinctive feature of this
comparatively simple technique is its high resclution
canability with the use of the ORR-HN4 thermal beam
(i.e.. without the need of a cold source. filter. velocity
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slector. or Soller slits). The smple was 2 14.4-mm-
d&nn  spark-machimed sphere that was  chemically
pulished and sancaled. [t was mounted with the (HID
axis im 3 vertical positicn . paraliel 10 dee applied field of
2 split<vil superconducting magnet. The sphere ws
situted in the horizontal neutron beam between the
siicon monochromatos and amalyzer crystabs. The
silicon-analyzer rotation table facilitated measurement
of the fluxosd Bragy satiering aagle to an ampala
resolutiva of *) ac sec. with an overall accuracy of
abowt 1%,

Is s known that fuxoid latixe symmetry is cor-
retased with that of the Fermi surface® and for twe
{11 1) crystal orentation. the two-dimensional fluxoid
Iattice was observed 1o be hexagonal. as expected. With
this mformation and with the knowledge that ome
fluxoid filament possesses a singhe quantum of magnet:
flux ¢y = 2.07 X 1077 Gcm®. one may calculate from
the observed scaticring angle 20 the magneta flux
density B averaged over a2 unit cell of the fluxoid lattice.
This is given for the measured (10) reflection by the
relation.

B=\36 (0P 22, (n
where the ntutron wavelength A for the present setup is
239%A.

In Fig. 2.1 the results of a systematic investigation of
fluxoid neutron diffraction angles and the correspond-
ing average flux densities calculated from Eq. (1) are
pven. These measurements were conducted af the fixed
temperature T = 5.06°K as a function of the apphied
magnetic field H, and of the field history. Each applied
field was established either by mcreasing the field from
zero (fluxoid entrance mto specimen) or by decreasing
the field from above the upper critical field H,,
(NMexoid exit from the specimen). It is evidemt that
field-history effects on the fluxoid Iattice parameter are
miniamal. This result is striking because it is 2 well
established fact that 2 pure, well-annealed bu'k sample
will exhibit some magnetic hysteresis. 2 phenomenon
that is presumably due to surface effects, since previous
work has shown that this hysteresis Jargely can be
eliminated by the formation of a thin thermal oxide
surface layer.’

Another noteworthy feature of Fig. 2.1 is the knee
that occurs at the applied field 1054 Oe. oelow which
the fluxoid lattice parameter is essentially constant.
This is 2 phenomenon that occurs im Jowx Type Ii
superconductors, such as niobium, and is the conse-
quence of an attractive fluxoid interaction which
defines an equilibrium flux density B, at an intemal

field cqual 10 the jower critical field H, . The dewag-
netizing effect of spherical prometry serves to broaden
this tramsition such that the imterpretation is that of an
“intermedinte mixed state”” for applied fields ({0, <
H, <(%)H_, + ('h)Be. whereby the samplc possesses
domains of a cuastant-parameter fluxcid Lattice. At the
apphizd ficld /I, = (HH,, ¢+ U5)By. this constamt-
parameter hattice completely (ills the sample. and for all
applied fiekds sbove this value (mixed state) ihe
parameter is smaller.

Although the fluxoid httice parasacter s 3 nealy
reversible function of am applied field. the neutron
mexsaremints did revweal magnetn: bysteresis m the
sample. This was manifesicd by field-history-dependent
rockingcurve integrated imtensities. with the decreasmg-
feld-history reflections vielding the larger miensities
2 narrower rockingcurve widths. In al cases the
flaxoid diffraction width was limited by the instrument
resolution (2 FWHM of about 30 sec). These results
indicate that the Ruxoud lattice is always well defimed.
but the mosaic spread and grneral lattice perfection
suffer when the lattice s formed by fluxoids having
entered the sample.
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T 23sens these hysicretic etlect quantitativahy and o
facilnate direct comparnon ol the neutron Jata with
bulk mexsurements. the following provedure was
emploved. At 2 gven appled fiwhd m the mixed ~tare.
the average flux denwry. calvulated trom Eg. 1) wan
assumed o represent the redl mactncopic werage
magneti nduction wn the sample tor the deoreawd-
fwldhiston case. This asumption &+ usulicd by
previous cxpenments on pare piobium which indicate
that when surface hvsteretic 2tiects are remaoved by the
oxvide treatment. the reverable bulk properties dinely
coincide with those 1 the imtal decreaved-ticld-heston
ol The average bulk nduchion tor the feld-
mncreased caw was then computed by nommalizng the
calculated tlux demsity by the ratin of the fluwnd
ronckingcune integrated miensities for feldancreased
and tiwlddecrcawed histony. For the  mtermediate
mixed-statetwld reme. off inductions were derved
from the obwned B, . nemmalized by the ratio of
mtcgrnad  miemities tor poth tield hiscones with
respedt to the ficld-decreased mtegrated mtenvn it
Hy = ol g e YO8, Fmaliv all average mducions.
and appied  tichds were used 1o calcudate eftective
neutron Jdata magnetizstions dzV.

Becaw of the large sampic sizc. e tiZation
measurctients have been poertonmed to date ondy on g
singller sphere (3.3 mm o dianweteny, which was
sparh-machined from the sanwe iiobium stock and given
wenfical polshung and annealing treatnwents. For pre-
hnarny comparison, theictore, we prosent m Fag. 2.2
both the denived neutiom sesalis and the magnetometes
data. General wzrecnrent i good, and the bulh msgpene

hysteroses woms T e dewnined adeasiaiciv o thye
R e fos T the Biffracred mionsin cosalts By
s it of bis o 8 and 22001 s apparent thar the
neuiron ovpvanwnis vchl e cancal parasneiens B
ad B, 5 s procisicets thai cannet be aitaned feoan
M fosm opse i ssbickeis on the sanpte 1 1t preswent
Thew quantiins are o1 tandamwenval
interest amd taditionaily have been distiouit 1o dotes

anncaicd ~fate

mme owing i the cttedd of weah esdizgd by sieresn
wear I
defermune precewls B oand Hooav o tuncton o1
termperatiire nd Toonvestizate the cltects of onvsid

bapenments prosentiv e nmder w1

bt topy on these parsarcicis

boGuess wmieniie? fooem Insiitat Mas von Faae Paul Lanee:
s Grencble Foane
Y Comsaliant troom Ceorcns Institate of Fochmedey Atlantae,
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ALTERNATING C URRENT LOSSES
IN TYPE Il SUPERCONDUCTORS

H R Kedhna S T Sekula

We have undertahen o sindy 01 a0 losses i the aused
state o 1y pe Hosuperconducton when tlus-line mofson
 hinuted hoth by vieons Jamping and by the
iteraction  heiween Buv hines and defects m the
supercondu g material. Motiasion for this study was
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s rppurcnt mconsasionay e e frogueny depend-
ence of the luvthm soastnat ) an vur provious siady
of the o permeahiin o detect-tree Tvpe N super-
i torns ' A woomd nenaten was the Lnhnung
senerai Mot i innetaieens of the (11t ustate mended
dor dena ribanee Qo mostion e wperc omdu tors

Ve ! ey twe fupes of awasuromwents the
wmeanat patt of the oo pertmeshsin: . which s duect
mticasre f the Tofal fose and the woliaee wavelom
which v proportenat e the T rate of chanae of thuy
mothe sarmpic For beth Bpesy of imcascrenwents s
hidrnai o0 poeiste phoronlsd cample was placad s
jarze avad b megnctic Deld and o wnali paadic! o,
Leid. Meaeranet s were made ot varneis & ficids . o
smplitudes. and 1 ogaenawes We studied samples ot
soreiat mebim-bewd aflors with dittenmg Cninat
vurren? demsities (ke mcasurenenits consetentiy and:-
cated the ovistemee ol vk oxneess b which Condd
et e accounted b atieer by the calicai~tate maded
or by the asusl paskel of viicdn ke which we
cmploved e out previous stady

Clery ko awdificd the Csaticab~tate moade! oo i jude
vimootts damiper o the sowed cnder in the Troguencs ©
Vithenigh the ot tor the a0 persmvamiin o Loanpa
cated i zeneral one can derne ample analy il eapres-
and mhmire-amphitudy
Bt of the magiany part of the permcabniny @ (ke

stomis Ter the 2o froguien.s

wweasurments undiosied thai the 7o freguerc e
did oo hane the expe. tad aapittude depomden. o and
the mbimte amphiade i did e Base the ovpeoted
agena dependence Burthermore exapolating the
measements o1 2 e hoth 2cro tregquenay amd mhinte
amphitunde zave 3 ez roalt. which non contadie-
tson: fo the ey

Mesaurements of the vodtage wanetonn revesled o
phase shitr ot the zcto vz Phvaecalh L thic means
that i Combines To enter the sampie aticr the applied
ficld rcaches st peab and beans o decrcawe Such an
ellect vannot aniw in g licai-state ansdel but 1o be
cxpecticd m the presence of viscons drag. However, the
magmitude of the vbwerved phase shitt was much bacpes
than cypeaied. Similar anomalomndy farge phaswe it
have been obwned previowsiy aad sepoited i the
Iterature * The cttect has been believed 1o by gan
viated with the sample surtaces. Bowever, we tound of
Juficult 1o reconale the ampliude and iregquenay
dependence of the phase shitt with any rcawmable
proture of surbace behavior

We Iwhieve that the conedt mterpretation ol ous
expersnental resulis must tihe mio account the non-
bawar relation between current density and - electn
Nield. It has Tong been hnown liom de Tuv-tlow

meawrenwents’ that o nopsdeal superconduc i the
et tedd Foin nonimeariy with increasng cusrent
Jenair J when J v amalt amd approsches the ielatio:
P -pad 2y omis when J#J o The slun-tlom sease
TN . i anabogens 1o bul wmalic: than. the mormai-
sate resntnany When J =7 there v some Teneens”
ok tic tield which was megeted m Clem. Lew
owasarenents sikh oo ourns probe thes
wen - where £ =4

It possibie o obtan the tuncis:s AUy trem
awasatements of the phasw Shatt of the zero crossine

O mias e the phase Butt o oo ot o of

Tregaeitioy g

sinplitude smd o fraguenoy A fopg 2 9w 0L
Muvachs equatens can be wdhved approvmatedy io
cotam B In bz 23 owe hew an evampic of the
resalls that con be obamed The dependenae ot £ on J
whih wo obverved » wamilar 1o that ob-oned i de
vthw cxperiments

Ihe angin of the encess clectn hiedd s not weil
ander~tiand  Emitorm meoten of tluy iines  Joweid
proaduce an dedtin teld thei s propuriiond e the
cutrent density Heweser, e presenve of materisi
detedts thar pin tluy sines compt: ates lan-hine nnsion

Vanatrons an i soze and notare of pmng detedss the
areguiar miotion of ey dnes 0 the oty of detects.
and thermais sctinated crecp of fTun e past detedts
mav aif contnbate 1o the Cveess oo fwid I s
Boeped thar sddifionad expermments o tun-ane meiion

nay shed somw tighe o thas problen
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FAST-NEUTRON DAMAGE STUDIES
IN SUPERCONDUCTING
VANADIUM - GALLIUM COMPOUNDS

D U Guber' H R Kerchner
DK Chusten ST Sekula

A colfabuatine progsm b m progress to stinh the
influere of (ast-neutron ireadotion 0 wetlvharae-
enzad V' Ga samples m order 1o clanfy turther the
tole of tadton-produced detects m the superconduct-
mg behavior of technologeadhy important compounds
with the A-13 covstal sructure

Several bulk amples of the nonumal companttion
ViGa were cast contamung 233 ot Go, 256 a1
Ga.and 275 at 7 Ga Specrmens of these samples were
heasi-treated at 1300 C tor 4 hr while others receved an
additeenal heat treatment a1 1130°C for 7 hr 10 murease
the degree of atomic order. Praw 10 isradiatwon.
messurements were made st the superconducting trams:-
tion temperature. the nothermal e magnetzston
behavior a1 3.2°K. and the & permeshility ° These
samples have been uradiated at an estinated mavimum
temperature of 60°C i the CP-15 fast-neutron tacihity
at the Bulk Shicdding Reactor tor vanous fast-neutron
flucnces ranging up 1o 6 X 10" " ncutrons cm?® (£ > )
MV

Earlier studies® have shown that the tranation 1em-
perature T in all the amples decreased by about 277
followmg an nradiaton 10 2 Nueme of | X JO'°
neutrons «m® (# > 1 MeVi. In addition. the magnets/a-
non measurements and a permicability data at 3. 2°K
indiated an increase in flux pinming in these samples.
and there was a2 smultancous decrease of magnetic
stabihity as cvidenced by an increase i the ovcwr-ewe
of random-like fux jumps that resulted from adhation.
produced defects.

Muore recent wradiations 1o a fluene of 3 X 10'®
neutions cm® AF > | MeV)indicate a reduction m 7, of
sbout 57 in all the samples. Lattice parameter studies
uvng x-ray techngues revealed that the lattice paam-
cter of all the VG samples had increased lollowing
wradiation. The increase 1s similar to that reported by
Sweedler and Cox? for neutron-irradiated Nby Al. For
this neutron fluence. any expected changes in the order

parametcr wouskd be wnall, smd ne Chanpey could e
detected with v rav messurenwents \ithough 72 ot
these amples was seutnanth wdsead by eutne
wiadatem it v mteretme o mote that the magsciva-
o cunes shemed me turther matcaw m hyvstaress due
to tlun pnme. but the umples demonstrated an
murcane i the number of luy pemps The s pernwea-
ity mwaserements up to twchds 0F S0 AR siw shwmed
the moreased ovcutreme of Tuy umps. but the faee
cnind carrent demates o the amples i thes tdd
repeon were how large b quaninatne assoonmxent § The
uppet ot of Combined apparatus-omple EtNan
otumated to be aboat 2 0 165 v om®

With turther isadutem s 2 tfluence of 6 X 1O
neutions cm- 1 > 1 MV it was tound that 7, wan
cduced m all the amples I about 200 The &
permeaiihinn. measurcmeats swmed that the catwal
current demsitaes m ficlds ap to 30 kO remamed Jwne
the upper it of apparates sensita iy amd the samples
exdumted a larpe amount of uy mpineg. Magnetva
nwn studiey and oy arcasitrements afe cunentiy m
proess.

1. 1S Noval Rewarch Labetatorns . Wadengton, DA

2D U Gubwr sod S T Swhula. Solnd Sate I S
Pox. Rep Dex 311973 OR™) -Son p 8
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A SURVEY OF RADIATION DAMAGE
EFFECTS IN SUPERCONDUCTING MAGNET

COMPONENTS AND SYSTEMS'’
I F. Guew' R R Coliman. Jr.
R W . Boom' S T Schula

A comprlation and study of published work on the
low-temperature irradiatnm of components of super-
conducting magnets hay beer completed in order 10
establish putential radiation damage problems in the use
of superconducting magnets m CTR systeme.

For favt-neutron fluemes up 1o about S X JO'°
neutions. cm® (£ > 0.1 MeV), it appears that the
problems of degradation of mportant superconducting
parameters [ (. the cntical current density. and T,
the transition temperature) by radiatum damage for
NbTi aloys and NbySa are mwnimal. Abuve this
fluence. JAH) for NhTi maierial can be decreased
substantially . 11 is also expected that ugnifiant degra-
dation of JAH) and T, can occur fos NbySo for
fasi-neutson fluences ahove S % 10'® nentrons/cm? (F
> 0.1 MeV) as hased on correlative comparvm with
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publshed sw-sdotem svedies sl nadabic
neutron wralotae data

The tadatesm-mduccd BoCats B FOWSINILY o Lup-
pcr md dummum thoth uwvd » the normal stabchnng
mctal eatonn m the tabocainm o sultidamentan

comgnniic  upev.onde tmg wie) can he guate lage
smunime 1o dboat (0D wf2<m b copper and 300
nilm kot sdusssem. for bwm -temperature thacmoes of
anmst 2 ¢ 10'° pewtioms cm® Thes radutem damage
m thewe materah cam e cypectad 1o have comades able
cffect on the abdety charaternin e of the comprmate
wne amd cable b axt s mapeet sy stoms. Thn has been
buorme out 1o wmee cvient by studecs of i adeatum cffects
m awmprte wav materal. Annealmg 2t 300°K can
vemmwwe approxmmatch K57 of the domage-mduccd
resistiaty @ copper and sbowt 1007 for dumemum.

A mumber of pubymer raterls hove been dewmon-
drated 10 he prenbly wectul fos doses of approxsmately
XX 10" 1ads (232 X 10’7 mewtromscm® L > 01
MeV) Howewer. mothmg o known of the effat of
hw-temperatwe sradiatnm om the declectmn break-
dwmn Jdrength of these materals or the effect of
wibseguent  aamcalog of dotae defects on b
temperaiure performance.

SMuwbers ¥ the mechamecal propertaes of stiniucal
amicys steels wradated 3t b lemperatures mdnate
that s defetarmws chamges m these properises e
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CONSTRUCTION OF SQUID PREAMPLIFIER

HR Kenbma C.C. Watwn'

We have vomstruted an wlteastable. ulirta-hrw-motse
preamphizer based on 2 sspercuadectmg  Qquantum
mictieremce devie (SQUIDY. The SQUID & n.ounted
2 vamable-iemperature (v osiat: so the preamplifier say
e owd m mecawurements of Jowdevel sgnals en-
countered m has research on the properties of Type 11
supcrcovadwctors. We budt this preamplifier ¢see Fig.
2.3) bevamee of our imicrest i measuring the dervative
of the magnetizatem W of supercomtutng samples
with reypect to the apphied field . Once can obtain 2
durect measurement of dM-JH by rampmg the ficdd at 2
comstant 1atc and mwasurng the volltage aross two
sleninal cods wound v series oppositon with 1ae
sample m one of them. The voltages to be measured are
of the order of 10 uV. Other amplifiers avadable to us

Oy, - CWC 7% - 2089

-—PO—--—‘1

Lol - |
OSCRLATOR ": '_Tl '

weut

OutPuY

Fig. 2.4. Bock disgram of the SQUID preamplifier.
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Accuate measrennints of di- Jif are of imterest fox 2
vanety of reasons.

1. diN:di¢ » neoded m the mterpretation of a boss
RSCZTICUREWNS.

Y. MdH b domtmmows o phae tramations a8 the
Gebds H_ 08 mvamd H_ ., mad im lowma matenals
H ., m+ Ba wheve B, u e owes cotical
field. H_, o the upper critndl ficdd. B, » e
nae. md 5 5 the demupattiing fatwr. The
temperatuse dependence of the lickds at which these
tramsitives oocss s be compored with macToscupe:
theovies of the mixed state.

3. Ndl. cviuated 2t N ;. cm 2w be divecrly

Of particulor interest ot presemt is the sempevature
dependence of By Valwes of B, wmeaswsed by this
method will be compared with valwes obtamed by
newtron  diffraction.’ I~ addition. we will we thes
techmique (o extend meavwements of B, 1o higher
empornures than can be reached in 2 nestvon-diffrac-
tiow experiment. We hope that higher-tcmyperature
measurements will clarify am apparent comtradiciion
between previvus experimental results and the theory
of the mined slate ot iemperatures nea the super-
vonducting critical iemperazwe=’

The desigr o the SQUID cryostat permits relatively
casy comversion W an ultrasensitive Tlux-nn urmg
device. Thus one can casily comvert the equipment to
measure the magnetization of samples over wide ranges
of magnetic susweplibility.

The general design of the amplifier is simple and s
similas 10 previously published designs.® A porimn of
the lxvk-in amplifier ouip is compared 1o the mput
voltage. The SQUID. which is sensitive (0 magnex
flux. ais as 2 null detector for current flowing in the
npul. The gain of the preamplitieris | + R,/R, = 10°.
We mudified the previous designs 10 meet owr special
needs for a high cifective inpul impedance and 2
high-irequency rolloff that properly matches the fre-
quency response of the pickup cuils. The entire inpul
circuit is at liguid-helium temperature so that thermal
clectiomotive forces. which would degrade stality . are
mmimized.

Preliminary measurements of dM/dH fos a niobium
sphere have been made at a number of temperatuses.
Three phase transitions show up clearly over most of
the temperature range. As expecied, acurale measwre-

menes bevomte ancveatngly muse diffcuh a3 ene 2p-
punhes e cina tewpevastue. O prelamiary
sesults fus the wmpcratere depembone ot By apee
Wit prevean experamental sesults

b Semews warach putnapont trom Yale § mncran . New
s, Cran.

2 DK Oumirn, £ Lot S Spoooner. omd 0. A sk
“Somall- Angh: Newtros Dfratem Stwlcs -4 Segrroondecteny
Nosbwm.” thes scpuer.

35 5 Gulbm K. B M e R (km d B K
tovacunsee. v Rev. 8 MR 1378 ¢ 09780,

& A Dgvedwon B S Xcuboner. ad W R, Besdy . B S
Sesnen. 85,838 ¢ 19748

SURF ACE PROPERTIES
AND CATALYSES

LINE-SHRAFE ANALYSES OF 10
Co M, , V'V AUGER STECTRUN

F. B Tubds 81 Mark Mostoller
L H knhms D. M. Zchner
J. R Newman

The angulaz m*=naty dninbution of the (= W, 8T
Aupet cnmssoon spoctrum By heen mwasssed wamg
phase-sensiine detectsm. At b modulation voltapes
<2V pek-ao-peak). the comtrbutnms from the W, 85
and the M, FF transtisms con be paciolly rewised. The
anniure m the lme hape arsmg Trom the two
ramsitioms vanes as a2 fumiem of cmssem amge. To
undersiand this vanatam with angle. the Auges spec-
trum needs 10 be scparated out. o5 decomsolved. from
other effects mluded m the mwasured bme shope. saah
2 imtrunwental resolutom. clection emergy hoss. and
true secomdary electien contributions.

A umple fud approxh twoward analyss of the
vbserved W, VI Auger b shapes hos been made
based on the measusements of Ym e1 a2 on the
photo-excited L,V Auger spectrum m oopper. This
oxcurs 21 an emergy of sbout 920 ¢V, while the N, V'V
wransition falls o roughly 60 V. However. if valeme
band cfiecis were the same im the t%o transitions and i
Kster Kromig provesses were unimposiant i the
M, \VV specirum. then the atier could be recom-
stracted from the L, V'V specirum by additrmm a 2: |
ralin at the proper energy sepatainm (around D eV) of
the M, and M, levels. Not unexpectedly. thes sinple
approach yiekded resulls that did mw agree well with
the data for the M, (VI specirum. even when sh
thngs as the M, M, comssibutim ratm. the M,-M,
energy separatwn. and the (asimed Gaussan ) measwe-
ment function were ireated as adjustable.


http://DWli.ai.iMi
http://tn.ll

The problem of decomvolvmg the “Tree” spectram
frum the obverved data b portaularly deffacudt for many
clection spovtiruopn resilts because mt ondy Bstre-
menial bivadenmg but s minma dectroma peoac-
sty oy m the ample “dnton” the upmals
anerved. Several techmspues tor treatmg theve problers
m bwc-shape amalyss 2ad thus fox maproseg the
wndenvtanding of e smdethimg matciad progerines
molved have heen proposed * Use of sk 1echmsgques
appeass b be tequued oo the full micrpretainm of the
wnpulae miematy destnbutmon of the (u W, 1V Auge:
pectiam.

1 Geaat Likes Collgr Avniatse w ¥Te W ler sindent
from Faxtiom Collepe. Ruhmond. jad.

LY L Ader. T Tusy. W H.Chwen. and B. Crawcmunna.
P Loz $BA 11341972,

3. bt crample. H. H. Mabdcn snd J. 1. Howstowm 110 b

publnhed).

ANGULAR EFFECTS IN AUGER
ELECTRON EMESSWUN FROM C 11100’

D.M.Zehoes S R Novean L1 Jenkim

Recently . the ayeciion of Auges ele-truns from ungle
covstalime wilnds inie the vacuum cortmuum kas been
tfound 1o wour ansotropially 2% We have mvetgated
the anguly miensity distibutam of the Co W, 1
162 eV) Auper cdection emission from a clean Cu (1109
wittace. The copper crvstal. grown 1 vur labosaton
was cul. lapped. and pohished. usmg chemaal methends
developed here 10 produc 2 surfae onented 1o
withm G.5° of the (110). The sample was cizaned 1n
vausm uvag an wn-sputicnng and anncaling prunedure
sch that nu Auger sugnals. other than thase from
copper. could be detecied durmg the data avguisiinn
pesnd.

The Auger clectron miensdy saratioss 3 2 fus on
of emmmon angle. pramary clection beam encigy . and
angle of mcdenwe have been studwed. Data were
collected vuing a2 4-gid LEED Auper system. which also
contamed 2 murveable Fasaday cup 1energy seselution,
»0.57; aperiure aceptanee angle. 4.3°). The sample
was aigned by esiablishmg correct angular posstions fu
diffixted pnmay clecteon heams Using thes tech-
mque. the sample could be repusitioned with respect to
the primary electiron hean direction 1o withan 217 The
data were obtained with the Faraday cup using standard
phase-sensiive delection fechnigues and were recorded
in the second derivative maode. .V €). It was sssumed
that, 10 the fust order. changes 10 the peak-1o-peak
height of the .\ Te) signal as 3 function of the derecton’s

pustum were 3 reawmable approxwsation of the
cdusges m micowly of the camtied Asger clectron
cwremt. Data were amalvred » 2 fumctom of . the
cmerpent pulat angic. defimed with the respect 10 the
szziace normsal: 0. e acmwthal aagie. defmed m 2
cousterchxkwise Jirection from the (OL11]: 5. the
wudent beam pular angle. defmed sbost 2 rowatwe axs
m the {001] dwecnon. and the pramary beam energy .

The angular varatwns 23 3 tunctan of @ for the Cu
W, 5V Awper traastem downg twee prmopal an-
muthal doectwms ¢ shown wr Fg 25 From the
results of repeated measarements. the acuray of the
miewaty ot 1 judged 10 be =55, The angelar
distributions shaa  large mtemsty vartioms and are
dummated v 2 maumum at the swsface normal
9 =0). The tull wadth 0 holf maxsnum (FWHM) of
the natnmest peaks appears 1o be bamted by the spotial
reslution of the detector. However. uther peaks appeas
10 be guste broad. Comparirn with model cakulatons
shows that the distobution detass canpot be Tulhy
cxplaned by 2 model that conuders multiple wattenng
of n clectron and assumes oah  rOtropic cawssion at
the 2tom.*

Vamatnn of the modent beam cmergy. l:". at
comiant current and nommal  owdene  produced
chanpes m the measured absalute mienutses but dud mn
alier the shape of the angular dstribution. The miensity
varatiom o the dstnibutions chnely  fullowed the
changes of the milcgated intenuts of the Auper
tiamstion a3 mexswred with the 4-gnd LEED vpins.
that 5. exh postison of the curve shuwed the same
clectiom-smpact nzazaten vield dependence as the
mtegrated sgnal. Vhe dninbutan was sironges! for an
£, between &0 and 700 ¢V,

In general. the ngrdent beamn directon dad not alter
the shape of the angular Auger cection distnbution
thmever, chanpng ¥ while keepsng thy invsdent and
emisson anmuths constant affected the absolute mien-
sty of the distributon. For example. Fig. 2.0 dlusirates
the effects of rotatmg the sample sbout the J001] avis
on selecied postomns of the curve abong the [110] Since
the Aupe: emussion provess is ol coupled with the cuse
vaamy crcabon, these vanatwns reflect 3 modulaton
of the number of core vaanuies created as the primary
beam angle of mvidence 1s vaned. The imtial Jecrease in
miensty as the beam s moved from nommal inaidene s
pnubly related 10 changes in the elnstn reflecinm
coefinent and (0 different muliple-scaticnng events
undergome by the pnmanv beam. The subsequent
ncreases montensity: with larper angles of incdence 9
are appatently due 10 the fac! thal. as the incdent
beam angle approaches the surface plane. the primary
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Fig 235. Papr.unentel sngeler dvpendence of the W, ;i)

(62 ¢V) Auger wanwting from (o (118 for k) 0 * & . [T104.

1o 36  [il1). snd () o 2 90, [861). s 5 fumciion of o,
in.dent bram n normal 1o the sarface. Intewsty valees fne
sunves 1) and (A have bern shddted op, but incremental wales
are whertnal foor ol curves,

3o

brrn clectivns pesctsate kew deeply mio the wilnd. sd
at the .mwe e 2 bopo wsrtace 2ca v oypaned 1o the
heam. Comsogw nthy . enwe enaipy n Jepnicd m the
WMTC TEBOK. CT2UME ANKE VI 308 30 Be3t The wariae
At amghes bevomd y x S0 . the up apriture me hagre
sampicd the Lval witae s ewited  the o nkent
heam. Theretace. 3 awrectnw i made lon data obisscd
Myl ? =30 pwemtc Y= 3 mbg 2o

in wmwrars . we have prewnted data ot the angul
varmatens @ micnaty o8 Supet clevitom cnmticd lnan
3 cpper waghe (v lal havng 2 11D surface amemta-
ten  The sapoly destisbutnms byl ugmto ant and
complen unntue. Companon with thaetn ol mudels
that mtude mulisple w sttenmyg sagpests that the emn-
wm 5 o potiope 3t the (opper-stom ste. in
aidunm. duapes of the Svtohutim we found 1o be
rclatively  msematne 1o cffects of uwth pramary heam
cacrgy and anghe o} mundenve thwever. the abwidute
miewatly of emivaon o atfated by Janges m cither
parameics
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ANGULAR-RESOLVED AUGER EMISSION
SPECTRA FROM A CLEAN
Cs (100) SURFACE'

JRNownan DM Zehner 1 H Jenkin

Comradetable ctton hay heen expended 1 muke Auger
chevtron spectiowops (AES) 3 quannifatne techumgue
Ihe studies usually mvohe wveradl amphityving avwamp-
s (ot example . the ciection i crmttcd notropecally
and 1 omiv attenuated 231t propagates However telen
mveshigations have shomn that Auger clestron emisse n
trom 2 unghcrvadal wibd o i annottopalh ¢ A
study ot the anpuiae mienuts Jdntothutren ot Auger
clectron cmassen has been evicnded o indude the Cu
M, PV 16l eV cnmvaen fiom 2 Jhean G (1o
witne The purpuoee ) the sitndyv was 1o examine
further the emivazon antatropy (o proande insght ot
muuble mechonnan. wich » multple wattenne and
valenwe kand clfccts revponuble for amsttopy 1 the
AURET CIMASRMN PIINCSS

The urystal was prepared v 2 fashion unnlar o the
Cu U0 cnnstal dewnhed cather ' The (natal wn
onented ‘o withim 05 ot the (10D) tawe and wa
digned weh that the (10D tace was normad o the
pomary clection heam to within ¢ . The data were
callected with 3 moveable Faraday cup cluplosed as 2
setavding e analvser usng comsentwnal phase
senutive detechion techarjues ana measused o s fun. -
tnn of the angular narameters deswnbed earks: '

Fived anvmuthal dminbutions. 9. <how  agmtioam
s ture a3 functm of polar angle, 73 siewn i big
2.7, impuortantly the sructure i entireiy different trom
that obtained from the Cu (110 srface tor the ame
Auger transitions.? Fven n the same direction. such as
dong the [011]. the dissihutions are ungue 1o the
diffarent surfaves, mdwating that enission from weveral
layers mdeed 18 mvolved. Furthermore, 1n contrast 1o
the (1M surface. the emusson produces o deep
mimimum m intensity at the surface normal These
experimenial observations have heen conmpared with
cakewlations of diffractiom effects that included multiple
wattering.® The comparmon shows that the deep

:

mmumum 2 # =80 canmot be cyplanad by 2 model
that micdes the 23-umpteoon of an iediop. ematng
wwirce 2t the atom Secondh | the detasds «f caloulated
cmnson profdes do not compare well wmith the expen-
mentalhy Jeiarmmed cunes. From these resadts. one
concludes that ans thevuretwal model that repexduces
the cypenmental cunes must iclude an amisotropi
cheatron wwrce. The data wan be compared with
anuther cypenmental siudy of the angular distuibution
ot Auger efe lien emission from a Cu (109) surtace *
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The spectrum reported here appears o be somewhat
better resvlved. presumably due to the smaller accept-
ance angle of our detector. Furthermore, while the Jata
of McDuoanell. WoodrutT. and Holland® show ntensity
vanations i azmmaths refated by ssmmetry. this study
fnds that datz fur peak pusitivas from symmetrically
equivalent azimuths agree to within 1", and the
iniensitics are the sanwe 1o withun £5.

The mexsured ntensity variation 21 @ = 12 m the
{001] azimuth has been determmed a5 2 function of
the incident polar angle of the primary beam. 7. tor
several different primary beam energies. £, . as Hlusirated
in Fig. 23. A smilady shaped family of curwes was
observed for other values of 9. As i the previous study .
the intzasity distribution gererally remained unchanged
as a function of 7. although small fluctuations in the

Chme_ - 0BG *3-mgun

(%00} Cu FACE
" My g WY TRANS TION
10 Vg, 35 ez MOOULATION
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" emsSion AZimes T {007]
C 8020

PEAR- TO-PEAX INTENSITY (arditrary uaiy)
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y. INCDENT BZ3M POLIR ANGLE (deg)

Fig. 2.8. Experimental angular dependence for several values
of primary energy £, of the V> ;1Y (62 eV) Auger sransition
from Cu ( 100) for & = 45 . (0D ], ss a function of 1.

k|

dninbutivn were obsersed.  Howewer. the absolute
micaa’y of the dutnbutivn changed x5 2 luacton of
buth pomary biam cnergy amd angle of wwnkemce.
Interestmgly . the miensity vs y curve fin 2 given ¢ and
© appears 1o be dit¥erent fur the Cu (10 1110). and
(D) swrfanes.?* Pravimusly. chamges m intensity » a
function of the primary beam angle of invidenne had
been atinbuted to changes with angle of the edain
reflection coetficrent md (o angle-sensitive effects
cectros multiple-scatiering provesses. The changes n
miensity s a fusction of the primary beam ¢nery
would adso be coasistent with thss madel. Eventually
the overall insensity distrdwition increased with imncreas-
ing . whach agrees with the carlser by pothess that a1
larger primary beam inculent anghes. the energ Je-
puosited in the surface regmn is greater than at surmal
incidence. causing  the  intensity  mwrease. Finally.
adthough the mtensity distnbulion from the (100)
surface followed the same overall trends with changng
values of 3. small varatons within the distributnn
ovcurfed. Since Auger electron emisston should be
decoupled from the core vavany creatmon provess. the
ohservation may be relaterd 10 the number ol vacamies
created. For example. the miensity measured at any
pusition is a fraction of the sum of all enussiomn events
occurring in several atomic planes near the surfave.
weighted by an ewape probability tor each layer.
Theretore. a change in the planar didinbution of
vacamies created with 3 gven incidesnd beam cuuld
result in 2 change of the fraction measure’' The
absolute and relative changes of the angular distributem
ol the emitted Auger electron as a2 function of either
primary beam energy or gl of incidence s.sggest that
care must be exercise) when combining measurements
obtained with different values of I:’p or angles of
mcidenve.

In summary. the angular intensity distributions of Cu
M, AVV clectrons emiticd from a Cu (100) surface
show much structure  Although the intensity variations
measured are comparable in magnitude fo thuse ob-
served from 2 (110) copper surface, the emitted Auger
electror distribution is unique 1o each surface. Com-
parison of the experimental observations with psedic-
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
cither the primary beam energy or angle of incidence.
Alse it is clear that the simple assumplions that have
heen made in attempting 10 make Auger eleciton
spectroscopy a quantitative technique are incorrect. and
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mure cumplex elfects. such 3 antwizopi cmissun,
must be mcludey.

I. Semmyy of paper: J Vor. Sci emd Techmol 13, 183
119760

2. Sec. tr cxample. C. C. Clang. Sl Scii 48. 9 (2975)
P Stub wvd J Kuuhmcr. Appl Phys 3 42) (1974 M P.
Scabs, Swrf. 51 32, T034 1972,

3. D. M. Zchoxer, 5. R_ Newosan, aad L. H. Jenkms. ~Angular
Elects o Auper Eiecuon Eassson from Ce (1109, this report.

4. L. VaDinecli. D. P. Woudsall. aad B. ¥. Holland. Serf
S S1.24%901975),

5. H L. Davrs ane Thoondore Kaphan, “Theveotr-al Analy ss of
Angul..-Dependent Auger Spectroscopy ™ dhis report.

ADSORPTION ON THE Cs (109)
SURFACE: ANGULAR RESOLVED
AES AND LEED STUDIES

JR Nowmar D M Zehner L_H. Jenkins

Determmation of the angular dependence of Auger
clectron emission from adsorbate-wovered single~rystal
surfaces has recently been suggested as a usefui means
for kating adsorption sites.’ This possibility is being
investigated in 2 study of oxygen or sulfur adsorption
on 3 Cu (100) surface. using low-energy electron
diffraction (LEED) and measurements of the angular
intensity distribution of emitted Cu M, VYV (62eV)
Auger electrons. A (v/2 X 24/2)-R45° LEED pattern was
observed after exposures of a clean Cu ( 100) surface to
0, 2 500 L. Subsequent 0 exposuce to sulfur (10 -
103 L 1,S). 2 more complex diffraction pattern. 2 (2 X
) with streaking followed by splitting of the (k. k + %)
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 atienuate the
emitted Auger signal and produce a small redistribution
n the angular emission intensity, as illustrated in Fig.
29. The data are presently being analyzed to determine
if these 1y pes of measurements can be used successfully
to identify adsorbate positions. Angular distributions of
the adsoroate-emitied Auger electrons are aiso being
studied as another possible riaethod of cwrablishing site
geometry.

1. D.P. Woodruff, Surf. Sci. $3. 538 (1975).
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INVESTIGATIONS OF REORDERED SURFACES
D.M.Zehnet ). F. Wendelken

For some time it has been known thai clean sur“aes
of some sngle crystalline metals. particulariy those
known to possess catalylic properties, undergo stric-
tural conversions such that the ordering of surface
atoms is different from that of the subsirate bulk. Gold
surfaces also are known to exhibit such properties. and
since they can be mainfained clean for long periods of
time under reasonabie ultrahigh vacunm conditions, the
physical surface properties of gold are being investi-
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gated using combined LEED. AES. and PICS tech-
niques.

Although previous investigations' have shown that
the normal gold (1 X 1) surface structure on the (001)
surface can be obtained by rwng-term exposure to
atmospheri: envitonment. 2 more controlled methou
for producing this atomic armanzement is desirable.
Recent observations with a (001; platinum surface?
suggested that nteraction: of oxygen with the clean gold
surface mught produce the desired result. The conver-
sion of the reordered gold (5 X 20) surface structure tc
the normal (1 X 1), as shown in Fig. 2.10, could be
effected by bombarding the reordered susface with a
19A beam of O, ions at 200 eV for 1 hr L1 an oxygen
pressure of 7 X 107 torr. Examination of this normal
surface with Auger electron spectroscopy revealed no
detectable contaminants. Exposure of the clean surface
to molecular oxygen at pressures up to 107% torr with
sample temperatuies ranging from 22 to 700°C resulted
in no detectable adsorption or surface rearrangement.

A cean (110) surface of gold was found to possess a
(1 X 2) surface structe : instead of the normal (1 X 1),
an observation in agreement with previous work.?
However, the (1 X 1) structure could be generated by
heating the sampie above 500°C. Upon cuoling. the
surface was observed 1o 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. Zechmer. B. R. Appicton, T. S. Noggle, ). W, Miller,
J. H. Bamvett, L. H. Jenkins, and O.E. Schow Iil. J. Vec. Sci
Techmol. 12, 454 (1975).

2. H. P. Bonzel. C. R. Helms, and S. Kelemen, Phys. Rev.
lets. 35,1237 (1975).

3. D. G. Fedak and N. A. Giostein, Acra Merall. 15, 827
11967).

SOFT X-RAY APPEARANCE
POTENTIAL SPECTROMETRY

D.Kammer' D.M.Zchner I F.Wendelken

A soft x-ray appearance potential specttometer. sim-
ilar in design and construction to that of Muske! and
Taatjes.? 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 detect sulfur on these materials although it
can be readily detected with AES. Another problem
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with the particular design concerned sample heating
which resulted from the high electron bombardment
current (1-10 mA) required with this simple arrange-
ment. Surface conditions were frequently modified as a
result of excessive heating.

An extensive effort. including jon bombardment and
high-temperature heating in buth 2 vacuum and an
oxvgen environment, was made 1o obtain a clean Cr
(100) surface. Although the sample contained less than
10 ppm carbon. it was impossible 10 reduce the carbon
concentration in the surface region below the dete tion
limits of both techniques. On the cleanest pussible
surface the intensity ratio of the carbon L, 1o L,
transitions was found to be aimost 3:2 and not 1:1.as
reported by Park and Houston.? It is believed that the
rezson for this difference is connected with the stainless
steel photocathode used by Park and Houston.

1. Oak Ridge Associated Universitics faculty rescarch partici-
pant from Albion Coliege. Albion, Mich.

2. R. G. Musket and S. W, Taatjes, J. Vac. Scii Technol. 9,
1041 (1972).

3. R L. Park and ). E. Houston. Phys. Rev. B 6, 1073
(197D,

NEUTRON-SPUTTERING YIELDS FROM
COBALT. NIOBIUM, AND GOLD'

L. H. Jenkins J. F. Wendelken
G. J. Smith® M.J. Salimarsh?®

High-energy neution-sputtering yields have been
determined for cobalt. niobium. and gold using a
neutron source based upon the ® Be(d,n} reaction which
employed 40-McV deuterons from the ORIC to obtain
neutron fluences *10'® neutrons/cm®.

Using the experimental arrangement previously de-
scribed,* two experiments have been conducted. In the
first. graphite caicher foils were used because of their
high purity ard lack of activatin products. In the
second. polished silicon wafers were used as catcher
foils in order to facilitate SEM «xaminzuons for
“chunks™ of material ejected from niobium targets
supplied by groups at Argonne Natisnal Laboratorv
(ANL) and Battelle Pacific Northwest Laboratories
(PNL;.

From data collected in the first experiment the
neutron-sputtering yields of cobalt, mobium, and gold
were determined 10 be in the range of 1075 0 1074
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 paper to be published.

2. Present address: Brookhaven Natwaad Laboratory. Upton.
Long shand New York.

3. Phy sics Division, ORNL.

4. L. H. knkms, T. S. Noggle. R. E. Reed, M. ). Saltmarsh,
and G. ). Smith, Appl. Phoys. Letr 26, 426 (1975).

OPTICAL. ELECTRICAL. AND MAGNETIC
PROPERTIES OF HIGH-
TEMPERATURE MATERIALS

AN APPLICATION OF ELECTRON PARAMAGNETIC
RESONANCE SPECTROSCOPY TO THE
MEASUREMENT OF DIFFUSION
RATES: Ma™ IN MgO

Andre Chatelain® R. A Weeks

The eclectrical resistivity of an insulating crystal is
determined by the concentration of vacancies, inter-
stitials (ie.. the stochiometryv of the crystal). and
impurities. In many cases. charge is transported through
2 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 transpont.

The most abundant impurities usually present in
insulating refractory oxides are elements from the lirst
transition series. When present in insulating crystals at
low concentrations. these elements are usually present
in valence states which have net magnetic moments.
Consequently. electron paramagnetic resonance (EPR)
spectra can usually be detected.’ and the integraied
intensity of any species’ spectrum which is proportional
to the number of ions in the crystal can be used as 2
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 rate equation for a plane
sheet sample geomeltry (used in the experiments de-
scribed here) has been given:’ for small times and for
the case in which /Dr/l, <<I, then

M N,
MO No_ 4 B
SIC Co) '

(n
where N(r) is the number of Mn® ions in an MgO
sample at time 1. Ny is the number present in the sample
at 1 =0, Cq is the concentration at 1 = 0. C; is the
concentration of diffusion species at the surface of the
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sample. S is the surface area of the sample. /, 1s voe-halt’
of the sample thickness. and D s the rate of diftusion.

The EPR spectrum: of an ion in a crvstal is determined
in part by magnetic dipole-dipole and exchange inter-
ations between the ions* Assuming that the ions are
randomly distribuled in a crystal. these interactions
alter the spectrum when ion concentrations are greater
than 0.1 at. %. For example. fo. .on concentrations of
0.057% or less. the spectrum of Mn™ in MgO consists of
30 lines. but Yor ion conventrations of 0.2% or more
there is only one broad line.* In a first-order approxi-
mation to the case of Mn™ diffusing into a planar
crystal of MgO. the spectrum that will be vbserved will
consist of two parts. one due 1o the interior of the
crystal. in which the concentration is less than 0.17.
and one due 1o 3 region extending from the crysial
surface 1o that region in the crystal at which the loval
Mn®* concentration is about 0.17. Of course. the
transition from one spectral compunent to the other is
3 smor th function of the concentration but does occur
beiween 0.05 and 0.207. Figure .11 dlusirates ihe
geometry for this two-region approximation. The
dashed line labeled €(7) identifies the plane at which the
Jucal concentration changes trom <0.§7 10 >0.17. This
definition of the transition is 3 mathematical constraint.

it is assumed that the concentration o1 a2 ditfusing
species C; at -/, and #/ is greater than G, that is. C,
>> Cy. Henze the high-concentration spectrum is due
to the difiusing spevies in the regions [, to &) and
€tt) 10 ¥l and the low-concentration spectrum to the
species in the regon I, + ety o !, €(r). The wtal
number of dilfusing ions is given by N{(#) = Nglr) +
Ny(r). where the subscripts B and .V refer to the high-
and low- concentration regions respectively. For small
times (i.e.. 2\/Di/l, << ©). then Ng(r) >> Nyir) and
Eq. (1) is appropriate. fur which W(r) = Ngir). The
contribution from the low-concentration region can be
shown to be

A\:\" ] , 2('05 s l, x

s'1" (l 'n )

=4/D1/n

(1))

[

exp 1

[ty 2vDr|? }

€fr)
5 VDt exfc el1)/ /Dt

exp ( {l:l.. 't ,:/:\/b‘:}=>

()

+{|:l, 6(!)]/2\/5}\/; erfc |, e(r)]/NﬁI



in 2l cases comsidered here. 2D/, << L and I, >> €.
and hence

Natn) Ny
S.t‘(l - C..

= /DT xlexpt P°) pEericpl. (3)

where p = etrW 2\/Dr. 2 dimensionless quantity. Ako,
the concentration at the boundary € can be calculated
from the relatior

Qled) = G, etfc p = constant,

dace C, and p are constants. If the derivation is valid.
then it would be expected that (Ye) = 0.17.
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The diffusion of Mn¥™ mio MgO single crysials was

accomplished by sealing single-crystal platelets in evac-
uated quartz tubes containing manganese metal parti-
cles and besting in an electric fumace for increasing
times 2t 2 paticuly temperature. Simce the EPR
measurensent was nondestructive. the same sample was
used for all the measurements at ome temperature. The
difflusion into the samples occurred by deposition of
manganese vapor onto the srface of the .amples. As 2
first approximation. it was assumed that the surface was
covered with 3 monolaver of mangancye atoms. With
this assumption, the value of C; was equa! 1o the
density of manganese metal. that is. C, = K1 X 10°°
am ?.
Single crysials from two sources. Norton Company
and Abraham-Chen ® both grown by the ac-finion
method, were used. Impurities in these crystals were
measured by flame spectsoscopy: in the Norton crvual
the sum of the impunties was <400 ppm. and in the
Abrzham-Chen crystal iv was <120 ppm. Both spei-
mens contained Mn *°_ but the concentrations differed
greatly. The values of C, measured by EPR spectros-
copy for the samples used n these experiments are
pven in fable 21. The abwolute error in these meas-
urements is 307, wiule the relative error 1s 277,
Sample dsmenssons were approximately 0.1 x 0.3 X 1 0
cm. In evaluating 0. corrections o §, were incorpo-
rated to account for the fou, edge surfaces.

Diffusion anneals on samples of both crysials were
made at four temperatures and (our times up to 7 X
1G> sec. The data arc given m Table 2.1 and in Fig.
2.12 the doffuston rases ase plotied vs |7 In Tahle 2.1,
the value pven fur D at eaxch temperature 1s an average
of the values for each sample. The values piven lor p
and (Ye) could b determned ondy (rom data on the
Abizham-Chen samples.

Within the crror of the measurement., p 1s 2 constant
with a value of 2.32 + 0,04, nd Ql¢) alsor has 2 constant
value 1o within <127 . The value of (Y€ ) s in agreement
with measurements on the concentration dependence of
the spectrum of Mn *° whech show ihe (ranstion from 3
lowconcentration  spectrum 1o a2 hghconcentration
specirum ovcursing at about 0.2 wi 7}

In Fig. 2.12. the slope of the curve (2 least-squares (it
of the function In D = in Dy F kT. where £ nan
actvation energy. & 13 the Boltzmann constant.and T s
temperature) gives 2 value £ = 2.10 ¢ 0.25 V. The
diffusion constant is Dy = 4.6 X 10 ¢ 30 cm isec.
Measurements a1 1w lemperatuses o mangancse-
metal-plaied samples gave values of D which are also
plotted in Fig. 2.12. For shese samples. £ bas the same
value, but /1, is approximately threc times a3 large as
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Table 2.1. Data ou diffusion rates of Mn™*

in MgO single crystals
T s (NOTtOn) Co (A ©) D p Qe)
'Ky tspins/cm?®) (spins/cm”* ) tcm? /sex) (w17)
1223 165X 10" 367X 10°* txw'? 234 015
1313 437X 10'" S50x10'* 32x 107 2% 0.8
1403 463 X 10 s30Xx 10" 14107 Ny a7
151 438 X 10" S 100 2x10"! 235 013
>:.3Z‘ 0.16°
004> .00
“ms value.
> s deviation.
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Fig 111 Diffusion rete of Ma” in sn MgD single csyseal as s fenction of I/T CK).

the values for the vapor-diffesion experiments. We
suggest that this higher value of D, indicates that the
value asumed for C; in the vapor diffusion experiment
18 too large and that the surface of the MgO crystals was
not covered by a complete monolayer of Mn”* .

The values for £ and Dy calculated from these
experiments are larger than those reported by Tagai et
al.” using electron-microprobe techniques for measuring
concentration profiles. They give values £ = 1.2 eV and

Dy = 41 X 1077 cm?/sec. For some divalent ions of
the first transition zeries (Co* _ Fe** and Ni*"), Weunch
and Vasitos® found 1 S<ES 21 eVand 18X 1075€
Dy < 5.78 X 107* cm? /sec; the measurements reposied
here are in reasonable accord.

1. Summer research participant from Fcoole Polytechnigue.
Lavwnne, Switzerland.
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OXIDATION OF ELECTRIC-FIELD-REDUCED
MgO SINGLE CRYSTALS

J.C.Pigg R. A Weeks
K.F. Kelton'

Application of dectric fields (500 to 2000 V/cm)
thiough platinum electrodes 10 MgO single crystals
containng impurities from the first transition series of
elements reduces the valence state of these impurities.
For example. Fe™ is reduced 10 at least Fe*". Direct
evidence of the presence of iron in the 2+ state has not
been obtained. and its presence is inferred on the basis
of the experiments described below.? These reduced
valence states are oxidized if the reduced samples are
heated in air in the absence of an electric field.
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The cffect of suochronal anneaks on the intensity of
the charge-transfer band of Fe* a1 2850 A and the
absorption a¢ 2400 A is shown in Fig. 2.13. After
treatment in an electric reld. no band is resolved at
2850 A. and 2 small band remains at 2125 A. where
previousdly 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 ingo: adjacent to
the crystal treated by the electric field as ag. it s
evident that for temperatures above 1640°K the
concentration of Fe™ exceeds that present initially.
Sirce the slope o1 the curve drawn through the data
poinis is approximately constant between 1450 and
1675°K. the highest temperature reached in these
anneals. it is evident that anneals 2t higher temperatures
will further increase the concentration of Fe*'.

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 ag was used as that in Fig.
2.13. There is considerable uncertainty in the values at
2850 A for values of fAda) below G4 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.

bt 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 cutves® increase linearly from 1.5 eV at
RAa) = 04 10 39 ¢V at AAa) = 0.9. This is similar to
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section of treated MgO crystal a3 2 function of sothermal aancals
V:em. 900 < 7 < 1200 C in air. for 100 hr.

the range of activation energies measured previously for
electrical conductivity ¥ ~?

From measurements of the intensity of the EPR
spectra of Fe™ in sites of cubic symmetry. the
concentration of Fe” in these sites was deduced. Data
for the fractional char.ge of these sites are also st.own in
Fig. 2.14._ It is evident from the EPR measurements that
the saturation value of the Fe** concentration after
anneal exceeds the initial concentration as measured in
the untreated <ample. The Fe* stale generated in this
manner does not bleach wher exposed 1o room light, as
does the irradiation-induced Fe™ state in the treated
sample.?

Heating an untrecated sample in air a3t these
temperatures imreased the Fe* comncentration by
<107, while after the electric field trearment and
subsequent anneals in air in the same tempe:ature range
increases of > 307 were observed. This effect indicates
that the movement ol the charge czrriers through the
crystal had increased the concentration of enfilies
which. after oxidation. can compensate the excess
charge on Fe™. Although the concentration of Fe® is
greater than it is in the untreated crystal. it is still less
than the total concentration of iron as measured hy
either flame spectroscopy or x.ray fluoresence
analysis. Hence some fraction of the iron still has a
valenc: less than +3.

al two temperatures. The treatment o' the crystal was £ = 1000
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REDUCTION OF Fe* IN MgO SINGLE
CRYSTALS BY APPLICATION OF
ELECTRIC FIELDS

R. A. Wecks
J. C.Pigg

L.. D. Hulett!
K. F. Kelton*

Magnesium oxide crystals, grown by ne arc-fusion
technique (Norton Company). have been subjected to
electric fields (500 ro 2000 Viem) at temperatures in
the range 900 to 1200°C. in air, for periods up to 150
hr. Oplical and eleciron paramagnetic resonance (EPR)
measuremenls have heen made before treatment and as
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a function of pusition it the sample with respect 1o the
pusitive and negative electrodes after  treatment.
Principal impurites present in these crystals. in ppm.
were Fe ¢123). Mn (10). Ni (10). Cr (15). V (<5).Ca
(65). Al (10). Si (10). and Zr (§0). On the basis of 2
comparison of the amount of iron measured by Xx-ray
fluorescence spectroscopy with the amount of Fe™
deduwed from FPR and opixal measurements.
approximately 207 of the iton present in the untreated
crystal was in the + 3 valence state. 2 major fraction of
which was located i regular octabedral crystal sites,
but some of the Fe™ was in noncubic sites. Before
treatment. the EPR spectra of the crystak contained
components due (o the presence of Ma™ . Cr™. and
V2 (ref_ 3).

After lengthy application of an electric field at high
temperature. the crysials were cut into slabs whose
faces were perpendivular to the direction of the electric
field. These slabs typically were 0.1 cm in thickness.
and between cight and ten shabs were obtained from
cach sample. The curves ir Fig. 2.15 are the absorption
coefficients vs light energy before treatment. after
treatment. and after imadiation in 2 ' *7Cs source. The
two bands with peaks a1 43 and 5K eV are
charge-tiansier bands* of Fe*" . The decrease in the Fe™
Smcentration following treatmeni. indicated by the
decrease in the charge-transfer bands. was corroborated
by EPR measurements. The Fe* concentration was
reduced to <005 times the initial concentration. As
can be seen in Fig. 2.15 and corroborated by EPR
measutements. the concentration of Fe™  after
gamma-1ay iuradiation was about half the nitial
concentration. Increasing the radiation dose abuove 10°
R did not increase the Fe*™ concentration. Thes
enhancem~nt could he either bleached with ambient
toom light or annealed a1 room temperature over a
period of about 24 hr.

In samples heated to the same temperatures under the
same conditions. but without the electric field. the
concentrtion of Fe increased by <10vc. Imradiation
of these samples with gamma rays (o the sme dose as
the treated samples did not alter th2 Fe™ concentration
to within the accuray of the measurement.

The concentration of iton measured with an x-ray
fluorescence spectrometer was the same before and
after treatment 1o within the accuracy of the
measurement ( 2 ) 0F relative).

On the basis of these experiments. we tentatively
conclude as follows: (1) The crystal i reduced by
heating in an electric field. the reduction being
indicated by the decrease in Fe* concentrations.
12) Approximately SOZ of the initial Fe* cam bhe
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regenerated by gamma-ray imadiation. The regenerated
Fe s umstable. The cnhancement of Fe>
comentration after imadiatton is attributed to an
excitation of an electron from Fe** ions and the
trapping of the electrons in shallow traps. (3) The Fe**
which & observed by EPR spectroscopy after treatment
and after gamma-ray irradiation occupies crystal sites
similar (0 those occupied before (reatment. Henve. the
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Fig 2.15. Optical sbsorption of MgD singler crystals: I. =
recered: I, leaved for shout 100 he 31 900 < 7 < 1200 C.im
clectric foulds of shout 1080 Vcm and in aiv: NI, irradiated
with 10" Rof ' *7 (s gowma rays.




alterations in the crystal produced by the electne feld
do not appear 0 afiect the site symmein of an
tmpurity such as iron.

1. Chemectrs Dwinson, ORNL.

2. ORAU undergraduate rescarch Iramee from  Arkamas
Polvtechan: Untversity . Rucscliville, A1k,

3 5. W.Onoa. chap. 11 i Elecron Peramogwene Rewwmance.
Iifte Bovks Lid.. 196X,

+. R. %, Sodhwa, AL 1. Dekker. and 3. P. Steurtz_ /. P
Chem, Svirds 5. 23 11958

PRODUCTION OF POINT DEFECTS IN 14.3MeV

NEUTRONARRADIATED Mg0'
Y. Chen M. T. Robinson
M. M. Abraham . B. Mitchell®

R. A. Van Konynenbure’

Magnesium oxide is an ideal host to stedy the
charxctesistics of the radiation damage resulting from
fusion neutrons compared with thse resulting from
fission peutrons. because many of the fundamental
point defects in MeO have been identilied using optical
and magweiic resonance  spectioscopy. Qrentitative
measurements of the various typee of defects are
therefore readily acessible. In this <tudy. high-purity
MgO crystals gown at ORNL were irradiated in the
LLL 14.8-MeV rotating-target neutron source (RTNS)
10 doses varying from 18 X 10'° 10 5.7 X 0’
nentrons/cm”. The optwal absorption specira of these
crystals resembled those imadiated in fission reactors
and exhibited pands principally ar 4953 35, 22 and
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Fig. 1.16. Optical specina of 3 Mg0 crystal ivadioted with
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Fig. 2.17. Concentration of amion vacamcees and abserplien
coeflscient of the 4.95-«V hand for Yigl) respiting from aeatron
wradwtions in the RTNS 2nd ORR_

1.3 eV.as shown in Fig. 2.16. The band with the larp:st
absorption coefficient. that a1 495 ¢V is due to anion
vavanies. The bands at 35 and 1.3 ¢V. attended by
sero-phenon lines at 3430 amd 1.1X7 eV respectvely.
have been atiributed (o different cptcal tramsitions of
anion divacancies. OQur investigations indicate that the
net production rates of the point defects resulting from
uradiations with 1$8-MeV neutrons »:¢ about Iwwe
those resulting from fission neutrons in the Oak Ridge
Research Reactor (ORR). as shown i Fig. 2.17. Thes
ratio s in reasomable accord with theosetival estimates
oased on damage energy calculations.

1. Summary of paper: Radsinws Fifevis omd  Trrmow
Fechowdogy for Fasson Rescrwrs. 8. ™ 1 W_Willen amd 3. S.
Watwon. FRDA report CONF-7SMRY. Oak Rulee. fomn..

Press,
2, Lawrence Livermore Eaboratory. § vermwere_ €2l

OPTICALLY DETECTED PARAMAGNETIC
RESONANCE OF DEFECTS IN RO’

F.A Modive Y.(hen

There has been img-standing mierest in BaO hecause
its checirons properties have found useful application
in oxide-coated cathades. These properties have always
been attributed to defects that donate clectrons. but
only recently has propess een made toward
identifying these defects ® Although several defects in
820 hawe been revealed by therr optical specira and 10 2
lesser extent by their paramagnetic resonance spectra.
their iderlites have hbeen mixh dehated. Most of the
controversy has concerned the wdentity of the defects
giving optical absorption hands at 2.0 and 2.6 eV.>*
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tach band bhxx been vanuudy asagned to the
une-ckeciton F° and the two-electzon F center.

An optxcally detected paramagnet resonance study
was undertaken to establish conchusevcly the denntics
of the defects which produce the optical bands. The
studv utilired 2 maTowawe-opinal double-resonamce
techaugee that detects the changes 1 the magneticalh
mdwed cocula dichrosm (M D) of an optxcal band
resulling  from  the goundstaie  spintemperature
varations caused by resonant micsowave absorption.
Figure 218 shows an optically detected resonance
spectrums measuted for the largea dicheotsm peak of
the 2V optical band. The £ ventes EPR spectrum’ &
clearly rewaaled. The bupe central line derives from the
30T of the centess that have no neighboring mageet:
isolopes. Hyperfime bnves ate abseo seen. The Baes
mdicated on the figure derive irom the 407 of the
centers having only one near-neighbor magnetin isolope
= 32 cither 66%abundant '’‘Ba o
11 3%-abundant "7 Ba. Many weaker. unresolved lmes
<an be atinbuied 10 centers with twer or more magnetw
sotopes. However. the specirum  abo  exhibits
prominent lines not attributable 10 F~ centers. mtably
ome ncar .63 kG and 2 pass flanking the central boe.
These lines are assoxnated with other defects. They
appear because the optwal bamds of these defects
underie the F° band and because of cros-relaxation
provesses.

The bands that underiie the F° band were revealed by
measuring thermally annealed crysials. A short anneal
at 150°C removed about 957 of the £ ceniers. and the
specina of defects kaving greater thermal stability than
the F* center were betler resolved. Opinal spectra
showed weak overlapping absorption bands at 15.1.7.
2.0.and 2.6 eV. The optically detected paramagnetic
revmance specira measured at the dichrosm peaks of
these bands are shown in Fig. 2.19. Hyperfine structurs
is unresolved in these wealier specira. but three stronger
bmes are clearly detected. The center hne has g = 1935
2 0002 and is 2 remaant of the F°<enler spectrum.
The lines fiankive the F° line wers revealed as due (o
(1000 axia) defects by standard microwave absorption
mezsurements. Actually. the axwl lines belong fo fwo
axial sets. The low-field lme s 2 dowble perpendicula
with . = 1.940 ¢ 0.002. The higher field Ime is
composed of the paraliel line of this set with g, = 1 950
* 0002 and the supenmposed double perpendicular nf
ancther st withg, = 1.930 ¢ 0.002. The paraliel line of
this other set has g5 = 1886 ¢ 0.002 and is at 2 hegher
field than measured in the optucal specina.

The differences in the optically detecied specina
rev=al the origins of the oprical hands. The 640-nm

dahrorsm peak ot the 2V band show's the strongess
respumse to the center hine_ reaffummng 1is assagnment o
the F° center. A rcativehy sttomper response to the
axml Imes 5 found tor the MOCD peak 2t 720 and 440
rm. waphing that the 1.7- and 2.6-¢V hands are
assavted with the awa! defects. The peak at 300 nm
correlates with none of the strong bnes but displays a2
broad dectease at about K88 kG which probably
currelates with an EPR lime that s 100 broad 10 appeas
M 2 mecrowave absorpticn-derivative spectrum.

This siudy claninates further doubt regarding the
rdentity of the F and £ hands m BaO. The 2.0V
band s Jux 1o the F° center. The 2.6-eV hand 15 due 10
an a2xial defect and s, thevetose. neither the F nor the
F° band_ although it mav be due 1o an anl variant of
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the F° cemter Moteowr. oiher mwestigators® have
revently made 2 well-based asssgnment of the £ band at
23 eV, and all questioms regarding these hands are,
theretire, resolved.

1. Semmary of Paper 1o be publrdeed.

2B B Rosc and b, B. Hemdes. P, Ry Terr. 29, N
972

3. 1. 1. Turwex. Solad State Commun. 7. 635 11969 amd
referemes therem.

4L P D Townmsend and ). C. Kelly. (ohwwr (ontres and
Imperrcctnms m Insulaeers snd Semacombuctors. Ciame Ruvak
and Coro. New Yorbk 19730

SOK.F Mama. L.V _Holrn d, and D. 1. Cowon. P Seann
Solwds 33, 391 (1969).

MAGNETO-OPTICAL STUDY OF £°
CENTERS IN MgO and 20"

F. A Modine  R.W. Major’
Y.Chen

Magncio-opinal spectia of netron-rradiated Mg0O
ad B30 have been studied in order to complete 2
spectroscoph mvestigation ol the properties of F°
venters in alkdlinecarth  onide  crvsias.  Optica
absorpon and magnetic circular  dichrosm (MCD)Y
measurements were made in order to venity the optival
bund xsigments and 10 determine  the spir-crbit
interaction between the excited electron and the lattice
ion cores. The results we pertinent to the understanding
of defects n oxide materials.

Specira of the £~ center were more difficutt o
resolve in MgO and B3O than in the Ca0 and SO
crystals investigated eatlier.® Other spectra overlap the
F* band in both cases. For MgO the problem was wlved
by using very high purity crystals thal were especially
low in impurity Fe **. which contributed most of the
difficulty . In BaO. owerlapping specira are contributed
by other irradiation-produced defects. and 2 complete
wesolution of the F”venter specira was not possible.

Spectra were analysed by the method of moments*
In the Ba0 case. the stirong verlapping specira
necessitated an approvimate analyus. and only the
fower energy purtion of the spectrum was analyzed.
The spin-urhit sphittings in the unrelaned oplically
excited states were found tobe 18 2 3cm ™ for MgO
nd 3RO * 190 cm ' for BaO. Both resulls are in
surprising  agreement with values previosly  obtained
from less accwate Faraday  rotation  (FR)
measurements.*®  Although there s no basis for
disagreement between MOCD and FR results. agreement
could not be Torescen, Prior to thes investigation only

disparate MUD and FR roults tor the  spin-orbat
splitungs @ €20 and SO had been obtaned. ot
MgO. haghet moeeients of the spectra could be analy 7ed.
and they mmph an optwal bandwidth predominanth
contributed by poncuba lz--10¢ modes.

1. Sumaars of paper tes be pubineed,

2. Owm keave Stom L anersiny of Ruchmesnd. Rachiernd. Vs

A Mediae. R W, Y. Ciwen, and 1. M. Wgon,
Solrd State v, Ano. P, Rep. Ihe. 31 1% 74 ORNIL -S002X
p. 7%,

4. CH. Hemn, S Sobaaticrh _ amd C. P, Shchrer, Pins,
Rex. 137, ASKR3 o1903).

S.LC RKemp 3. C Chene, £, H. (ren. amd |, A, Meudane,
PRy Rev. §T9 818 ¢ 1909).

6. R. G. Boveent, B, C. Cavenetr. amd I C. Hunter. . P
Chem. Soolrds 29, 1523 ¢ 1988,

EFFECT OF PLASTIC DEFORMATION ON
HOLE-DEFECT FORMATION IN MgO'

Y. Chen
M. M. Abrah~m

L. C. Tompleton
k. Sonder

Previvus investigators have showa that plastic defor-
mation causes the intensity of the 2 3¢V apped-hole-
center band in MgD toincrease. They micrpreted this
increase n lerms of formation of new vacanvies. Our
present study indicates that the detormaton-induced
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increase ovcuts oy in hvdiogencontammg crvstals.
EPR and ENDOR tewuits have shown that 1o such
crvstals, the mcrease 1» simunt exclusivels due 1o the
wwrease of §yy tmear conbiguration ALY O°F (Mg
savancy | O ) znd By (contiguration 7 Mg
vaaancy] U0 ) centers. For the case of Vo cen-
ters. we have turther been able to show by obwrving
the mtrared OH stretching vibranon at 3322 om ™'
thon esyand 36 cm ' 1V sites). shown in by
2.20, that the numbes of gy conters increases at the
sypense of the ey centers and that o new
hy diogen-nsoviated vacancies are formed by deforma-
non. The morease m the optical band is. therefore. due
1o impurnty -asswiated vacancies present betore defor-
maton. For hydrogen-free crystals. deformation does
not morease the By and §74 concentrations. and
Tarthermore no 87 or 1Y centers could be detected.
Hence we conclude that i hydrogenvontaming cnvs-
by, detomation stimulates the conversion of existing
vavancies to their irapped-hole counterparts, the 1y,
Von.and Ey centers.

1. Summury of paper to be pubinhed.
LUMINESCENCE IN DEFORMED
Mg0. C20. and SO’

Y. Chen
M. M. Abraham

1.J. Tumer®
C. M. Nelson?

Plastic deformation in the sixalinecarth oxides pro-
duces optical abserption hands. the most pronounced
of which occurs at 5.7 eV in Mg0. 4.6 and about S8 eV
i C20, and 3.1 and about 5.0 eV in SrO. Excitation in
thesz energy segions generates luminescence bands, with
peaks at 29 gvioler). 2.6 (blue). and 2.2 (green) eV in
Mg0). Ca0. and SrO respectively. The dependence of
tke emission spectra on temperature and on anisvtropy
give clear indications that multibands ate involved, The
visible emirsion provides a convenient means of ob-
serving slip systems without artificial decoration tech-
niques. Correlation hetween emission inwensity pattern
and dislocation cich-pit density has been demonsirated
in MgO. The luminescence effect permits an instarfa.
neous and clear observation of gross imocrfections as
they are being formed in a solid, either on the su:face
o in the bulk. so that the dynamical proveses of
dislocation interactions ¢an be studied. By morstoring
the emission intensity as a function of siress and strain.
such as shown in Fig. 2.2), it was found that the
defects responsible for the emission are formed at the
onset of plastic deformation. No obscrvable emission
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Fig. 128. Intemsity of leminescence (spper cuive) and shew
stess (lowner curve) 33 2 funcion of compeession with a C20
crysial wader witraviobet excitation. U'pper abwissa represents
swanamy time for both cunes,

was detected prior to compression. and emission did
not fake place during the ipitial phase of compression.
Luminescence began 10 1ake place when the stresssirain
curve deviated from lirszrity. as indicated by the
vartical dotted line near the 177 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 siress with presumably more defects
being formed. the emission intensitly increased corre-
spondingly .

. Summary of paper: Philos. Mag. 32,99 (1975).
. Wake Forest University, Winston-Salem. N.C.
. Fmory and Henry College. F mory. Va,

THE USE OF SELF-TRAPPED HOLE-CENTER
EPR SPECTRA FOR DETERMINING CRYSTAL
PARAMETERS CONNECTED WITH THE
CUBIC-TETRAGONAL PHASE
TRANSITION IN RbCaF,

E.Sonder' L. F.Haliburton®

[ R

1t is now well known® % that RbCaF ;. which has a
cubic perovskite structure at temperatures above 200K,




-

undergoes a phase change and becomes mcreasinghh
tetragonal as the temperature is fowzred hohow BN
Upon coohing through the cnteal temperatuee. singie
crvstals develop domauis whewe vnigue axes are usuall
aligred along two of the onginal - OO axes. §thas Boere
shown that the ietragonal summetns of 3 Jomaia resufts
from the twisting of CaFg octahedra sbout the tetiag-
onal axis

lrradiation of RM2Fy at low temperature (tor
example. 15 min at "N'Kn a 10*-R hr '27Cs gnnma
source) produces an FPR spectrum that can be wdenti-
tied as being dus o a self-trapped hole tF. 7§
molecular wn). Tie tollowing discussion concerns a
portien of the EPR gwetrum.in particulas that portion
which in a cubic cristal qo.2.. KMgF3) tref. &) corre-

sponds 1o 2 sngle e that appears at the high-tield end
of the spect-irm of 2 sample with a cubic avs paralie] te
the magneti field. That hine 5 ungle because all
sell-trapped holes have therr aves aligned 45 to the
magnet licld. Rotating such a sample around an ax
perpendicuia 12 the magnetsc tield increases the angle
keiween the center avis and mogn-tic tield directe. -~ of
some of the self-trapped holes and devreasws o for
ethers. This procedure produces spliting ot tat line
which increases with rotation.

In our case (RBCaF ). for which tetragonal domains
exist. the high-tield EPR line will he very similar 1o that
for a cubic crysial for those domains whose tetrageonal
axes iwhich are abo the axes of CaF, wotahedra
rtation) are parallel 1o the magneric Jickl. For those

ORNL-0WG 76- 392
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Fig. 2.22. High-field portion of EPR spectrum of a nearly viavje-domain sample of RbCaF ;. The measuring femperature is 95" K.
;) Spectrum for (10N orientation with domain axis parallel to magartic field. ¢h) Specira for ample rotated around an axis

perpeadicutlar to the magnetic field.
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domains, however, for which the tetragonal axes are
perpendicular to the inagnetic field. the CaF, octahedra
are rfated so that some of the self-irapped hole axes
are off the 35° angle. This produces a line splitiing. the
amount of which depends upon the angle of rotation of
the octahedra.

Fig. 2.22a depicts the high-lield portion of the EPR
specirum for 2 sample with a majority of domans
having their axes parallel 10 the magnetic field. This
wientation nroduces the large line in the center of the
pxtion of the spectrum shown. The 1wo satellites are
due o domams with perpendicular axes. Figure 2225,
¢rawn un the same iicld scale. shows the splitting of the
large line due 10 rutation of the whole crystal about an
axis perpendicular 10 the magnetic fizki. The splitting
bzcomes ihe same as that of the satedlites in the [100]
wrientation (Fig. 2.22a3) when the crystal is tumed
about 6'7;° f the [100] axis. This correspondence in
splitting shows that the satellites correspond 10 domains
tated around the unigue crystal axis by about 6'4° at
the temperature of measutement. 95°K. Detailed com-
puter calculations now in progress confinm this reason-
ing and will permit accurate determmation of EPR
Hamiltonian parameters and bending angles. as well as
rotation angles. by using not only the extreme lines
shown here but the entire EPR spectrum.

1. The author carred oot this research whike on leave at
Oklahvrma State University . Stil'water, Okla.

2. Oklaboma State University ., Stiltwater. Okh.

3. F. A. Modine. k. Sondez, W. P. Unrub. C. B. Finch, and
R. D. Westbrook., Phys, Rev. B 10, 1623 11974).

4. C. Ridou, M. Rousseau. J. Y. Gesland. J. Nover. and A.
Larembowitch. Ferrorviccmcs. (o be published.

S. ). B Rawes, R. W._ Mapur, and F. A. Modne. Soind Ssgre
Commun_ 17, 1347 (1975).
6. T.P.P. Hall. J Appi. Mevs. 17, 1011 11966).

RADIATION-INDUCED OPTICAL ABSORPTION
IN NobigF
J.R.Serctlo’  E. Sonder

The compound NaMgF; is one of a2 number of
orthorthombic perovskite fluorides.” Comparison of its
radioly us behavior with that of cubic KMgF , permits an
assessment 10 be made of the effect of crystal symme-
try on point-defect production in similar materials.

Large-grained polycrystalline. multidomain sampies of
NaMgF, were uradiated in the electiron Van de Graaff
accelerator. Sample 1emperature and radiation dose
were varied. and growth curves vere obtained fur the
radiation-induced absorption bands. From the spectra
and growth<urve shapes. it was possible 1o identify
tentatively 2 number of radiation-produced defects.
These are summarized in Table 2.2 The identifications
were based upon analogy with the radiation behavior of
alkali halides and KMgF ;. as well as upon comparison
of the growth rates of the different bands observed for
NaMgF ;. For example. the /; center was identified by
the lact that its absorption band intensity varied as the
square of that of the / band as the bands grew.

The results indicate thae differences in structure have
litthe influenve or the defect production behavior of
these petovskite compounds.

1. Fubright-Hays Scholar from the University of Fort Hare.
South Africa.

2. M. H. Lewis and MW_A. Bright. 4m. Mineral 56,1 ?
t1971).

Table 2.2. Optical absorption band in NaMgF ,
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. Temperature range
B:'m.d peak Halfo\\ndlh iTP\:hich band Tentative identification
position tam) 2t 80K (¢V) <an be observed (°K)
290 0.7 10->300 F center
350 10130 Self-trapped hole
230 80->300 Interstitial clusters
405 >200 F, center
500 >200 F -
700 aggregate cente-s
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TEMPERATURE DEPENDENCE OF FRENKEL PAIR
PRODU ZTION FROM F-AGGREGATE-
CENTER DESTRUCTION'

k. Sonder

Measurements of the radiaton destnwction of F-
aggregate centers between 70 and 250 'K have v elded
values for the pnmary  Frenkel-pair producinon effi-
ciencies in NaCl. Rb(CT. KBs_ and KI as 2 functon of
temperature. The so far unexplained inrease m pro-
duction fficency with temperature onpnally demon-
strated for KCI has also been observed i these materiab
and has beer found 10 be only 2 slight Tunction of the
spevies of cation but a strong function of ann specics
making up the alkali halides. The apparint agreement
between the activation energy obtained for KB in these
measurements and pulsed radivlysis nicasirements o
discussed. and a2 problem concerning previously  pro-
pused explanations is indicated. In addition. the ven
strong temperature depe wiewee previously observed in
KJ and attributed to th 2 disappearanve of luminescence
has been observed and corrclated with the thermal
quenching of the 3.31<V component of the funda-
mental luminescrence.

1. Abvract of peper: Piv . Rev. B 12 151611975,

REACTION PRODUCTS AND STORED ENERGY
RELEASED I ROM IRRADIATED SODIL'M
CHLORIDE BY DISSOLUTION
AND BY HEATING'

G.H. Jenks® €. D.Bopp’
k. Sonder J.R Walton'!
S. Lindenbaum®

As o part ol a study of energy stored m irradiated
Na(!. we found that heats evolved upon agueous
dissolution  of irradiated  samples were  consistently
about 57 jower than the stored energy releascd durt g
heating of the sumples. It seemed likely that these
differcnves could be explairned in terms of the reactions
that take place during dissolution: therefore. we con-
ducted a combination of measurements to help identify
such reactions. Paramcters determined inclwded heat
tefease upon thermal bleaching and upon dissolution of
wradiated  samples, identity  and  quantity of  gases
evolved during aqgueous dissodution. and concentrations
of hypechlonite on in solutions of rradiated salt
Analyses of our experimentad data and other informa-
tion indicated that during dissolution a reaction oveurs

54

detween iradsation-activated Nal'l mudecuks and H. 0.
in which the principal solution products are OG0,
HOCL and H: m addition 10 Na” and 1. The results
indicated that the enerpy pot radistwn-actrcated mule-
cule of Na(l is approvimatel equal 10 the heat of
formation of N1 trom th elements. The results of
this work confirm that heat of solution a3 well 5 diop
calonmetn can be used 1o mexaire st-wed energy
ivadiated Na(l and. probobly . other slic However, it
s exsentiz: that the species furmed by dissolution of the
displaced atoms be known in order 1o mterprct the
solution calorimetes data conrectly.

1. Su wary of pager: . P Cheme. 79,871 (1975,
3, Chwmaal Techahey Divinen, ORNE .

3. Amalytial (emintny wnen, ORNL.

4. Unmcrsaty of Kamws, Lanteme, Kan.

THERMAL CONDUCTIVITY OF IRRADIATEY.
ADDITIVELY ( OLORED. AND GEFORMED 130"

Judith B. Gaimann®  Hasold Wemstenk®
Y.Chen

Low temperatne thermial conducthinaty measurements
have been made in neutronanadiated. ekevtion-nra-
duated. additivels colored. and  Jdetommed  Mg().
Resmnant scattering of planons s observed in all these
crvstals a2 7 2 1S 10 20°K. Correlations with optical
absorprion measurements indicale that s resonance is
asaniated with anicn vacancies. In addition, 3 resuo-
nawe at T = 'K in neutron-irradiated civstals &
Jiribuied 10 defect agpegates. which are virtually
absent m edlectrondadiated and  additively  colooed
samples.

Thermal conductivity measurements on hgh-punty
MgO deiormed 10 about XY along a [100] direction
show 3 decrease after the deformation wwer a hroad
temperature canpe. with manimum decrease ivcummng
21 ¥ 2 )5 10 20°K. Opical mcasurements ndicate the
presence of 3 byoad detfoemation-induced absorption
band 20 S.7 eV, which 15 probably caused by highe
order puint defects. An MgO crystal deformed 2
normally contains anout 2 X 10°* F° centers per cubi
centimeter. In addition. diskcation dipoles and other
defects are also produced during deformation. Henwe . at
this time. it & a0t certain whether it is the anion
vacancies, other defects. ¢, dishwation dipoles that are
respomsible for the decrease in therma conductivity.
However. foliowing annezhing a1 abuut 1000°K. the
thermal conductivity over part of the temperatuse range
approached values shiained for the undeformed sample.




At this temperature. mwst of the point defects. in-
chading amion vacancies. were anmealed oul. and some
of the dislocation dipules were converted into Jdislova-

1. Semmary of paper: p. 190 m Phoecon Scaticring w Solnds.
Picoum Publuiyag (o New Vork. 1976,
2. Mimues Instisuse of Techaoopy, (g, ML

DEUTERATION OF CRYSTALLINE C20

MM Abrzhamn Y. (hen
W_P.Unrub'

Smgle crysials of <30 duped with dewtermmm have
teen growmn by the submerged e fusion method. and
Fon omuers were prodec< o camma wradistion 2t
77°K. Ahthough the vhserved EPR line widihs are
extremedy narrow. ebeviron-nuclear  dowble-resonance
(ENDOR)Y mezsurements &t 4.2°K were required to
ubtam the quadrupole mteraction constant and the
sgms of the hyperfine parameters. EPR and ENDOR
me surements vield the (ollowmg spir-Hamdionian
patameters. g, = 20022, g = 207N, A4, =
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+042M1) MHz. 4. = 021X MHz. ad P =
+0.188¢ 1) MHz. Relative signs were obtained expen-
mentally. and the assigament of the absolute sgns
follows from the asumption of a positive dipolas
mteraction of the hole with the reported positve
deuterium nuclear moment. The magnetic hyperfine
mteraction is essentially all dipolar and implics a shight
outward (100) relaxation of the axial oxygens. The
mcasuted electric ficld gradient . the deuteron s
compaed in Fig 223 with the corresponding case in
MgO and with other substitutional-snpurity trapped-
hole centers in the cubi: oxides.

1. Presewt addisens: University of Ramsas. Lawrence. Kan.

FIRST-ORDER BMPURITY SNDUCED RANAN
SCATTERING FROM Ni** IONS IN LiC1 '

J.B.Baiec  G. E.Shankle®

Firsi-order Raman scatienng s normally forbidden by
symmetry m alkali-halide crystals. However. introduc-
ton of 3 substituional mpurity wm mto the cubic
lattive destrovs the trandationa symmetry at the
substitutional site. and Raman swattermg from vibra-
1awmai motion of the impurity and its nearest neighbors
can be obnerved. In smple terms. the Raman spectra
can be viewed as anung from the normal modes of an
MX, wtahedeal species. whete M 15 3 substitutwenal
catwn wnpane: and X 18 2 hahde anien. The measures
frequencies and observed band shapes depend on the
M X force consiants 2ad «n the satn and dyvnami
rteraon of MX, with the surrounding latiwe. The
e of NE° oo m LI presenss an addinonal
complicateon to the stustion because there must exist
an equal numbwr of L3° vacaneies o compensate tog the
eveess chatge of Ni¥°. Thin m addition io imduced
scattermg about the Ni°° centers. nduced wattenng
could alws oveus shout the B vacanoes.

Ramar menurcments were made at 12 K on Lt
crvstals containing 0.2 and 23wt of nichel. Theve
weight percentages correspond 1o 3 X 10'° and 8 X
10'* N om am Y respectively  Polanzed Raman
specita from - 1000 and 110 ¢nsiads were obtained.
The saltenng observed from = 1000 crystal 1+ shown in
Fig. 223, For an ociahedral WX, sproes. the arre.
ducibic representations for the fundamenial vibrzuional
modes are gwen by DO = 4, ¢t B v Ty ¢ 27T, ¢
Ty, The Ayg. Ky and Ty, modes are Raman active.
and the Ty, and T,, modes are mlrered active For a
(1O crystal. the A, and £, modes appear in Sxx i
polanzaton while the Ty, mode appears m vy,
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Fig. 2.24. Romen watieving from 3 100 crysmd of LiO
congmining Ni™ . eving $58.0-am exvcitation.

vz, and stz v polarizatiens. For 3 (L crysial, the
Arg. bg. sed Tre modes arc actove n SAxx )y polariza-
ton, the Ty, mode 1s also ative in v and SOz W
polarizamn. while only the £, mode 1 allowed in
Styxn polanizaton. Based on the polatization data, the
hands at 247, 2i6. [6l. and 122 cm " * (Fug 2.24) arc
asuged 10 Ay, Thy, Fypo and Tap muondes respectively.
Simce an WY, xtabedral structure has only one T,
maode. one of the two Ty hunds observed is probahly
duc to the charge-compensating cation vacancs.

1 Summary of paper 1o be publnded
b

2 Oak Rudgr Avnpted Unnerutics faculty research par-
s spant from San Angelo State Universny . San Amgedo. Tes

RESONANCE RAMAN AND INFRARED
SPECTRA OF C10. RAMICALS N
EL ECTRON-IRRADIATED N2CVO, *

J.B.Bats  H. D Sudham’

The Cl0; radncal has been identired by ESR measure-
ments® &5 3 produc: lommed by x-ray imadiation of
Na(10; at 77K o at lower temperatures {1t was foxc.d
m this work that C10; » tormed 21 Two noncquivalent
sites 2nd that the radicals formed at ome site were
rapidh decompused 2t 77K when the  mradiated
sample was expused 10 hght with wavelengths longer
than S300 A. We have observed the Raman and inltared
spectra of CI0; radacals produccd m o stalline NaCl0,
b wiadration with | S MV clectrons a1 77°K. To the
best of our knowledge this s the first observation of
any of the vibravonal bands of this spe_ses.

liradiations of NaC10; samples were made »t 77°K
using 2 1 58cV beam of clectrons from a2 Vam de
Graatf accekerator. The beam current was 20 10 JO pA.
and ke wradiations were made for 30 to (20 s,
dependmye on the sample >1d the experiment to be
perfammed. Snghe crvdals of NaC10; were used m the
Raman nd clectironic absorption messurements. For
the infrared studies. 2 film of NaCV0, was fosmed on an
Na(l wmdow by dewiv conlng 2 meltied sample of
powdeared maicnal (mp = 2R47C) between the salt
wimdow and 2 gaw shde. The slide was removed after
the film had cooled 10 room temperature.

The Raman measurements ‘were made using the
638-A Ime of aHe Ne laser and the 5145-A ine of an
argonion laser as exciting hnes v different runs. The
laser power was maintained at SO0 mW or less to prevent
bleaching. and xtx,"W scatiering gromelry was em-
ploved m all measurements. The results of the Raman
measurements are shown m Fig. 2.25. With 6328-A
excration. the band assigned to »; of (10, radicals a1
site g appears 2t R12 am ' . and with 5145-A excitation
the band asugned 10 », of CiO, radicals at site &
appears al 819 cm ™’ The decay rates of the “red”
16328 A) sensiwe radicals and the “green” (5145 A)
sensitive radicals were determimed by measuring the
respective band intensities relative 1o the intensity of
the v, band of ClO, 2t 936 cm ™’ a3 4 function of
time The decay cusve of the 819 cm ™' band had the
form / = Jge ', where a = 0.924 mun and the halfJife
of the decay was 29 mm. The decay curve of the
R12<m ' band was linear over 2 2-hr interval with 2
small negative slope{ 0.11 min ).

Initared specira of irradiated films of NaCl0, on
NaCl were measured with 2 Founer iramform spex.
trometer. By plotung the ratio of irradiated sample
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spectom (0 unistadiated sample spectrum. two bands
were found at 850 and 857 cm ' . which were assigned
to the »; modes of CI0, radicals a1 sites @ 2nd b
respectively. The disappearance of these bands upon
bieaching the sample with 4880-A light 2t room
temperature supports this assignment. Taken together.
the results of the Raman and mfrared spectra of CIO,
radicats m NaCIO; . mcluding identification of », and
vy of 27C10,. suppont the hypothesis of 2 pyramidal
$C ;) structure fos this species.

1. Semmary of paper (hem Phys Lers 37,28 (19760

2 Onm keave from the Ummweraty of Mawachueetts. Amberst.
Mo

¥ O.Vinther.J Chem Phys 57,183 (19721,

RESONANCE RAMAN SCATTERING FROM
METASTABLE 0; MOLECULES IN
GAMN A IRRADIATED Ne(C10, '

J.8.Bates  H.D. Stidham’

1 has been known for some time that O, 1s produced
n dkali-metal chlosates by the action of 1omizing

o

radiatson ' (n 2k s the Oy was detected 8 2 g2
liberated from dissolved or creshed materid. Appat-
ently no direct observation of O: m an wradsated
chivrate has beer made B 2 revent study® W 0y ons
m wradiated KOO, and NaCIO, . 2 band was reported
a 1537 cn”' = the Raman spectrum of uradiated
NaC10,. Subsequent mveshgstions were wtiated 1o
Jetermine the onpn o the band (observed a1 1548
am ' m more careful meassrements). its polanzation
propertaes, and its behavior m terms of mienmsity
varaticn with different excitation limes.

In order (o confim hat the 1544-cm ™' band is due
1o an oxypen species. the Raman spectram of an
uvadiated powdered sample of NaC10; contanmg 46
a. = "0 wa measured. The observed bands reported
w Table 2.3 ageee wnhim expormmenial ervor with the
cakculated values 2suming '* O sbstiution of O: to
produce '*0Q "0 and '*O "0 molecules. A search
for a resonance Raman cffect wnth; the 1544-om ™' band
was made by measuring the miensty of the band & 2
function of cxcitmng hne wavelength. The measurements
were made with the eight mes of an argon lxser and
wveral frequencies from . funable cw dve laser usng
thodamine 0G. The results obtained m the 1520
1580.cm ~* region are presented in Fig. 2.26 for several
of the excitimg bnes used. As shown m this figure. the
mtensity of the 1544-m ™' band decreases from a
maxamum for 457 9-am excitation 1o 2 minmum for
025 6-nm excitation. These results show that a reso-
nance Raman effect occurs with this hand. Using the
#;(a,;) band of (10; as an miemal miensity standard.
m exvitation profile of intensity vs exciting wavclkength
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Fig. 1.26. Ramen spectrs i the 1580 10 1520cm ' region
of y-arradisted NoCIO; measwved ot 17 K. The wavelength of
the exciting line is given by the value of Aq.



Table 2.3, isotepic foequencies sad ovevtoncs of the
1584<m ! hond iz e insndingcd N3O0

A 100 rotupes of Os m pulycnytaliee X103

ear  1*On
Freguenay cm ™'
SPovas
Obnerved Cabhvulated
t*a "0 1544
teg %9 1501 1501
13g %o 1457 1456

B. Obwcrved and Ohcshited fundamental sad ovcrtonc
frequenars of O~ m smgle crystal Na(¥D;,

Froguency tcm )

Mode
Obscrved Cahwbted’
v 1543
2r 30ss 305
3¢ 4536
L 5990 594

o= 1560 . m ! Love: 160 m”"

‘(‘alci:ldw!lu\fm- the term vabwe equaton_ (in =
woll we\eT . BReTe wg sl ey WTC dctcrmmnad
TG =rand Gedr = 3

was construcied. An excitation protile closely follows
the opixal absospsion band for the partwular clectroni:
vransition that s coupled 1o the vibratwnal state for
states) through which reswance Raman  scatiening
occurs. For the 1544.m ' band. the exatation profike
appears 10 approach 2 maximum value st above 437 9
nm. which indicates the presence of an opiical band
assovated with the O specws in this regon. The
specira i Fig. 2.26 aso show another band at 1557
«m ™' This band does not exhibit a resonance Raman
effect and 1s assigned 10 ordmary O, trapped in the
NCI0; lattice.

Raman specira of wradiated NaClO; were measured
dally wver a penod of up tu ux days after wradiation
and after sixteen days of storage at room temperature
in the dark. The 154cm ' band intensty decreased o
a2 fisst-order decay provess described by 7 = [oe™®!.
where a = 0.50 days ' and the half-life 1,5 = 1.4 day>.
After exteen days. the 1533em ' band wa not
observed with 457 9.am excitation wheress the in-
tensity of the 1557m ' band remaned unchanged.
within expermental error. The 1543om ' band was
also Jound 10 decay when expused to 150 mW of
457 9-rm laser radiation at temperatures above 130°K.
These results show that the O; species associated with
the 1544.cm™' band are (1) unstable in the dark al
Toom temperature and (2) cun be photolytically de-

stroved by uradzton with 437 9-am lght 2t tempera-
tures abowe 130°K.

Since the mtensitny of the 15388cm ' baad b derved
from 2 resonance mteractron with an electronn: trans-
ton wear the visible cepon. de miematy of the
owrtons of ths bamd may dho be expected o be
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enhanved. The overtunes abserved are repornted m Table
23 The ponl agreement between the observed and
cakvulated vaues of 2r and 47 2ang the umple diatomxc
term vabee cquMn. GIR) = well welun”. knds
additsonal suppont 10 the >uigament of the 1543 cm '
band 1o daiomn mypen. Abo_ the larpe valwe of wy )y
tTable 2_3) 15 charactersin of 2 duatomsi spevies.

Pulaswed Raman specina of wradsated (1000 crysials
of Naf10, were abo measured with different exciting
lmes_ and the results are llnsirated m Fig. 2 27 Several
wnputtant pumits can be noted frum these spevtra. First.
the 1557 m ' baad s polanzed. with a limer depolari-
satwm nw. g = Axr)kRxx). of less tham 0.1, This
means that the ordimary Oy molecules ase cither 1 1)
randussly oncated or (2) onented along the equivalent
(11> axes of the crystal. Second_ the 1544-om ™" band
appears 10 be depolanzed with p*"“ = 0.44 (average of
the 1ati0s for the theee offdiagonal polatizations) for
g = 4579 nm. Because the 1544-cm ~* band vs due 1o
the totally symmetric O O streiching vibration. tdus
result means that the metasiable O; molecules have
preferted orientatams adong the equivalen (113 o
1D dwections in the crvsial. However. the observed
dispersion m the =(s=)v component (Fig 2.27) compli-
cates thas gtuation so that 2 unique onERtation RNl
be specified.

The results of the measurements described bove
show that an unusual form of O, 1= mitially formed in
NaC10; upon gamma irraéaion at rfoom femperature.
This species is unusual because 2 resonance Raman
effect was observed with the O O siretchmg mode.
which means that the vibration 1s coupled 10 an allowed
electronic tramition kxcated neas the visible repon.
However. the lowestdyimg allowed transition of O,
Py = 2273 occurs in the ultravoler regon (v >
50.000 ¢m ' ). A model 1o account for the resonance
iffect and the instability of the O, species has not been
developed. Possibly the metastable oxygen is 2 complex
of O; wexkly bonded to an unsable radical such as
C10;. If this is the case. then omance could oveur
through vibronic coupling of the O O stretching
motion with an clectronic transition localized prm::nly
on C10; . An jO:.Cl0; ] “exchange™ complex has been
proposed 1o explain the ESR «pecira of x.ray irra-
diated KC10, .

1 Sommay of two papers: (Tem Phys ferr 37.20019764)
and J (hem PRy (im press).

2 Ow keave from the Univeraly of Massachusefts. Amberst,
Mass.

. See. for exampie. C. F. Burchll. P ¥ Parrick and K ).
MCaltum. J PRy Chem T8, 4560 (1967 and seferences
contamed theremn.

4 5B Batcsamd 5. C.hgg J Chemm Phyx 62,4227 i1975).
S J R Byberg and J. Landerverg. Cloem Phys Lenr 33,612
1975

VIBRATIONAL SPECTRA OF SYNTHETIC
SINGLE-CRYSTAL TEPHROSTE M. Si0, '

H.D.Stidham® J.B.Baies C.B Finch®

The dymamical properties of shicates of the olivine
strecture have not been well dharacterized. possibly
becawse of the difficulty of preparing single-crysia
samples of 2 suitable size aad optical quality for
spectiowopn:  studies. Because the olivine structure
readily substitutes 2 vasiety of metal ions without
essential modification of the slicate framework. nat-
unlly occurrmg olivines awe mixed crystals. Single
crystals of Mu; S10, were srown from the meh 2t 1315
* S°C and at ) aim Wwial pressure by the Czochrakski
(pulling) method. To asure the divalent form of
mangancse. an oxygen partial pressure of 107'® torr
was apphied over the melt in the lonm of an argon 47
hydrogen gas current through the growth sysiem.

The viivines belong to the orthorhombic space group.
D;3'*. The umit cell contams fou: Si04*" ions located
on C, sites amd eight Mn®® oms located on C; and C,
sites. The irreducible representations of the 81 k=0
optual modes were derived from cosrelation diagrams
and stz greenby PP = 1A, ¢ 118, + 7By, + 7B,
+ 104, +98,,+138,,+138,, The A, B, . B;,.
and B, modes are Raman active. while the 8,,,. B,,,.
and By, modes are infrared active. An example of the
polarized Raman spectra observed using 438.0-nm
ex:itation is shown in Fig. 2.28. The obsetved Raman
bands were assigned 10 the A By By, and By,
components derived Trom the »,. »; . v, and »; modes
of $10,* and 1o the gerade components f the extema’
maodes derived from ripd-body libration and translation
of the $10,*” ions and transiation of the Mn** ions. The
infrared absiption spectrum of powdered teph:oite
suspended in Nujol at 77°K (Fig. 2.29) provided most
of the frequencies of the transverse components of the
infrared-active vibrations. “he Iransverse electric reflec-
tance spectra, atso swwn in Fig. 2.29. provided
polativation Jata for x agnment of the ohserved hands
as well as data conceming relative band inlensities and
band widths. which are a2 measure of the longitudinal
opikal (ransverse opikal mode splitiing. The trans
verse mapnein reflectance specira oblained at high
angles of incidence from principal faces contained
evidence of coupling of some out-nf-face polarized
jongitudinal opiical modes with the dlectric vector of
the incident light.

LISy e R



A comparson of the cereiaten freld split com-
ponents of the »,_ r.. vy, and v, modes of Si0,* in
Mn.Si0; with those in M2:510, showed that the
intemal made approximation remains valid for com-
ponents of v, amd Py that occur above 790 cm '
However, the comparrson shoard that for the mfrared-
abve vibrations of tephroite and espectally of for-
sterite. the external vibrations of the metat was on C,
sites mix somewhat with the r; vibrations. By contrast.

60

the motrons of the metal ons hneated o G sites do rot
contnbute (o the Raman-actn: modes due 1o sym-
metny. Abw. the Raman-active components are appat-
ently aot signiticantly mixed with the metal wns on
sites. For the mitared-active maodes. however. both
metal won sublaitices move against the ¥, and v,
bending motion of $10,*". and the resulting vibatioas
are mixed mades. The extent of mixing depends wn the
relative proximity of the miemnal and extermnal mode
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frequencies and in the case of Mn;Si0,. all of the THE ELECTRONIC AND VIBRATIONAL SPECTRA ’
infrared-active components of »; were assigned 23 OF mems-[N&C1,(H,0); ]2* ANIONS IN CRYSTALLINE :
; mixed modes. Rb.NiCl, - 2H,0 AND THE EFFECTIVE SYMMETRY ;
; OF MIXED-LIGAND NICKEL(Il) COMPLEXES'

1. Summary of paper: J Phvs Chem. (in prews).

2. On teave from the University of Massachusetts. Amherst,
Mass,

3. Metals and Ceramics Division. JRNL..

G. E.Shankle*  J.B. Bates

The clectronic specira of compounds conlaining
geometrically distorted NiFg*™ or NiCly*" octahedra
closely resemble the spectra of their cubic counterparts.
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These results sugpest that the orbitally depencrate wave
fanctions of ovtahedrally covrdinated Ni™° are (o a larpe

axtent mscasitiee to small variativns in e geometn of

thet focal environaxent for thoie cases i whach the
Iy I are the sane. The question anses wiwether or mot
siguticant orbital sphittings oF Ni~™ can be prodaed by
2 mxedigand environment simslar o those present o
the hydrated cobaltll) chloades. For example. the
lgand-tield spectrum of CoCl: -6, 0 ¥ successiully
amadvzed’ m terms of - wzable wteponsl pestur-
batiom created by the presence of two different
ligands m rs-{CoCli(H; Ol ] ociziwdra. The com-
pound Rb:N(1,-2H.0 contams unimked rrems-
INC1LtH. 00 |° anioms in which both small geometrn
distortions and 2 mixed-igand environment about the
Ni** ion arc present. The ligand-fickd spectrum ol this
compound was measured i order to imvestigate the
extent to which each noncubic perturbation produc=s
spectral modification. Because muost octabvedral Ni<*
ligand-field transitions are vibronically  induced. the
vibrational spectrum of RbB,NiICL -2H. 0O was also
measured n order 1o aid in the assigiment of vibroni:
fine structure and to establish whether or not the
vibrational and electronic cigenstates aze detenmined by
potential fields of the same effective symmetn .

The double salt Rb; NiCly - 2H;0 covstatlizes in the
space group P! with onc fommul  unit in the unit ool
The Ni¥” occupies a G site. and all O Ni O anes are
paralicl® Alhough the [NICLIH:0): )% anim has
rigorous C, symmetry. the symmetry may be assunwed
to be as high as Dy, if smal) dilferences 1 geometry are
ignored. A perspective drawing of the anion (minus
hydrogen atoms) v viewed along a direction perpen-
dicular 10 the j001] planc is shown in Fig. 2.30.

The iniemal and coxtermal modes  of  the
[NIC1,(H:0); 3" anion were observed from Raman
and infrared spectrz of RbyNiCly-2H;0. The internal
and extemal modes of the H:0 ligands occur in a
region between 3400 and 450 cm ' . The internal and
external modes of the NICL0; group (Fig. 2.30) oceur
in the region from 360 10 55 cm™'. Although the
internal modes ol this group were assigned from a
vibrational calculation assuming a diamond-based struc-
ture having Dy symmeiry . the anion geomeiry cannol
he said to be higher than C, on the basis of the observed
specira. By contrast, based on the observed band
contours of the ligand-field spectra of Ni?*, the elec-
tromic crystal ficld is essentially cubic. These resufts
show  that  the vibrationat Hamillonian  of the
INICl,(H;00: 12 anion is far more sensitive (o small
departutes from idealized  geometries  than  are its
clectranic and vibrome Hamiltonians, Water molecules
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Fig. 230, Swcomc 2nd ovicntasion of the {NLLAN .00 |
misn » RP:2NCY 2980, viewed dlong » dircction sesn o
the [@01] plowe. Ni ©. 2077 A: Na (T2 2431 AN (O
3y 2438 A0 Ns Qe %950 Na (B3, 00 1 (O
2 N (T3] data irom wef. S0

and chhwine s are customaniy assgaed wgminantly
different pusitions m the specitachemica senes. Yet
Rb:NCl, -2H. 0. the water<chlonne muxed-igand ¢n-
visonment produces ckectronic state splsttings which are
small compared 1o the widths of the broad clectnme
bamd contours and whah can only be detected by
resolving  7ero-phonon spinorbit e siructure and
sssxciated vibroni: side bands.

1. Som@ay of paper J Chemr Phyvs 68, 2539619760,

2 Ouk Ruee Avonbited Unawerutan faxculty rewconch panine
pant (e San Aepchr State Umiversity . San Aupebs. Ten.

3 ) bepuwnand T. E. Wood. Imwy (Bem. 14, 184 10975).

4. G. D. Sproul. PhD. Dinvertatoon. Universty of 0. 1971

PHOTOVOLTAIC CONVERSION OF
SOLAR ENERGY

NEUTRON TRANSMUTATION DOPING
OF SILICON

J.W._Cleiand R.T. Young
R.D. Westhrook R F. Wood

It has long heen recogmized thar  thermal-neutron
wradiation can be used 1o inlroduce certain impunty
atoms in semiconducting materials as a2 consequence of
the ransmutation prixvess! For exampls commal iso-
topic silicon contains 3.08% of *?Si. which (ransmutes
1o *' P after thermal-nentron absorptson with a half-life
of 2.6 hr. The range of the neutrons in silicon is 2 m. so
it is possible 10 oblain a very uniform distribution of
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PPOSR.

NP a2 amdad w-npe dopamt m sinon. n contiast 10
thes. there n v knven aecthod of (vstal growth ot
prwndes 2 umlorm dotnbatwa of my Jemweal -
penty dopaat m sdeon Recent work has shown that
the uve of acutnm-iraasmuizinn-Jopad (NTD) sslvon
woulmth mpoves the patormmance of walasche
dewecton and high-power rechiticrs and thymton ® and
2 vy mmprovenscl may b tanable m the effi-
xmcy of alom solar oclls

The gnnt wrnun problem that we aaticpated m
stmde of NTD slbcon wan the semonal of radiaton
damape that B mtreduced by (230 recods folliwnng
thermal-neutson absorpinn and by all other damage
mechansms xinated o 2 comequence of the reactor
weadiatwn  The efizct of the radiation damage s 1o
duce the mmormy  caoes hienee (MCL) and the
carier mobdity. whal are sapuostant parameics m
device opetatnn. Studies of the carmer cmcentraticn.
mubdity . and MCL betvre and after imadiatun_ and a5 2
famcimm of snncalmg have been carmed out on samples
of NTD slwon frvm 2 number of difierent reactor
hxales. The results of these studics are presented i the
other repawts i this subsection.

In this comribaion. we merely wish 1o pomt out
that_ in additrn to our own mhwouse research acimanes.
we hawe carred cut nuerous iradatons m the Bulk
Shickdmg Reactor m reponse to the reguest oi eviemal
goups. Sclected mgots o dwoes have been irradiated
and disinbuted for covpenative experanents to other
ERDA Liboratones. 1o unversiis. and o mdusinal
organzatmns. Muost of thee experanents are still
progress and we cannot report on them 3t this time.
Abo, swwme resulic may hawe 10 be considered
propriciary mformatin. However. 3l the reselts 1o
date inde:ote that the use of NTD silicon will be of
considerzble importance i many device applications.
This comclusson 1s based on the performance of devives
that have actually been fabrivated from our NTD slwon
and tested by other unwersity and indusinal labora-
tories.  The preparation. neadiahion.  pastirsadiation
characterizaton. and shipment of neutron-irradiated
siicon samples is conudered av 2 service 10 other
organizations anl represents an integral part of the
overall program.

1 J W Cicand. K. Lark-Hotovit7. and ). C. Pogg. Phvs Rev
78,314 t195M).

2. M. Schaolier, p. 313 wm IEFEF [ranvections on Elcctron
Devices. vol, FD-21. 8 (1974,
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REACTOR IRRADIATION FACILITIES FOR
NEUTRON TRANSMUTATION DOPING
OF SILICON

J. W Cleland

The startimg pomt m selevimg the proper reactor
fady for prducmg  weutron-irmsmutation-doped
INTI) silacun depends (o a great extent on the mapunty
comentaton of the startng matenal. the desired NTD
cutcentranon. and the required axial and radial dopant
urilcommty  alter uradtion. Nomal  botopwe  silicon
contaen =399 X 10777 atom om”?. The wxal
thermal -neutron-absorp- o cross swction 5 009 X
1073% cm® thamms): s 5 the total raic of thermal-neutron
absorption b 235 X 1970 om ™' X 0. where 0 15 the
thermal-ncutron ux (acatrons oam ° sec ' ). Absorp-
twn 33 followe § by an mmm=diate release of gamma rays
m the (7.y) provess. The kiaetic energy of recos] may
produce an mtersiitial sdwon atlom and latie site
ey (1 Vi, and the recoldimg vikon atom mar
provie - addis 1 1 Vaype defects. The **Si and
3780 1. .lopes ransmuie 1o “?Siand >*S1.and the *?S:
sotope (3057 Jbundant) has 2 thermal-neutron-
absorpiion cross section of =012 X 1074 am’
tbam<). ht also reconls by the (n.7) process and later
tansmutes to *'P (2 ohr halidife) by emitting 2
1 4%-MeV 3 particie. These data ndwcate thar the xtual
rafe of mirodection of >'P by the NTD process b
=iX 206 X 107* ¢ .m ™' . where the larger value
makes aflowance for absorpuion by 2°Si of some
eprthermal neutron:.

Extended irradiation 1o mirodwe =10°¢ >'Pom’
will result in 3 second xctivation of some of the ' P 1o
produce 2P whwh later transmutes 10 *2S (14.8-day
halfdifc ) by emitting a 1.71-MeV 3. However. the curic
comtent of 2 silwon mgot with 10'* *'P cm”?
introduced By the NTD process is only 10 uCi «m ™
due 10 the ?*S: the silicon can be handled with goves
duting device fabrication under adequate ventilation.

The (ny) recoit and [xst-neutron.induced latiice
damage mav take the fom of interstitial-vacancy pairs.
defect clusters. and disordesed regions which act as
carrier traps 1o decrease the carrier comcentration and
mobility of - or p-type slwon: this lattice damage
must be removed by annealing. Because every (n.y)
event or fast-peutron impact produces lattice defects.
the defect concentration is much greater than the
wransmulation-induced *'P donor concentration. cven
il the irradiation focale has a large thermal- 10
epithermal-neutron ratio. A considerable number of
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Table 2.4. Thevmsl-acotvon iy e diffcornt resctee Incales

Mo emum

# \peramental Fheermal than Thermat e syt are
Reacton bl ke Werderaley (1 S IR N :n. - fp!h:m'lnl ) ' N
b fate beoneth o )
Bulk Shackdsmy Reatis In e (13 H,0 it 3 e 3.1
‘PSR ORNL» NW. MR hokn DO $8. g0t .10 AR
Center ke D.0 1910 L 1) e
NS hoies n.0 18- W' 1T 120
Nutwonal Borexn of 2 hole m 0.0 1o 38 1210
Standord« Rea e
INBSR) Vo hoke Geaphate LI [T 150 a
rethecter
Quk Rudee Recarch Hydrauin H.0 § 7. gt LI T ns .3
Reactor ¢ORR ) fabe
In aoee H:0 35t 3o KJRTS
Hed Fln ¥ ngwcering Ouwrside 28 't powre 3t
Isrtone Roanter faceuy FF-2 heryHom
tHEIR ORND ) refhevtot

:\'-3 has me cvperamental thamble 31 prevent. but V-3 and G-2 an accommodate 3-m. 1D thimbie
Fxpermental facdity beme comstrmted. Flus saluc and ratws are oclmates

ieradizicon 2xperments have been caried ous in dit-
ferent  reactor fovales. The thermal-neutron  lux.
thermal- o epithermat-neutrion ratio. and maximum
sample size that can be accommodated in the reacton
are mdicated in Table 2.3, The xtual flux. flux rato.
and size depend. in tumn. vn the reactor power level.
fuel loading contiuration. and available cxperimental
fac'ity. The data m Table 2.4 are compacative daia for
actual irradiation conditions applicable 1o expenments
already performed or m progress. The vanous irradia-
non facilities have been used to introduce up 1o 2 X
10°° *'P cm? in a theemal- to fast-neutron ratio of
200. up to 3 X 10'* Y'P cm ™ in a ratio of 535, and
more than 10' 7 ?"Pcm ™ na ratio of 3010,

ANNEALING OF RADIATION DAMAGE IN
NEUTRON-TRANSMUTATION-DOPED
SINGLE-CRYSTAL SILICON

R.D. Westbiook R.F.Wood

{t has already been mentioned that v, must genenally
consider two types of lattice damage in neutron-trans-
ritation-d-ped INTD) silicon. that 1s. that due to(n.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 pars
per captured neutron on the average. Fast neutrons, on
the other hand. are belicved 1o produce clusters of

detects which may contwn o many o 1000 detects” It
i generally beireved that asi-neutron damage & more
difficult 1o anneal out completely than s thesmal-
neutron damage. but completely reliable and compre-
hensue <tudies i the area have not vet beenn awm-
ducted. The nature. annealing charactenstics. and in-
fluence on electinal properirs ot lattice damage in
NTD silwon are obviously of crucial importance 0
chousing reactor locales for imadiation purposes.

We have undortaken a detailed study of time and
temperature schedules for the annealing of latthe
damage in NTD silicon 0 the extent that both camier
mobility and lifetime are recovered. Neutron radiation
damage apparently imroduces large concentrations of
traps with energies that cluster near the center of the
energy gap b~tweer the valence and conduction bands.
Thus, after irradiation but before annealing. the
transmulation-induced carriers are electrically inactive.
and the material tends 10 exhibit approximately in-
trinsic behavior. Tanenbaum and Mills? found that the
defects begin 10 anneal upon heating for | hr at 300°C.
as indicated by dight decreases in resistivity. They
found that rapid annealing occurs a1 600°C and that
annealing was generally completed after 16 hr at 625°C.
They heated some of their samples at temperatures as
high as 1200°C for 12 hr and found no additional
annealing. Tanerbaum and Mills apparently thought
they were dealing primarily with thermal-neutron-
induced damage. but i- is by no means clear that there
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wx not abo exienuve fastacutron damage ~ Cseni in
their samples. Gunncrsen and Ellis* 10 an mvestigation
wio the uw of NTD sdwon for mucdear parixie
spectrometers. were under the mmpression that they
were dealmg wath tast-neution damage. They found
that. after neutron uradiation. they had to anneal
n-type slcon (already doped) tor 10 ke at 700°C n
order 10 recover the minonty carner hietime (MCL).
They state m ther swepont that the MCL 1s more
wnutre than ressstivity o damage by st neutrons by
approxmately 2 factor of 1000. but 1t s not clear how

- . . ——— e A T AL K

65

they anved at thn number.  Although the
Tanenbaum Mills and Gunnz.sen  Ellis studies are not
directly comparable. the anneahing umes and tempera-
tures are guite similar and may suggest that both studies
were dealing with essentially the same type of neutton
damage. The studis clearly mdxate the umertamiy
that pensists comeming the nature of neutron-indwed
damage in silwon.

Some repre<entative data from our studies are shown
in Table 2.5: they wers taken on different samples
iradiated for different imes and m different reactor

Table 2.5. Amncaling dats for vrimus ssmpies of NTD silicon

Anncaling
3
condtans Ner r o » r
— ——— ———— comemintion @ R e P
Ttl!ll:ﬂalul’r Tiwe INp Nov- in"*.m 3y m RS L
) thr)
Ievadintion conditions: hwale. BSRAPLS S wradntion time. 1 20 hringy ag 10 1
o0 2 1prvpe) -10° =200
“n 20 40 1] 1400 T
00 To0 52 74 1650 T
To0 To 76 R 1640 T
750 70 76 43 1770 2
Lt 70 RS 44 1hSD b
250 70 79 46 1710 2%
1000 0 16 47 1730 20
Iradintion cosditions: bwale. BSR-SW (D: 01 uradiation time. 289 hr.rigy rig. 200 1
(L1 ¢ 49 33 1560 T
600 % i6 78 1M et
Ton 70 49 78 1610 n
750 10 47 78 1688 n
00 70 50 74 1680 is
850 70 53 117 1550 20
Irradiation cosditions: imale. ORR-HYD. irradation time. 25 davs:ngp, np 87}
60 2 ~108 NS NS
600 n 0¥ NS NS
650 1€ 800 ni2 *800° NS
T00 70 800 0.10 300 NS
_00 70 s00 nti 800 NS
1000 70 800 010 800 NS
1200 16 8nn 0.10 800 NS
frrsdintion conditions: lovale. BSRCL. irradiaticv» time. 90 hr. gy, B00. |
600 20 N.64 L1} 1600 T
™0 20 0.66 59 1600 40
LiLY 20 068 §3 e 60

“The lctre: < NS indicate that no signal was obtained for the particular measurements noted.
The ictter T indicates that excessive frapping prevented MCL measurements. a condition that

always occurred af lower annealing temperatures.

“BSR-CPIS. ete.. refer to irradiation positions in the Bulk Shielding Reactor. and ORR-HYD rejers
to the hydraulic 1ube of the Oak Ridge Research Reactor.

‘Small trapping effects observed.
 Approximate value obtained from literature.




hvaks at the @wamive smbeent temperature. The sub-
nles indicate the rac vy bowar . uradiation e, a1.d
o of thermal- 10 fast-neutron sie~. The first two
<olumns show the annealing schedule. The thizd -viumn
gives the mexsurcd et *'P comcentration after enh
anneal. Since both electzons and holes (donors and
aceptors) can be presa in differemt numbers a
different temperatures of annealing. the net **P con-
centaativn is the difterence beiween the number of
donors. \p. and the numder of aeeptos V. The
tourth column gives the muasured electrical resistivity
p. and the filth column :wes he derived majoniy
(electron) cormer mobility . The last column hsts the
room-tempe:ature MCL 7. 2 determined by the photo-
condactive devay (FCD) technigue. Two control groups
of sdicon cryvstals. conventionally doped with P. were
subjected (o approumately the same annwealing sched-
ubrs. Samples in the lirst group weve initlly about
200 Q<cmoa-tvpe (Np Ny = 10" em 73 ) wath MCL
vaives =100 usec. Their tinal resistivities were 230 300
Q<m n-type. Their MCL bezan 0 degrade as a
consequence of annealing at = 7007C (o a final value ot
33 50 psec after annealing at X00°C. The other
samples were imtially 4 Qv n-tvpe N V22X
10°% ¢m™') with MCL values of 30 psec: the corre-
sponding values alter annealing were shout 4 2<m
ntvpe ard 20 30 usec. Litemme degradstion a5 3
comisequence of heat treatment in conventicmaily doped
slicon s well known and generally attributed 10 ne
presence of oxygen. Note, however. that hitile vr no
etfect on the resisivity of conventionally doped sam-
ples was observed

The sesults in Vable 2.5 are quite consistent with
those from the studics of refs. 2 and 3 insofar o they
can be compared. that is. primarily with respect 1o the
resistivity. Each of our samples showed almost com-
plete recovery of the resistivity al anncaling 1imes and
temperatures roughly comparable to those found in ref.
2. and no further recovery ovcurred up to 1200°C,
Since the resistivity afier recovery was roughly con-
sistent with the donor concentration expecied 1,om the
irradiations. it scems safe ta conclude that almost
complete annealing of those defects (peobahly clectron
traps) which affect resistivity hes occusred i the
annealing range 600°C/20 hr 700°C/70 he. The clec-
tron mobility g appears to be secovered in ahoul the
same snncaling range as the resistivity and for the first
two samples reached values comparable 10 the 4-Qcm
control sample. The available data o the mobili'y in
the BSR-CL sample is also roughly what one would
expect from conventionally doped material. The mo-
bility dara for the ORR-HYD sample has been esti-
mated ftom the resistivity measurements.

The minurity carrier tholes. in thp stedyv) hfeume 7.
x determumed by the PCD tchmque. appecrs 1o be
vecovered at slightly higher annealing remperatures and
tames than are p and u: however. the data are
mconclusive on this pont. it & known that the MCL »
oIV sensitive 1o certam v pos of Littwee damage. and we
anticy. e that iy eeovenn wauld require more an-
ncaling (enpvrature amd or time) in the heavih
damaped somples rion in the ighth damaged o, T
date. there b litthe evnde.ice 1o support this idea. and. in
tact. the conventionally Juncd 4-Q-om control omple
carmwed through the anncaing pre. ~=ss showod the same
MCL as acomparable anncaled N80 ample. No PCD
swnals for 7 were observabke m the ORR-HYD samphke
because of the high ?'P concentration  which put
detection bevond the range of our cquipment wuh the
i.ant source avadable. This ange 15 7 = 5 pywe and
greater. if the Ight source &5 intense enough 1o exa a
sufficieat number of carriers at a particular dopin;
level. Measuremenns® of the MCL in wolar el wath
n-tvpe substraic suggest that the value ol g at approxi.
match X X 10" dJoping concentration should be in the
range of [ 13D pvec. Smidar meassurementst on pavpe.
wegrowr material suggest an MCL of about 10 g,
Nesther of these measurements s directly comparable
to our measuicments on the ORR sample for several
reasons. however, thes  do suggest that oven with an
appopriate  light  source we would have  difficulty
determming 7 for that sample. Thus our tailure 10
obtain a signal n e way impiees that we have an
exceptionally Jow MCL at high doping levels in ine
NTD sthicon.

These studies are pot yet complete, and it is perhaps
premature o draw any delinite conclusions Irom them.
However. they do suggest that there s o great
ditference i the anncaling  characteristics belween
samples irradiated in the various thermal- to fast-
neetron fluxes we have been able to obtain thus far and
at the doping levels we have been using. Gunnersen and
Ellis state that 1f the wzrmalto-fast ratio is of the
order of 1000. the fast-ncutron demage will completely
dominate; but they give no proof or reference for ihis
statement. 11 does appear. however, that we should take
a leser look at lightly doped samples. irradiated at
thermal-to-Cast ratios of 1700 to 1; and this work is
now undse way.

1. Sce. for exampke, V.AJ. van Lint und R F. Leadon,
“Lattice Defects i Semaconductors 1974 p 227 in Con-
ference Series No. 23 Instituie of Physies, London and Bristol.

2. M. Tenznbaum and A. D Mills_ J. Electrochem. Soc. 108,
171 1196)).
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Yerk 1975

NEUTRON TRANSMUTATION DOPING OF
POLYCRYSTALLINE SILICON
FOR SOLAR CELLS

J. W_Cleland R_F.Wod
R. D Weebrank R.T. Young

Neutron-transmutaticn-doped (NTD) sage crystal sil-
won has been proven v be substantizlly superior ic
wonventionally doped sbicon in the very important area
of avalanche detectors and high-power Jevives such as
wetilizns and thyiston. I each case higher operating
voltages are pmuble because of the extremwely unitorm
phosphorus dupant concentration cbiained by the NTD
process. It s ponsibie that NTD sithicon also offers
advantages in solar cell applicatons, although for
ditferent reasomy. Solar cells Yor 1errestnal use require a
much higher doping level. and bemg darge-arca devices.
they require 2 upiform macroscopic as well as micro-
wopk dopimg concentration. whrch NTD  prowides.
Another mtrinsic charecteristic of STD s that 1t does
not intraduce other mpunties, such as may occur in
standard doping techniques. Very smali (trace ) amounts
of certain heavy metal impuritics. for >xample. silver.
goid, and copper. are known to degrade the minonty
carnes hifettme (MCL) in semiconducting imatenials. and
maintaining a maximum MCL in heavily doped solar
cell silicon is of vital wmpotiance o cealizing a high
photovoltaic conversion efficiency.

Because of the large cost difterential between single-
crystal silicon wafers and chemically vapordepasited
(CVD) polyerysialline silicon Gilms (polysl), the latter
are more attractive for large-aica terrestrial solar el
applications. Typical grain sizes in polysil range up fo a
few tens of microns in films as d2posited on metal or
graphite, twa substrates in commer use. The clectncal
propesties of CVD polysil have been investigated. but
attempts {0 incorporate a dopant during the CVD
process have not been very successful to date.' % I is
believed that the dopant migrates 1o the wam bound-
aries during the film deposition provess. Some dopani
atoms may be required in the grain boundarics 1o
neutrafize the broken bonds that otherwise would cause
space-charge layer widening in the grains, but it has not
been possible 10 obtain a uniform and controlled
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dosant concentration at the desired dopant concentra-
tion by CVD polysil film techriques to date ' = In CVD
polysil. the material remams essentially intrinsic until a
certain fraction of the grain boundary bonds are
neutralized. and the presence of too many dopant
atoms m the grain boundanes may lead to snhanced
electirical conduction. theicby decreasing the shunt
resisiance across a polysil siar cell and reducing the
photovoltaic coaversion efficiency.

Introduction of phosphoriss into polysil ingots.
walers. or films by NTD offers the obvious advantage of
a uniform ivitial dopant distribution regardless of grain
size. Very prelmicary experiments have been carried
out. using samples as prepared from commercially
avaiiable (Texas Instruments Co.)  high-punty (un-
doped) CVD 1-m Jiarm polvsil rods intended for float
rone crystal growih aud 3-in.-diam polysit sections
intended ~s charge material for Czochralskr growth.
Figure 2.31 is 2 photograph of 3 shice from a CVD
polysil section which shows the varving grain sice and
grain orentation.

Samples were prepared in which the grains were
paralie! or perpendwcular to the surface. and the van der
Pauw (cchnique was used 1o determine the donor
concentration and mobility after reactor irradistion and
anncaling for 16 20 hr at 800°C 10 remove the
radioion  damage. Figure 232 s a graph of the
measured donor concentration vs the predicted Jonor
concentration for typical samples. The solid line indi-
cates the resulis that would be anticipated for single-
crystal silon samples. These data show that NTD can
be used to dope this 1yp2 of polysil at any desired
donor concentration =2 X 10'* m™? and tha
nopurily migration to rrain boundaries cannot be
measured as a consequence of annealing up to 800°C.
The carrier mobility is much less in pojvsil than in
single-crvstal sificon Pacause of the small grain zize. but
the mobility increases from = 3 1043 om” V7' owec ™
in these samples when the dopant concentration in-
creases from = 10'° 10 10" ¢m ™. The MCL was
= 40 60 psec at these doping concentrations. which is
a comparable value to that observed for singecrvstal
silicon.

These studics are just under wav and will be con.
tirued on polvsil Alms as prepared by different tech.
niGgues such that the grain yz¢ and orientation can be
controlied and maxiinized. The Tact that the anticipated
donor concentration was obscrved affer anncaling at
K00°C 1s f speciat interest in that a p-n junction must
be formed 10 fabricste a solar cefl. and preferential
migration of impuritics wlong grain boundaries has been
predicted for conventional high-temperature diffusion
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Fig- 2.31. Photograph of a shice from a chemically vapor-deposited polycrystalline bowle of silicon.
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cxpermments. Jt s mixipated that cae can form 2 pa
junction & NTD polysi film by son implantation aad
that low tempe.ature (800°C) ammealing will remove
amy woa mplant damage. withou! mtroducing any gram
boundary impurity migration. Prebimiz v experiments
1o fabricate pw junctions m NTD polysl by ion
Enplantation arc also under way.

1. AL Fripp.J Appl Phys 86,1280 ¢1978).
2. M. E Cowler nd 1. D. Sedwxk_ J Electrovhem. Soc
109.156S (197D).

SOLAR CELL STRUCTURE STUDIES
D.W.Ramey B8.F Ealy C.A. Culpepper

In support of efforts 10 improve the efficiency of
photovoltaic solar cells, studies are in progress 1n
awenam eflective nondestructive methods of apply ng
ulectrical condixctor elements 1o surfaces of silicon
devices. Contact resistance and capacitance must be
minimized to effect efficient charge collection: such
contacts must survive possible hostile environazental
-onditions and therefore must be made with essentially
imert materials with high conductivity. Studies of
nondestructive surface etching cleaning methods in-
clude chemical etching (H,0; HF) and ion erching
(plasma sputtermgj. Formation of conductor surface
sCEments n precise guometric ammangements is being
studied oy a variety of techniques: snutter deposition,
vacuum vapcr deposition. and drawing (using epox;'-
matrix metal “paints™), In the case of sputter or vapor
deposition. maximum adherence of conductor layers is
attained using mulilayer metal deposits, for example
titanium and silver. Sequential combinations of metal
films are necessar to bond conductor metals to the
silicon surface; physical characteristics of the bond zos»
are being studied metallographically using a scanning
electron microscope. Definition of conductor geomeiry
involves use of precision-fabricated metal masks de-
signed to prevent shadowing curing meta; deposition:
eventually photoresist technology may be used o
perform this masking function.

MATHEMATICAL MODELING OF
SOLAR CELL PERFORMANCE

J.E.Breitling' R.F,Wound

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 State Division's growing effort in photovoltaics,
such mathematical modeling studies have been initiated.

9

A comapzter program has been wnite:: which enables
the operating characteristics of 2 solas cell with a pw
junction (o be calculated under 2 vane.y of circum-
stances.

The efficiency. 5. of a solar cell is defined very smply
as the power cutput of the cell divaded by the 10tal
solas power falling on the cell; that is. 9 = P, /P . The
1012l mcoming power can be calkculated from the
megral

’i.z ].. ’.‘l'd‘ . th

where P,a() is the power a1t wavelength A. There are
several different versions of the function Pigil) de-
pending on where the solar spectrum is measured. For
example. m outer spacs the air mass zero (AMO)
distridation would be used. but for tervestriadd applica-
tions 2 standar” ceference form for PigfA) t1o be known
as AM2) has not vei been completely defined. In any
case. the function P,(R) is essential input to the
computer program. and the integral in Eq. (1) can be
evaluated numerically for different disteibutions Po()).
The determination of P, , s much more difficult
since it must reflect the influence of il the material and
operating characteristics of the cell. The maximum
output power is the product of a “urrent density jm.ax
and a voltage Vi, and is given by Poys = imanVma; -
This can be written in terms of the light-genesated
current j; and the elcctron enesgy gap E, of the
semiconduciors by the following procedure. Let

’00' gil 'E"FV'F[. ‘2'
where
F,= Vm./Eg F[zimax'ymaxﬁ!",oc . 3

The factor Fy is the opencircuit voltage obtainable
fron the cell: F, and Fy are called the “voltage factor”
and the "fill factor™ respeciively. The values F, and Fy
are largely determined by the materials characteristics
of the cell. The light-generated current can be deter-
mined from the equation

i=a [ NoAnoan, (4)

in which Npp(X) is the photon flux. ¥(}) is the overall
collection efficiency at the wavelength X, and g is the
electronic charge. Note that ¥(A) van be a complicated
function of the reflection and absorption coefficients at



A and of the efficemy of collecnion of the hght-
genctated electrons and holes. This colfevimn effacrency
n generathh dstferent m the vanous parts of the ool and
at the venn kxnt sould be sepaated mio (crms
correspunding to collectnn m the base repon. @ the
exiended pu unction (depletion regum itselt,. and m
the wp o ditfused regrn. Once WA b known. the
wmtogal tor j; cam be esaluated aumencally .

The mamum voltage 18 determed from the two
equations

l’ug =ﬂ.‘n‘j."’;i..‘d + )y )
q
and
V“-‘- = ‘fm' qu.'n‘qr.‘\ kT + . {6}

Here. 44 is the effective area of the p- nction, nd
A v the suriax asea effective in absorbing the I:ght

Ly

that n it doos not mohude the arca of the metalin
tmpey and odge contacts. In Eq. 15074 » the wocalled
revene saturalion current and » 2 direvthy measurable
quanuny ahthough thawcinal cxprevnns o et foe
. Qace I, o kmmn o auumed. Eq. 400 can be
solved wevatively at am gven temperature.

Although oaly the maost bawe egquatons have been
wnitten down. 3t should be apparent that the modchng
of solar cell pertormance car become quiic vompls-
cated. The atuad mathematisy wwolved ~ wualhy
smple. and the comstructnm of appropaale compuler
progams & straghitorward. but detenmmeng tiw cor-
rect (or bet) assumptions 9 make sbout the physical
provesses mvolved 2 mare diffcult quesaon. The
prevent studoes wall ¢ contmued 10 make them
complete and tlexible a3 noeded fur the photovoliar
progrzm of the Divisten.

1 Ok Riudge Avwnuatcd Loancrwxs aadergiadnate iovaanh
2 3y from Bethamy Nazarewe Coliope. Bethany . (Ohla.
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3. Radiation Effects in Metals

Iix rescarch programs on radiation cffects m metals are primarily concerned
with the basic intcractions of encrgetic particics in solids and with the fundamental
procoacs aswciaied with radiation damage in metals. Although much of the work
provides basic mtormation of direct interest 1o fission and fusion reactor materials
progranmy. many of the techniyues developed and cmployed for the study of
wn-solsd inlcractions and radiation damage have general utidity m the study of
defects in solds. The use of wn scatiering 1o oblain detailed miormation on the
varations in the depth composition of 2 high 7 superconducting NbGe film
lustrates how 1he capabilitics devcloped for the study of basic lon—sold
interactions can be emplosed to study materials of interest for nonnuckear energy
JWlblh.

During the past few years. it has been demonstrated that the velocity
dependence of the clectroni stopping of heavy wons does not follow the theoretical
predictions and that this can kead 10 significant errors in the cakculated damage
distributions a» a tunction of penctration depth. Studies of this aspect of ion-solid
interactions have been continued both by encrgy loss measurements and by electron
microscope obsenvations of damage distributions. A new experiment was initiated
during the past vear 1o stud; damage production rates as a function of penetration
depth. Experimemal data of this type have not been available for comparison with
thw theory cmploved 1o cukeulate damage rates. The finst experimental results have
indicated that the thin film technigue employed in this experiment should provide
relebl: information for testing the pan of the theory that deals with the
displaccment of atoms.

I'he neutron scattering experiment on the split interstitial in copper required
development of a method for transferring specaimens from the L.ow Temperature
Irradiation Facility (L. TIF) without warm-up from Ixjusd helium temperature. The
extended irradiation time (24 days) required for this experiment is close 1o the
maximum time that can be considered practical for the LTIF. and the need for
highcr doses has led to plans for modifying the )-Q tank between the reactor core
and the LTIF cryostat 1o provide a higher inteasity neutren flux at the cryvostat.
When this imodification is completed. the facility will be used for various types of
irradiations in addition to those for further neutron scattering studics: the higher
attainable doses and lev.-temperature-transfer capability will provide opportunities
for experiments that herctotore could not be undertaken.

l.ast year it was noted that the x-ray and ckctron 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 metals. This
change in cmphasis it further reflected in this Annual Report. in which it is notable
that no x-ray and clectron microscopy investigations are reported on reactor-
irradiated copper. This is a naturaldevelopment of these programs, in which the theory
and techniques developed in the study of damage clusters incopper can now be applied
1o obtain quantitative information on defect clusters in other materials.
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ION-SOLID INTERACTIONS

ENERGETIC HEAVY-JION CHANNELING AS
AN EXPERIMENTAL TECHNIQUE FOR
SIMULATING RADIATIVE ELECTRON
CAFTURE BY PLASMA AND INPURITY

IONS IN A CTR-TYPE PLASMA'

B. R. Appleton T.S. Nogge

R. H. Ritchie® S. Dat*

J A Biggerstatt €. D. Moak’
H. Verbeek

The mitial investigations of the radiative electron
capture (REC) phenomenon of highly sinpped oxy-
gen ions channeled through thin single crystals® were
pursued bevausc the special conditions imposed on
channeled ions (frozen charge states. reduced back-
gounds. and primardy conduction-electron interac-
tions) made this a particularly promising technique for
determming the velocity distridutions of the (conduc-
tion) electrons in the solid. This heavy-ion channeling
technique may also prove 0 be 2 new simulation
method for studving a varieiy ol interactions experi-
enved by highly stripped impurity ions in a controlied
thermonuciear reactor (CTR) plasma. Because of the
important 1of2 plaved by :mpuritics in a plasma doth as
a stabilizing influence and 25 a contributing factor 10
several detrimental energy luss effects.” it is essential to
understand the details of these provesses for use
present-day modeling calculations required 10 predict
the behavior of future CTR’s. Direct experimental
measurements are extremely difficult since sufficiently
encrgetic aned dense plasmas are not availablc and
existing CTR’s are 22 amenable to such measurements.
The basis of the proposed experimental iechnique arises
from the unique constraints imposed on the interac-
tions of energetic heavy ions in singe crystals as a result
of the channeling phenomenon. 1t can be shown that
40-McV 0* ions channeled along low-index axial or
planar directions in 2 metal single crystal are confined
to large-impact-parar .ter collisions with the lattice
atoms and so nteracy primarily with the conduction
clectrons of the solid.® Viewed from the rest frame of
the oxy gen ion. this situation is the experimental znalog
of a fully stripped oxygen ion {impurity) at rest,
bombarded by a 1.4-keV 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.

Mcasurements were made of the photon distributions
resulting from lighly stripped 17- to 40-MeV oxygen
jons channeled along various axial directicns in thin
silver and silicon single ciystals.
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Radiat.on wis identiled a3 isng from (1) mverse
bremsstrazhlung whch results trom the Coulomb Tld of
the incadent ion acting on the conducton clectrons. ()
knock-on-clectron o secondan <kectron  brenss. rah-
ung which results when a strack election recoils and
collides with other Bttice atons. (3) ion deexcitation,
m those cses where the ncomng ion has its own
dectrons which can e excited. and (4) radiative
clectron caprure (REC). where a conduction eleciron is
captured directv mto the grownd staie of the fully
stripped wn and emits a photor o well-defmed energy.

Detailrd imvestigations of the REC phenomenon
support the fobuwing sewtusions: (1) The energy of
the REC peaks coincides with that expecied for capture
of a conduction electron directly mto the ground state
of an O iom. (2) The measured widths of the REC
peaks are m good agreement with widths cakuiated
specifically for the channeling siuation. The caicula-
tions incorporate standard radiation theoury and 2
statistical mudel of the electron states in the single
crystal. The spave-varying electron density is averaged
over Iapat parameters appropriate tor channeled ions.
(3) The measured REC cross sections show a marked
deviation from the cakulations. which emphasizes huw
poorly REC is understood for highly stripped heavy
jons.

The experimental technique outlined here is suitable
for studying the phenomena of REC. direct ion-electron
bremsstrahlung. and ion energy ioss. excitation. ioniza-
tion. and charge exchange in a dense clectron gas and is
equally applicable 10 impurity and plasma ions alike.
However. much work remuins to establish the extent o
which such results are directly applicable to a CTR-type

plasma.

1. Summary of paper (o be published.

2. Health Physics Division. ORNL.

3. Physics Division. ORNL.

4. Chemistry Division, ORNL.

5. Guest scientist from Max-Panck-Institut fur Plasmaphysik,
Garching, West Germony .

6. B. R. Appieton. T. S. Nogrie, C. D. Moak, J. A,
Biggerstafl, S. Daiz. H. F. Krause, and M. O. Brown, p. 499 n
Atomic Collisions in Solids, vol. 1, ed. by S. Datz, B. R.
Appicton, and C. D. Moak, Plenum Press, New York, 1975.

7. R. Bebrisch and B. B. Kadomisey. Plasme Physics and
Controlled Nuclesr Fusion Research, vol. Il, IAFACN 33§
1974).

ANALYSIS OF HIGH-T. Nb- Ge FILMS
BY ION SCATTERING TECHNIQUES' 2

B.R. Appleton 3. W. Miller’  J. R. Gavaler*

The discovery that sputtered thin films of Nb--Ge can
exhibit superconducting behavior at onset teinperatures



a5 high x5 abuut 22 w0 23°K ha: stimalared consid:rable
ativity to determine the urigm of *hese effeces’™!
becawse of the poiearal saving in refrigeration custs
det would result 1o the vanous encrgy swhemes that
employ  supercvnduchrs.  Some  iavestigations  of
Nb Ge films have sugpesied that formation of the
stwoichowomenr A-15 phase NbyGe is an important
factor. while others mdicate that this may not be the
must importaat dependence.” 11 bas been propused that
spetsered Nb  Ge fims have high or low T_ depending
o the presence or absence of unidentitiad mCToscopic
defects *® The role played by impurites m these
sputtered fdms has also been considered.'* ' Crwcial
w M these considerations is the need for quantitaive
amalysis of the clemental composition of the films beisz
mvestipated.

We have recently mvestigated the conpusition of
high-T_ (>27K) Nbo-Ge fims. sputier-depusited on
sapphire substrates, by the combined technaques of
Rutherford elastic scatiering, im scattering resonance
sechnagues. nd on-induced x rays. Both nivbium and
germanium compusitions vs depth were determined in 2
nondesiructive manner by deconvolutmz 2 scries of
Rutherford backscattering spectra obtained using 2.0
o 3.2McV helium ions at several incidence and
scariering angles. and the results are shown in Fig. 3.1.
Contismation of these results was provided by analyzing
the yiclds of niobium and gesmanivm characieristic
x 1ays as a function of the angle of beam incidence. Of
particular interest v the present study was the depth
profide of orvgen contained in the Nb-Ge film. which
wis measured using a sharp ion waltering resonance.
i*Ola.a) *0. to provide cnhanced sensitivity. By

ORI -DING 7312090

STOCHIOMETRY RATIO

2
oePTH (1000 k)
Fig V.1. Nb:Ge motios = » function of é:pth determined
from decomvoletion of 3.2-MeV Retherford x ittering analysis
of an 11— Ge film sputier-deposited on an AJ,O - substyate.
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sysienatia ally changng the enerpy of the mcident *He
beam. the resvmance was “stepped” through the film
thickae 5. and the results were decumvoluted to obtain
the oxygen profile shown in Fig. 3.2,

Comparison shows an exact correspondence between
the «<wuv Nb'Ge peaks i Fig 3.1 with the two oxygen
peaks n Fig 3.2 located near the substrate miterface
and within the budy of the fikn. The location of the
peak within the film can be directdy related to the time
when de sputteting was mterrupted. The increased
oxygm comient indicated m Fig. 3.2 ncar the outside
surface of the film apparenty resulied from adsorption
of wxygen mto the surface after spuitering was com-
pieted and dws could not exert a2 influence on the
Nb:Ge composition. However. the presence of oxygen
during the sputtering proxess. as evidenced by the other
peaks. zppears to have had a dramatic effect on the
Nb:Ge ratio. lt scems likely that nonuniform Nb -Ge
concentration in the f8m is. at least partially. due 10 2
chemical effect causcd by the changing oxygen concen-
tration. We theorize that the niobium atoms react
preferentially with oxygen. causing the genmamam
sikking coefficient to be relatively low when the
sputtering is mitiated. As the oxygen content becomes
lower with imwrcasing thickness, progressively more
germadium combines with niobium until finally an
equilibrium condition s achieved.

The question now arises whether this oxygen is having
an effect on critikal temperature, either positive or
negative. The answer depends largely on whether ihe
oxygen is actually incorporated into the Nb,Ce A-1S
structure, as has been hypothesized in the case of
chemically vapor-deposited Nb—Ge fidms.” ' or whether
it is psesent only as some niobium oxide second phase.
Analysis of the film by x-ray diffraction suggests that
there is a niobium-oxypgen compound in the film.
However. these data Jo not eliminate the possibility
that some oxygen is also entering into the Nb-Ge
crystal structure. If this actually does occur, it could
explain why the normally unstable stoichiometsic
Nb;Ge phase can be prepared by thin-film techniques.
One can hypothesize that oxygen. incosporated into the
film during the deposition proces:, stabilizes the A-15
structvre. thus allowing the growih of the normally
unstable stoichiometric Nb-C. compound. Another
experimental facr which is at presently understood is
the observation of high criticat temperature in films in
which the Nb:Ge ratos are fur removed from ideal 3:1
stoichiometry.® In this case, if one assumed that a
significant amount of oxygen combines with niobium
and germanium v form the pseudobinary alloy
Nb;(Ge, O, ). the Nb:Ge ratio could indeed be far
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3.045 MeV for the same fibm 2s i Fig. 3.1.

off 3:1 swichiometwry. while the Nb:AGe + O) rato
could have the proper stoichiometric value. A more
detailed analysis of the backscattering measurenxnit
ma;, supply information on this problem.

1. Summary of papes (o be publided.

2. Rewarch supporicd m part by AFOSR Contract No, ¥
$46:0-7440042,

3. Prewent addiess: Sownidic Assocsstes Inc., Mclean. Va.
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4. Westmphouw Rewarch and Desclopment Center, Pitie
burgh. Pa. 15235,
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MEASUREMENTS OF THE VELOQOITY
DEPENDENCE OF ELECTRONIC S10PPING
POWER AT VERY LOW VELOCITIES

B. R. Appleton  O.E_Schow 1}
1. S. Nogge H. Verbeek!

Studies of many of the materials problems associated
with fission and lu-ton reacter. are inexorably tied 1o
the phenonwena of ion energy biss in solids, particularly
in the low-velocity region. Must radiation damage in
Tission reactor materials is caused by recoiling knock-on
awms. First-wall materials used for continement of
plasmas i (TR devices are subjected 1o massive
bombardment by low-energy ions. which Jeads to
sputicring. gas bubble formation, bistering. ete. Under-
standing cach 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 Tow-velixity region of ion stopping is particularly
refevant since that is the pertinent region for boih
recoihng atoms and primary ims from CTR plasmas.
An accurate understanding in this velowity range is
comphcated because the 1ons fose energy by two
competing mechanmisins. which can be rather nzturatly
swparated for discussion purposes into (1) jonizing
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collisions. whwh contribute to the slowing of jons in
the solid. and (2) nuclear collisions. in which the 1ons
displace atoms of the solid. causing radiation damagy.
sputtering. etc. The most widely used theomes 1o
explain stopping powers by ionizing collisions {so-alled
electronic stopping region) are due to Lindard. Schastt,
and Schidui? and Firsow? Both predict that the
stopping power S, obevs the relationship S, = KF'/7.
where E s the jon energy.

Previous measutements® ol the stopping power of
indine ions transmitted though thin single crystals of
siver showed that the clectronic stopping power was
mor proportional to £'72 . These measurements, how-
ever. only extended to velovities in the region (£/4)"/ 2
2 0.1, where F and A refer to the energy (in MeVy and
atomic mass number of the iodive jons. Recently these
measurnenis were extended 1o cven lower velovities
using kry pton ions from the Solid State Divisions 2 3
MV Van de Graail aceelerator chanacled through sold
single ¢rystals. The results ase shown in Fig. 3.3, and
even at the Jowest measured velovities the electronic
stopping is neer velocitv-proportional. The technique of
channcling cnsures that the jons lose energy by ioniziig
interactions only* and allows ere to measure the
functional dependence of the electrome stopping com-
ponent without interference from nuclear stoppimg.
which is normally domisant i this simtes

1. Guest seientist from Sa-Phinch-Insemur 1us Pigespin e
Garching, Germany
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DAMAGE PRODUCTION RATES OF 5-MeV
ALUMINUM JONS IN ALUMINUM

T.S. Nogge 1. M. Williarms
B.R. Appletor. 1. A Biggerstai®

There is very little direct experimental information on
damage production rates of heavy wons in solids. In
particular. there are virtually no measurements of
damage production rates as a2 function of penetration
depth. which can be used to test the theorsiical
valoulations of the atomic displacements along the
paths of wns. This Jack of exparimental aeasarements
of damage production rates is due 1o the very short
ranges of heavy wons in solids, which preclude the use of
bulk specimens of the type emploved in studies of
fast-peutron and clection damage i metals. This report
pyey mlurmation on the Tirst irradiation of aluminum
with 5-McV duminum ions in an experinent that is
designed 10 measure damage production rates as a
funtion of the penetration depth of the ions. In this
expesiment. a thin film specimen is irtadiated at 4°K,
and the obscrved resistance changes pve a measure of
the displacement damage introduced by the ion irradia-
tion. By interpusing absorber fuils in the beam. the path
lengths of the jons in the solid can be varied. and the
speciinen .ots as a2 damage sensor for the increment of
path length from X 10 X + AX_ where X is the absorber
foil thickness and AX the specimen thickness.

Figure 3.4 shows the type of specimen developed for
this experiment. The alu.ainum substrate plate provides
the suppurt for the evaporated thin film specimen.
which 13 clectrically isodated from the platc by the
anudized oxide layer. Flectzical conncctions arc made
with spring contacts in the specimen holder, which is
attached to the cryotip of a Heli-Tran? sample couling
system. This arrangenrent is shown in Fig. 3.5 which is
3 photograph taken during assembly. The open frame
projecting below the assembly 15 one of three slides on
which ats..ber foils can be mounted and which can be
translated during the expeniment so that absorber foils
e by centered m Tront of the specimen. Figure 3.6
shows one of these shides with a 0.5n evaporated
At Gl mounted over the bottom window and a
Pum il mounted over the top vandow. Five films of

f
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Fig. 34. Thin fim sluminem resistance specimen. Top: Fvaporated adluminum thin film specimen with 2.0 mm width. 0.5 pm
thickness. and 5.0 mm between woltages probes. The fows circular regions are gold contact pads deposited by evaporatinn.
Bottom: Schematic ¢.agram showing details of the thin (Im specimen. The aluminum plate provides 2 sapport for the thin lilm,
which can be put into good thermal contact with the specimen holder. The anodized ayer prowides clectrival isola’ion between the

specimen and the svbstrate plate,

different thicknesses were mounted so that by inserting
films singly or in series, the absorber path length could
be varied by 0.5-um incn ments up to 2 maximum of
3.5 um. The specimen holder and absorber foils are
surrounded by a thermal shield, which can be seen in
Fig. 3.5 as the structure clamped to the cryotip tube.
This thermal shieid supports a scaltering aperture.
which is fastened 1o the inclined end of the wbe that
extends out from the shi4d. During the ion irradiations,
a 50cm-long collimator provides 2 beam with dimen-
sions farger then this aperture, and the aperture defines
the beam that impinges on the specimen. Scattering

from the part of the beam that is stoppcd by the
aperiure is detected by the solid-state detector. The
assembly of Fig. 3.5 and the beam collimatos 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
cavironment and a goud vacuum in order to minimize
cryopumping by the specimen and absorber filn.s.

The ion irradiations were made with S-MeV 27 Al jons
from the ORNL tandem Van de Graaff. Becauss of
cquipment problems that occurred during the first run,
damage ra‘c measurements were made only for the



The specimen holder is (zstened to the end of the cryolip tube.
The two projections from the side of the holder are clectrical
feads wsed i the resistance measwrements. The thermeal shicid.
which s incomplen. in this photograph. completely surrounds
the specimen holder and sappotts the scttering aperture. which
is mownted oy the inclined end of the tube that extends out
from the shield. The structures between the detertor mounting
tobe and the cryolip tebe are the dide mechanams for
transiating the (rames on which absorber foils are mounted.

open beam and with the 2um absorber foil. Short
ircadiations for each condition were altemmated to
obtain two sets of data, from which two damage rate
curves (dAR/d¢ vs JR) were obtained. The intermesh-
ing of the measurements allows mterpolation. so that
the apparent damozc rates (dAR/dO) for the iwo
conditicns can be ¢ wrpared at the same damage
concentration. The ratio of the apparent damage rates,
(dAR/[d9);, (d AR [dé)e. was 5.40 2 0.65. This ratio
<an be compared with a similar ratio obtained from
theoretical damage cross sections calculated by Oen, if

it is ssumed that the electrival resistance changes are
directly proportional 1 the damage energy. The ratio
of the cross sections averaged over the imtervals from 2
0 2.5 um and from 0 10 0.5 um gives 2 value of 3.17 for
calculations using the LSS value? of k = 0.14 for the
clectronic stopping parameter and a value of 4.84 for
calculations using a2 value of k = 0.17. which was
derived from the stopping power tables of Northclitte
and Schilling® The experimental ratio is clearly most
consistent with the calculations using the value for £ =
0.17: dus resclt fullows the general vbservation of the
past lew vears that significant differences are frequently
found between the theureticzl values of k based on the
LSS theory and those determined by experiment.
Although the basic concept of this ion-irradiation
experiment is quite simple, there are many details
whi:h give rise to complications. Foremost among these
is the size effect in the clectrical resistance of thin films.
which causes each thin 1ilm specimen to be almost a
unique material in its electrical resistance variation with
the muoduction of defects. It is believed that the
present method of obtaining relative damage r1ates
minimizes this difficulty and that the result of this first

PHOTO 1249-76¢

Fig. 3.6. Absoster foil 'reoe. The example shown has 2
0.5wm fim mounted ovcr the bottom window and 3 1.0-wm
fim over the top window. The frames are made of 04-mm-
thick duminum sheet, and the windows are 1O by 1.Scm in
size. The dark band on cach side s due to hard anodizing to
minimize (riction between the frame and guide grooves in the
specimen holder,
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irradiation experimen: indicates that this technigue will
genenate the desired detailed information on the dam-
age rates of heavy jons in solids.

1. Physics Dwviwon. ORNL.

2. Manufactured by Air Products and (hemicals, Inc., Aken-
wwa, Pa

3. ). Lindhard, M. Schart¥. ond 8. L. Schwétt. K. Dun
Vidensk. Setsk.. Mas.-Fys. Modd. 33.Nv. 14 (1963).

4. L. C. Nortiwhitic and R. b Schullmg. Nucl Datg A7, 233
(19700

ION DAMAGE IN NICKEL
J. Naravan  O.S.0en

High-purity nickel single crystals were irradiated with
4-MeV rickel ions at room emperature to a fluence of
25 X 10" ions/cm” using the ORNL 5-MV Van de
Graatt Accelerator. To study the depth distribution of
damage. these crystals were electroplated with nickel
and sectioned normal (o the interface. Sectioning was
done with a spark cutting machine, and the small
amount of surface damage introduced by the spark
machin: was removed by subsequent electropolishing.
The sampiles were thinned at the imtertace tor clectron
microscope observations. The density of point defects
contained in the observed dislovation loop structure
was detcrmiaed as a function of depth. This is shown 'n
Fig 3.7. where the data are plotted as a histogram. The
smovth curves give the calculated damage enerpy
d&epusited by the incident ions using the EDEP-1
computer code.' which is based on the atom  ollision
theory of Lindhard. Scharfl, and Schidtt (LSS).° M is
of interest o note that the observed damage peak is
15% deeper than that calealated using the theoretical
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%0

3
]
3

; aMev N e N -
L) s ¥ gq 0162 e :
z 3
7 N
2 2 ec
- €
o E 4
vy <
3 ' 0y
3 3
é o] . ‘ . B . . . . a 8
5 62 .4 56 08 12 12 4

PENETRATION DEPTM ‘microns)

Fig. 3.7. Experimental bistogram of poini-defect density and
cacokated domuge energy a5 3 famclion of peneination depth.
The smooth curves are for twn values of the ele, troni sinpping
parameter. kpog = 0,162 and k = 0126, and Tor Brice’s
fabulated valucs oof the damage crergy.

value of the dectroni stopping power paramzicr. k) oo
= 0.162. To get good spreenwnt with the obsenved
damage peak, k has to be seduced to a value of 0.1 0.
The rexson for these lower stopping powers has been
discussed eardier for the case of copper and nikel 1ns
imident on a copper tanget’ However. it is of
partular mre.2st that the difference between the
observed and cahulated damage peaks is fess for nick<s
ons mcident on a nickel 1aiget than that for nicked ins
invident on 2 copper r@reet. This suggests that nickel
ons are subject to oscitlations in the stopping power as
a tunction of the target atomic number. This resalt i
similar 10 that observed for helivm® and pitrogen® 1n>,
tor which a sharp minimum in the cdectronic stopping
has been reportzd at Z = 29,

The cakulated damage energy from the tables o1
Brce® is also included in the figure. Brice used 2
twee-parameter formwla for the clectronie stopping.
which is clained to reproduce the semiemparical tables
of Northolitte and Schitling 7 The agreement between
Brice™s calculations and the present experimental data s
within 5%. Thus, the tables of Brice predict the depth
distribution of damage for axkel wns in mckel more
accurately than the EDEP-1 code with the LSS clec-
tronk slopping pasameler value.

I. ). Manning and $;_ P. Muclicr, Computer Phyvs. Commun. 7,
55974,

2 ) Lindhard. M. Schartl. ond 8. . Schett, K. Dun.
Vidensk. Seisk.. Mat.-Fyvs. Medd. 33.N0. 13 119930

3.3 Namavan. O. S, Ocn, and T. S. Noggle, Fundemwnial
Aspects of Radiatiom Damige in Metals. o8, by M. T. Robinson
and F. W, Young. Ji.. FRDA report CONF-751006, Ouk Rudge.
Tenn. (18 pross).

4. 3 F ZIxpker and W, K. Chu, 1. Dara Nucl. Data Tables
13,463 ¢1974).

5 D.G Sumons D) Land. ). G. Brunman. .ad M. D. Bromn,
Proceedings of the Intermational Conference om fon Beam
Surface Analvsis. Pienum Pross. New York ¢n pressy,

6. D. K. Biwe. bon Implantarion Range and Encrgy Dyeposi-
tion Distribugions, vob. |, Plenum Press. New York, 1978,

7. L. C. Northeldfe and R. F. Schilbing. Sucl Dot AT, 233
(197m.

SELF-1ON DAMAGE IN COPPER

JNarayan O.S.0cen T, S. Noggle

Copper single crystals were irradiated at room tem-
perature with -, 16, 27-, and I%-McV copper ions 10 2
lucrce of approximately 5 X 10’ ? ionsicm? using the
ORMNL tandem Van de Graatt accelesator. The retained
damage in the form of dislocation loops was studied as
a function of depth by a transmission clectron micro-
scope technigue. The experimental point-defect density
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vs depth curves were compared with the damage energy
depaited v the mcident wns. The depostied damage
ey was calculated with the wadeiy used EDEP-)
code ! whech is primarily baed on the atomic collision
theony o Lindhard, Scharft, and Schidtt (LSS).* Fipwre
1M shoas the expenmentat histogram of pomnt-defect
Jenuny a3 o tunction of depth tor 3-MeV and 27-MeV
wradiations. The smooath curves m the figere give the
calculated damage energy as a tunction of depth for

”

twu values ol the clerironic stupping power parame ter
k. The vertikai waling of tie calculated curves is
arbitraridly chosen 1o give a good overall fit with the
data. The vbserved puint defects are about 4 10 6% of
the defects predicied by the darmage energy cakula-
s,

To obtain puod agreement with the experimentd
data, it is mevessany to use smaller values of the
electrorn, - stopping parameter k than that predicted by
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the LS3 thewry. K = 0.167. The raduction is a few
percent for 3%-MeV_ 107 tor 2T-MeV_ 167 fir 16-M2V,
and 287 for 53 MeV irrsdiations. The result that &
depends on the wn irradiation energy indicates that the
ckxtronic stopping does not Jdepend linearly on the ton
velocity. The refative changes in & as a tunction of
viergy are qualitatively similar 10 our previous pickel
tons i copper irradiation results. As discussed in that
paper. the relatively low clectronic stopping in copper &s
related o the oscillations in the clectronic stopping
when plotted as a function of target atomic number.
Z,. Copper ks at a loal minimum ie sich 3 curve.
These osciallations are related o the charge density
oscillations and have becn discussed briefly in a recent
review paper by Sigmund’® In addition o the Z,
oscillations. there are also owillations in the electronic
stopping when plotted as a function of the projectile
atomic numbei. Z; . Since copper projectile ions lie iear
a local minimum in the 7, oscillations. this effect will
also contribute 10 a decrease of the electronic stopping:
however, it appears that the Z, effect is the more
important in the proectile-target combinations that
have been investigated to date.

1. 1. Maanmg and G. P. Mueller. Compur. Phyvs. Commun. 7.
35741973y,

2 ). Lindhard. M. Scharff. and H. F. Schwu. K. Dan.
Vidensk. Selsk.. Mat.-Fvs. Medd. 33. No. 14 11963).

3. P. Sgmund. p. 3 m Radietion Demage Processes in
Marerials, ed_ by C_H.S. Duprey . Noordhfi, L~vden. 1975,

LOW-TEMPERATURE
RADIATION EFFECTS

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

J. M. Williams J. K. Redman
C.E.Klamnde R. R. Coltman. Jr.

A cooperative program designed 10 make use of the
special capabilitics ot 3 number of laboratories secks to
measure the resistivity damage rates near 4°K for
electron, proton. fission-peutron, and 14-McV-neutron
irradiations of dilute alloys of zircenium in vanadium,
piobizm, and mulybdenum. The ORNL commitment 1o
this program consists of sample preparation, which has
been complcted by the Researcin Materials Scction, and
the fission-neutron iriadiations, which are heing under-
taken by the Low-Temperature Irradiation Croup.
Specification; for the sample materials and conditions

of measuremwent. a2 list of the partiipants. and 2
description of earfier progvess m the program have been
presented previvush ! -3

During the past yvear. construction and testing ol ofl
purtions of the lission-neutron cxperiment assembly
were completed. and the Birst iradia ion was nadz on &
V--300-ppm-Zr ribbun at 4.5°K Tor 23% hr. A photo-
wraph ol the component part: of the assembly 15 shown
in Fig 3.9. Tke function and a description of each are
as follows:

- an Nb-Ti superconducting magwet (1.9 ¢cm
bore. 2.5 om done: M, 7 127 kOe xt
4.2°K) w0 suppress specinwn  superconduc-
ity

Upper

Middle - a high-purity copper heat exchanger conlain-
ing 2 32%U tng (1.110 cm in diametes. 3,18
mm wide. and 0.127 mm thick) bonded with
tin to 3 central internal growve. The innermost
surface of the ***U ring is backed with a
matching 0.025-mm gadolinium foil 1o prtly
shicld the acarhy sample trom thermal neuw-
trons. A thin (3.1 27-mm) stainless stecl liner
srves 33 2 fission-product containment and as
2 beat barrier between the peutron converter
and the sample. During the present irradia-
tion. the converter generated 6.7 W oand
produced a pure fission-neutron flux at the
specimen of 6.0X 10" neutronsem % sec ™!
(307 of external therul-neuteon ux). The
thermal-neutron contribution to the damage
in the specimen is fess than 37 of the total.

Lower  an anodized aluminum holder centers ribbon-
shaped specimerns (1.034 cm i diameter. 0.31
mm wide. and 0.025 mm thick) adjacent to
the converics mside the exchaiger, Channsis
and milled Nats provide convection cooling
while accurate sample positioning is maire-
tained.

Since cach component is independent, a variety of
arrangemenss can be irradiated in ;he sample chamber
of the LTIF. inciuding the magnet with an encapsulated
collection of specimens. Rapid change of ribbon speci-
mens on the pictured holder is also casily avcomplished.

The tewperature of the sample during irradiation,
which was verified using the temperature dependence of
the sample resistance measured hefore irradiation, was
lower than expected. Tais is atiributed to the high
fission-hcat-removal rate afforded by the convection-
covlingchannc! design of the sample holder and the
apparently good bond between the 2% U ribbon con
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verter and the hgh punty copper heat exchanser.
During carly Jesign consideratnns. the possibality was
recopnized that the hagh heat us from “he comverier
g imght envelop dwe nearby (01038 cm) specinen i 2
duughnut-shaped heliam-vapor bubble. This would pro-
duce 2n unavoeptable rise m samphke iemperature which
could anly be comrecied by reducing reactor power.
Coninment ol fession-prodact activity n the converter
asembly was fourd to be satislactony acconding o
postisradiation survey s of the sample-holder surface and
ot 2 charcual iap serving the sample chamber of the
Low Temperature lradiatnon Facility (LTIF).

Tigure 3.10 shows the fssion-neutron damage rate of’
the sample 25 3 function of the damage resistivity.
Although some smoll Thctuations deweloped i e
measurements beyond Jp = 100 ni2cm. the data-puint
averaging indicatcd m the Nigure gwves rosulis which
show a transicnt reduction in the damage rate belfure a
ty pical lincar decrease takes ower at abvut 100 nf2-cm.
In conrast. Jung =nd Lucki® found no transicnt when
they studied ).2-0 19~ and 2.8-MeV ckectron danmage
production on the same materid as part of the
interlabwatony program. Simce the same material was
used in both cases. the difference cannot e explained
by the clectical sive effect: however. a2 deviation in
Maotthiessen's rule cannot be ruied out. Since the
transient effect s oot large. howover (1377 35 given by
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the  rrodoxe danoge-ae values wdicaicd @ Fig
3000 it camaut have 2 sttomg mtheme on future
comparisons of these and other 1ypes of Jamage which
will br madk wimg dewaied collium cross-secton
mlommatron 3 part of the micnded program. The
presens resalis can 3l be compared with those
obtained by Brown ¢t A’ wn ks pur vanadium
(resistance rativ = 15) arradiated at 1X°K with 2 stightly
energy Adegraded Tision-neviron spectrom. Their initial
damage rate (limear extrapudation) was V- greater ian
the present value. This dilterence may bz retated to the
difference in impurty content. The pusability® tha
defect migratam nay be occuaring at the irradiation
temperature could also be very significant n explaining
this differemce.

LR F Reed. C. F. Klsbumic, ). K. Radman, and R K.
Coltwan. Jo.. Slid Stste Dis. Vo, Prog Rep. Dex. 311973,
ORNLEYY p. 29

20 M. Willams, C. F_ Kiabumde_ ). K. Radmon. and R_R.
Coliman, Jr_, Solid Stete Div. Annzs. Proe. Rep. Dev. 31, 1974,
ORNL-3028_ p. 42

3 P Jumy and G Lucks. Radiut. £1f ito S publedecd).

4B S Brown T H Blewsts, T L Scotv omd A C. Kbank J.
Nocl. Meter. 82, 21811974

S0 K Kabumde, R. R. Colinman, Jr.. o 7. W Welliams,
Fundementad Sspects of Rodwtion Damage v Metals. od. by
M. T. Robznun amd 1. W, Yourz, o, FRDA ropert
CONE-TS1008, (uk Redpe. Tonn. 1 pn s,

o - BNG 7% - 1648
.
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Fig 3.10. The fiwion-r~viron demage rate of V300 ppm Zr 28 4.4 K vs damage resistivity. The initial resistivity . pn. was 134
ns2cm (R yos/R 3 ¢ = 141). and the total damage mcrement was 281 nit<m (1.86 pg) prodng d by a neotron Nuence of $.2 % 10'7

neutrons/cm3, All measurements were made with a magnetic ficld of 3.6 kie.
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INDIRECT EVIDENCE FOR VACANCY
CLUSTERING DURING STAGE W
ANNEALING IN COPPER’

H Schrorder® P Wienhold® C. E. Khbunde

K. Sunacabery” R F_Colimon. fr. ). M. Willawms

High-purity cupper foil specimras were doped with
rebativcly bugh defect comoentrations ¢ 200 1o 1000
prnd) by clecirom wradiation at low temperatures.
Following the Jduping irradiation. o ¢ spevinens were
sochronally anncaled between 100 206 S00°K: how-
cver. afwy cach asacaling skep sume specimens were
pven cither of two si-duse wradiations which were
saall cumpared with the wripnal dupang duses:

1. ivadiation 2t 30°K 10 measure the damage produc-
tion rate.

2 nradiation at 4°K followed by anncaling 21 65°K 10
measure the damage. Jp,. remaming after stape |
recovery .

Buth the damage rate a1t B0'K and Jp, are essentially
dewcrmwncd by the branching ratio of two reaction
puossibilitics for the freely migrating interstitials pro-
duved by the test doses:

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

2. annibilation at doping-Jose vacancies.

Reactions between test interstitials and imypurities o

scif-mueraction of test interstitials can be negievied.

since the duping defect conceniratam was much highver

than the test defect concentration.

As a function of the isochronal anncaling temperature
of the doping defects, buth the damage rate a1 80°K
and a\p' show 2 drastic increase in the temperature
range of th stage 1 recovery. This increase con be
casily undersivod if the competition for test-dose
interstitials by doping-dose vacancies is reduced a3 2
result of their clustering during stage 111 recovery.

1. Summary of paper: Fandementel Aspects of Redietion
Demexe in Metels, ¢d. by M. T. Robinson and F. W. Young Js..
ERDA report CONF-751006, Oak Radge. Temn. (n press).

2. Institml fir Festharpesforschung, KFA Julich. Germuany.

3. Geest scentit from Institul Tur Festkorperforschung,
KFA Julich, Germany .

CRYOGENIC IRRADIATION AND TRANSFER
OF LARGE COPPER SAMPLE

J. M. Williams R. R. Coltman, Jr.
C.F.Klabunde  J. K. Redman

The neutron-scaltering experiment’ designed to study
the phonon perturbations produced by the dumbbell

imserstival presented special problems i preparation of
the smple for the stady. The cesolution sequirements
of dee experiment dictated that the product of sample
volume by mtersitial concentration be a5 high
pussible. It was therefore decided im this mitial 2p-
proach 10 use 3 bage sample (06 X 1.8 X 3.8 om.
weight 37 g) and 10 achieve 2 wmiformly dispersed
conliguration of Freakel pairs by wse of anviron
Temperature Irradiation Facility (LTIF) of e Bulk
Shiclding Reactor. This facility s 2 luquid-helism-cooled
chomker sivuated n 2 thermalized nevtron Bux of 2.5 X

10’2 mewtroms cm™? sec”' . Dowage m the form of 2
few Frecukel pairs per meutron capture event is prodeced
by the (n.7) recoils.

The &fficult part of the task was (o transfer the
sample from the LTIF without warming above liquid-
helium temperature. which would have allowed the
mierstitials 1o anneal out. This was accomplished by use
of 2 specially constructed miniature aluminum dewar
wvhich served as both the wvadiation “capsule™ and the
trmsler dewas. This small dewar (about iS5 cm long).
with 2 smght varuum annulus. would hold liquid heliom
for abvut 1.> min while exposed (0 3ir 3l room
temperature. The sample was wradiated for 23 days,
and then the cold transfer was successfully completed.

1. R. M. Necklow. R. R. Coltaun_ Jr.. F. W, Young. Jr.. and
R. F. Wood. “Newtron (welastic Scattermyg Mesuremamts of
Phoson Pesturbations by Defects m hiradiaved Coppes.”™ this
report.

A CRYOPUMPED VACUUM SYSTEM
FOR ANNEALING SMALL SPECIMENS
BY JOULE HEATING

R. R. Coliman.Js. 3. K. Redman

It is anticipated that the fission-neutron damage rates
near 4°K will be measured for a2 large number of
eleme..ts. using the 223U converter system described
clsewhere in this report.’ It is known that some of the
high-melting-point (>>1000°C) clemen:s to be studied in
this program :an be fuither purified by the purging of
impurities that is afforded through annealing near the
melting point. This is most casily accomplished for
small samples (wires and ribbons) by Joule heating.
Some of these, however. are refractory metals which
react readily with gases at high temperature and
therefore require a better vacuum dJduring annealing?
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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samplts. m covsomical cryopumped vaouem sysem
was constron tod a5 shown swienancady m Fag 3011

The principal design featuee is 2 chase-siale-fit pistcn
which dimides the apper cxlmdrcal chamber mto two
comparaments. The compartments are commcced by 2
U-tube. however. which s smericd i 2 conventional
commercial lnpad-heliom storape vesnl o provede the
ayopumping ation. Aller a2 specimen has  been
sounted i the . o sample. compartment. the
devioe s evauated wamg 2 cunverional vacuam sysicm
amid teen sealed off, ard the U s onmersed m Inguid
helium_ Tyvpical vapur sources sich o O-rimgs and valwe
seats which it conventional sy stemes 20¢ found valy
m the right comsparimen-. amd their emissions can reach
the spevimen compartment only  through the marrow
piston clearance (0025 mm) or through the U-uhe.
wisere they are frozen vut en route.

Although the vaouuem ahicved i the sample com-
partmcut has mut vt been mwnared. cardy wse of e
devce imdacaies smbstantal EaprovcEcRt uReT 2 cunven-
twnal sysbem. Aler ciopumpieg lor |3 be. 2 a5
recewed malem ol (0025 owm) with an il
redstamye fatwr of st 30 was aeecalcd wcas the
melting punt and e resastance 12t mcreased o 340,
1t s well kmvwm that thes clement is wery somsative fo g
pickup durime high-temperat uc anncaling Much tur-
ther wse is ancipated for thes samply operated device.
which comsrwes an  imsigmificant amount of lued
oclimm.

LR R Coltmna .. C_ E. Kibumic J. K Roduma. amd
). M. Villoms. “Pregew wn o Indcrhibwratoy Prvgraom
Stady Low-Temperatore Damtsgr Ratcs ' Diluie  Vanadwrm.
Novbwm. 20d Mrhbdcnum Aoy« " thes repuert.
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Fig. 3.10. Schemetic representation of s cryopamped device for annesling swall specimens by Joule hesting. A vwall water Mow

through a gcket surmunding the upper cylinder (not shown in the ligure) serves (0 maimtain the cylinder at mom temperature
during specimen heating.
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DEGRADATION OF STAMUTY OF A
SUPERCONDUCTING MAGNET BY
RADIATION DAMAGE

CEKiobunde H R Kerchner
S T. Sckula 2. M. Williams

Siability m 2 smperconducting magnet r2fers (o its
ability o resist quenching indaced by “Thac tuations™
(suck 23 current changes) at caments appreciably below
the critical cumment. /. Serivws mstability s evidenced
by quenching far short of /. when the current is being
wrcased o capidly. To enbamce thew  stability.
cvammrcial Nb Ti wives utiize msltifilamentary con-
straction with 2 matrix of 2 pood mormal conductor.
copper, between the alloy Glaments. Under neution
uradiation. this siakilizing copper undcrgues  radiation
damape. which moieases its resistvity and may there-
fore decrease its vabdizimg cffectivencss.

A small solenvid (described carlier’ ) woung with
commercial Nb Ti wire was studied under the eifects
of low-ikmperature thermal-acutron irradiation m *he
liguid-eliem cryostat at the Bulk Shiclding Reactor.
Measurements were sade beth on the magnet’s normal
resistanve (a1 1K, just sbwwe the critical lemperature)
and of its stability at 3.5°K. before and after inradia-
tin and amm alter 2 roum temperature anneal. Sta-
bility was quantified as the aaximum power supply
compliance voltage. V. which could produce a siable.
nonquenched start-up of the magnet from zcro to 2
fixed se3t curvent. /y < /.. sct by the power supply
current limiter,

The thermal-ncutron dose in this study was 1.7 X
10'® neutrons/cm?. which in bulk pure copper should
produce’ a2 resistivity rise of 4.2 X 107 fl<m
(corresponding to about 16 displaced atoms per mil
lion). of wiwch about 20% should remain after anneal-
ing at room temperature. We observed a radiation-
induced rise of 23% in the ;0°K resistance of the
solenoid (which converts o a resistivily increment
twice 23 large as the prediction). and 16% of this
remamed after anneal. As mrasured at 3.8°K. the
corresponding  changes in other properties were as
follows: (#) the critical current decreased by 1 .47 and
was unchanged by anneal: (5) siability. as measured by
the maximum voltage for stable start-up (under the
rather stringent criterion of a fixed test current 3.6+
below the initial /.). was reduced 10 ¥4% of its
preirradiation value and returned fo 90% upon anneal.
Under a less stringent criterion of 3 vevigble test current
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31 38 3.6% below the prevading /__ the stability showed
valy barciy measerable chamges: 37 'oss and complete

I vicew of the rather lugh mital roun.-iemperatare
resistvity  cicubated for the copper aml its very ow
resistively ratio (R, x Rie'x = 451 both of which
sugpest imflacnces of impuritics, cald v urk. and ciecrni-
<al sire effect_ it is o be expecied. as vbserved. that the
radiztion-mduced resstivity clonges would be greater
tos predicted for pure bulk copper. The observed
chasges in stability defmitely Swa 2 real and perm-
went devrease induced by radiation damage.

1LLC F Kibumic. S. T. Schuba. 2o ). M. Weilnmes, Sofid
Stere Dix. Anmm. Pvox. Rep. Dec. 31. 1974, *(NL-SO28_p 47

2R R Coltmmn. .. C. E. Khbyade. 2nd ). K. Redman.
s Res. 156.71501960).

X-RAY DIFFRACTION AND ELECTRON
MICROSCOPY

NUMERICAL CALCULATIONS OF DIFFUSE
SCATTERING FROM DISLOCATION
LOOPS IN METALS

Bennett C. Larson'  H. Trinkaus®

The application of x-1ay scatierine ;o the study” of
radiation damage in metals depends ™ an accunte
knowledge of the diffuse scatlering cross se:tions for
distocation lonps. The high-intensity Huang scattering
that lies closest 1o Bragg reflections can be dealt with
largely on an analytical basis with only 2 minimum of
numerical cakculations required. However, the cross
sections for the large-angle Stokes-Wilson region must
be accurately known also in order to carry out loop size
distributions and concentration analyses. The scattering
m these tails arises mainly (rom the highly distoned
regions close 1o the dislocation loun where the lattice
distortions can only be specified in 2 numerical form.
and therefore the scattering contributions from these
regions must be calculated numerically.

Numerical displacement field data* appropriate for an
edge dislocation lonp in an isotropic medium have been
used to cakulate diffuse scattering cross sections in the
Stokes-Wilson region (or various loop orientations and
reciprocal laftice vectors. The scattering patierns were
found to be quite complicated in this region. as could
be expected from the anisotropy of the distortions
around the loops. However. an undenstanding of the
mportant characteristics of the scattering was achieved
by relating the observed siructure to that expected
under the conditions of localized Bragg reflections from
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the highly siraimed egions mear the loop. Andvi.cal
models for the straim wese ward in these umparisons,
and the results proved 1o br particulaly waefel in
merpreting the details of specific calcubstions. As an
example. the scattering petiern around the 222 sellex-
tion for 2 SO-A loop om 3 ( 111) plane is plotied in the
form of soimtemsity curves in Fig. 3.12. The dotied
imes corvespond to e position where the scatiering
amplitades change sign and therefare dewote lmes of
2vo imtemsity. The scattering paticeas closest to the
reciprocal bttice poist ase similas to Huang scatiering
coniowrs and indeed can be saderstood as the contine-
ation of the Huang :catiering profiles mto the Sitokes-
Wison region. The most significamt f-ature of the
scaficring rattern &5 the presence of the simgle soteliise
peak that appears & 3 disiance of @R = 3 above the
reciprocal lattice pomt; § is 2 distance s reciprocal
space. and R is the i-op radiws. In contrast to the large
wamber of oscillations {or satellite peaks) typical fos
the scatiering from spherical precipitates. the presewce
ot only 2 single peak here is 3 remslt of the acarly
constant straim throughout the highly deformed region
cdose 10 the dnlocation loop. That is. the position of
this peak refative (o the Bragg peak corresponds 1o that
expecied for local Bragg reflection from the region near
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Fig. 3.12. Diffese scatiering contours near the 222 reciprocal
letiice point (filled circle) for 3 SO-A-radius inop on 3 (1ID)
plane. The [222] direction is vertcal in this figure.

e loup. remembermg hat the b d bitwe pasametes
wilk be alecved 2 2 resnlt of the tam pracraied by the
The mportance of thesr ohatTvainms I8 CORRE TG
with the analysis of diffese scattering measurcments can
be demunsirased with the help of Fig. 3.15_ In thes phot
the intensitics (mudtiplicd by ¢° Tor casw of plottmg)
for dwections poraliel and amtiparaliel to the 222
recwprocal bitce wector are shown. In this case. lnups
on M exqmivalest ‘11! - phwes 2 comsadered. 2
whuﬁk&u Astent 1 cuba-srEmeciny
crystals. and therefore the uscations a3 whscrved m
Fig. 3.12 aee ssmtared vet. and w0 2070 poimts occmr.
However. 2 pronvenced shoulder docs appear m gt = 3
m the wpper curve. which i 2 result of the sateflise peak
observed ot the same position m Fig 3.12. Tha s m
contrast o 2 smouth miensity falloff wth the shope of
the sobid linc which would be predacicd By Ihe
aolytical approximations that are mosmally wstd
Shoulders such a3 this have recently beem obwerved® m

l” P ——— L Bk e 'o-b¢ - ; A.‘_.
S _.;»v...r_L.-s_-»A.»- -__<L ~—
p e e - [ RS SRR et ac 9 0 - — -
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Fig. 3.13. Diffese scattering from lnops for 4 porslied (wpper)
and g ontiperaliel (fnwer) to e 222 necipvorsl lottice vecter
plotied = 3 fonction of gR. The middis curve ix the symmetric
part of the intensity.
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experimental duffuse scaticnng metasurements on elec-
tren-wradiated cuppet and wntd sow have preciuded 2
desyiled amalysis of the data and send to enphanre the
need For detaded Calvulations.

Further clculations hase been carmed ot for other
<l soom models have been employed to predict the
haractevise. ~ of the scatiening patieras for the vanows
configacations.
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X-RAY STUDIES OF RRADIATION-INDUCED
DISLOCATION LOOPS IN METALS'

Denmett €. Larson

Theonsical and experimental progress has resulied m
the increar-d use of x rays for the study of defects and
defect chsiers m crystals. In this paper an outhine of
the thewetical framework amocisied with Heang.
Siokes-Wikon. and imtegral diffuse scatiering from
dislocat on loops is presented. and an accownt of recent
experiments on radiation-mduced loops is given. These
studics inclede low-temperaturc. 2mbirnt-semperature.
and clevated-iemperature iradiattons of metals with
clectrom. meutrons. and accelerated w0ns and pertaim to
the stwdy of the thermal aancaling characteristics as
well 3 the as-produced damange stracture. The mfor-
malion obtained by x rays a5 1o the type. size, and
concewtrations of disincation loops is contrasied with
existing clectron micros-opy. electrical resistivity. and
Iattice parameter data in order 1o establish correlations
and sdentify aveas of disagreement.

I. Abstract of paper: Fundowentel Aspects of Redvotwnm
Dowegr in Mirials. od. 0y M. T. Robmson nd . W, Young. Jr..
FRDA report CONF-751008. Oak Ridpr. Tenm. (m press).

X-RAY STUDY OF INTERSTITIAL TRAPPING
IN LOW-TEMPERATURE ELECTRON-
IRRADIATED ANO.2 ot. 3)Ge

Benmett C. Larson’ H.G. Haubold?

X-ray diffuse scattering has been applied 1o the study
of impurity trapping of inlerstitials in ANO.2 at. 7)Ge

fellowing irsadintion with 2 X 10°* 3MeV dectroms
pev syumase cestimeter 3t 'K A hagh-imtensity (100
kW) rotsting-anode x-ay genestor and 2 meltadesectur
system developed for the study of selif-imterstitials n
metah’ was wed 10 measese he lowdevel diiYuse
weasenewments of s scaticring wese carvied owt afees
iwradintion and after postirmadintion ammesls w0 40, 55.
105. 155, and 195°K, from which the met diffuse
scatuering could be deduced through comperisos: with
the scattering presest both belore irradintion ans after
anncaling w 393°K. Sonultancows measssement of the
clectrical revistivity cheages in 3 companion specimen
provided = additional monitor on the defect system
and supplied 3 dwect limk %0 previows studies® of
wterstitial wapping. Al of the expected stage If
anneabing characteristics were observable in the resis-
wwily speciontn. and making wee of 3 neasest-atighbor
force model to interpret the diffuse scatlering, imitial
results after ammcding 0 ATK mdicawed that the
ntersiitinls were trapped cithor 23 (1000 Al- Al dumb-
belts adjacent 1o substitutional germaniven or as (1000
Al Ge dumbbells. The higher emperature mneals
mdicated that the imtersitinls remaimed rapped 0
105°K with indications of detrapping and clestcring at
155°K and 2bove. “wrther measwsements are currently
n progiess im order 10 move precisely specify the defect
configurations.

1. The author cared owt This rescarch winde on forepn

aviigament 2 it 1t T Festhorparforschung, KFA Joah,
Geymany .

2. Imstitet fur Fesliorperforamg. KA Julach, Germany .

3. H.G. Hawbold. J. Appl. Cryssaliop 8.175 11975).

4. P B Pewcrs 2t P K. Shearim, Phys. Rev. 174,671 (1968).

NICKELJON DAMAGE IN COPPER
AND NIOBIUM'

J.B.Roberto  J. Narayan

We have uwed x-say diffuse scatiering to investigate
nickel-ion damage n copper and niobium and have
correlated the results with  transmission  efectron
microscopy measurements in copper. The emphasis of
the work has been to develop quantitative techniques
for studying ion damage in solids, particularly x-rav
diffuse scatierimg. Theee general areas wiic cxjmored.
First. the retained damage from ambient-temperature
nickel-ion irradiations in coppe: and niobium was
characterized and comparzd witk comparable-damage-
energy fast.neutron irradiations. Second. mickelon
damage in copper was compared at 4 and 60 MeV 10
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check for 2 dependemae of the danag: on mondent wa
cnergy. Faally. the appbuabshty of wvay diffase
satienag techaques to the study of wa-damaged
oy stals was demonstrated.

In the experwment. singht crvstals of copper and
moblum were wrtadiated M roum emperature with
nacked rons 1o 2 fheence of 1.2 X 10°% cm ™ at o0 MeV.
and copper was also nradisted 10 S X 10'° am 2t 4
MeV. The resalting loop-type defect Jdusters m the
copper sampies were characterized using x-1av dilfuse
scatiernng and Transmisgon clectron macroscopy. The
TEM measuremven < were performed using 2 sccvoning
techmique” which alcwed viewing the damage m depth
profile. while the v-12v mezsuremments were based om 2
generdizavon of e wmicgral giffuse scattermg tech-
nique’ 1o 1ake Mo axount the inhomopeneows sature
of the depth distribution of ton damage. The defect
clusters i mobum were studied using the x-1ay
method. since the TEM sectoning techmigue s not
applicable 1o nivbrem.

Lovp size distnbutivns for on-irradiated copper and
mobium as determined by x.ray diffuse scattermy are
compared in Fig. 3.14. The damage encrpes are abuut

ORI - OWE 73 98l
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Fig. 3.14. Loop de dist-fhutions for copper snd niv’iam
wradioted with the same fmwce of 60 MeV mickel inns. The
distributions were determined by x-r2y difTuse scattcring and
are also plotted linearly in the ms:t.

100 120

the same for the two cwes. and Jlthough the are
distributwons are somewhat amia. i 5 obvows that
approxamaiely four tames fewer defects m lovps have
su,vined the ambecnt temperature cradiations i niabe-
um than m copper. This reduced defiect survivability m
nivbium has also been observed m TEM messurzments
m fatnruiron weadistions_ In copper _ loop sze distoe-
but:ons detevmmed by the x-ray and TEM mcthods
were i goud absolute agrevnent aad were quabitatvely
szt 1o destributwss produced wsmg (st newtrons.
The nature of the damapr = copper was aut strongly
dependent on wa cwergy 2t 4 and 60 MeV. Fmally_ the
results have demonsiated e wsefulness of xaay
diffuwse scatierimg for stedies of anceleratur-damaged
crystals.

I. Ssmmuty of papr Fundearwid Aspecis of Reduten
Damagr m Sicigls. cd. s M T_Robwmam and F O Youmg_ Mv..
FRGA rcpoct CONF-75:a08_(ak Radge. Tean. tm prces).

20 S Om ) Noavm.ad T S Nuggic. p 69 m
Applsrarions of lon Beoms po Mctols.cd xS T Puvad F P
FerNoar and F L Vouk Piewom Prevs. New York_ 1974

3 B.C.Lawewm. ) 35l Cresseliog 8. 15001978

1536V NEUTRON DAMAGE IN COPPER
AND NIOBIUM'

J.B.Rbearto  J Naravan  M_J Salimarsh’

Revent experionental studies and theoretical cakowla-
tions have sugpesied that Ingh-energy meutrons (£ = {§
MeV) are substaniially more effective m producing
displacement damage than fission neulroms. |2 this
work. we have attempted 10 quantify some of the
differences between highenergy- and fission-neutron
damage in copper and nicbium amd 10 comelate the
experimental results with theoretical calculations. The
experwnents have mvolved irradiations near room tem-
perature followed by charactenization of the retamed
damage in the resultis. ‘oop-type defect clusiers. The
work also represents ibe first utilization of high-energy
neutrons from the deuteronbreskur or “sirippimg™
reaction 1o perform radsation damage cxperments and
provides direct ewmdence of the usefulness of such
NEVITON SOUICES.

The high-energy ncutrons were gencrated at the Ok
Ridge lsochronous Cyclotron by stopping 2 40-MeV
deuteron beam in a thick beryllom target. The assoc-
ated deuteron-breakup (d.n) reaction resulls n 2 neu-
tron specitum which is broadly distributed in energy
about 2 maximum at 15 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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expermments. I partaculas. the effects of the Ligh-ener-
0 tl of the spactram must be conadered. We have
appromched thes prublem by cumputing” the desplace-
meat Jamage cmerpy wm copper aad mobiem x 2
fenctron of wuident seuiron emergy. The domagr
emergy 15 that part of the prmary secod encrgy which s
uitmmately available for prodecing atumic displacements
and s therefore uscful tor comparmg dsplacement
damage 21 vanuws BCulron CRCTPes.

smagie-crysial platelets that were essentially perfect from
the standpomt of Borrnaan topography. High-cwergy
4 Be meutron wraditions were cuvried owt m
opencnded dummem aopsele with the samples
Nuckel and cobalt dosimmetry foils were placed before
and ateer the sample capsule. and the meutron Beence
decrezsed 13T from the firt to the last sample. The
irradiations were caried ot 3t rooW TCWIPETNSIC OB 2
contmenes basis over 2 pened of 30 hre with 2
total-snectvem dose of 20X ;0' newtrons/cm® fo the
centzr of the firsi sample The fission reactor wradia-
trons were performed 2t the Sobd State Division's Bulk
Shiciding Reator. with total flwences of 10 X 10°*
and 50 X 10'7 newtroms‘cn’ (E > 01 MeV).
respectrely _ for the copper and nicbwm samples.
Transmission clection microscopy measurements were
carned out on both the copper and niobiam crystals to
determime the size distributions of the defect custers
which resulied from the wradiations. The defects m the

Fig- 3.15. TEM micrographs of copper irvadinted with (s) fumion seatvons snd (P) «15-MeV aromons. The arrow mdicates e

dffraction vector | 220] and corresprnds 1o 0.2 am.

cupper crystzs were abo charactenzred usimg x42y
mregral diffuse scattermag * The results of these meas-
urewsents m d  Be and fisson-acutrva-rradated copper
avc summarived m Fogs. 315 and 316 In Frg 515,
bnghtfield anrographs are shown for frssun-acotron
amd 1580V damage. Lovp size dsinbutivms m
coppet 3 desermimed by TEM and X2y mcasurements
are compared m Frp. 3 16. General ssmilantees between
the retamed damage from haghemergy- and fission-
acutron uradiations M copper are apparemt from Figs.
315 and 316. and the resulls for micbvam were
companable.

la order 1o compare the d Be and fission-arutros
damapr on an absolute basis. thee size distnnbution curves
for copper and micbiem were micgrated 1o determme
reaimed pomst-defect demsities. When adprsted for dif-
ferences m fluence. these pomt-deic: densities grve 2
relative mdication of the damage cffectveness of the
high-emergy and fiswon neuirons. Ratios of the damage
eflectveness of d Be newtrons m s of frssson
meutrons 2 detevmmed both from dee expermmentally
observed pomt-defect densities 23d from the theoretical
damape cwerpes xwe compared n Table 3.1, The
agreement  between theory and expermment s quite
remarkable and mdn 2tes that the damage cffectiveness
of 3 d B¢ meutron wmith 2 mean energy of |5 MeV s
about three tames that of a fission neutron m copper
and mcbrem. Ovenall. the resulls segpest smiliantics
between hugh-energy - and fisson-neutron damage when
cumpared using the damage ewergy concept and dewnn-
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Fig. 3.06. Lenp sac dutriutions i copper for fasion
and «15-YeV-mevenn rsadistions 23 descowmined by TEM and

o3y Sechaagees. The 123 data for frvann Rcutenes 20¢ Inem
ref. 4.

Table 3.0. Damage electiveness of 4 - Be neutrons
£ =15 ¥WeV) 2 compannd with lessinn renctes

acolens B coppey 30 combiom
Expenmental Thewretacal
Materd retamed damuge. 128 damagr cRCTEY . £atmy
d Be frvam d Be (nuwm
(u 33 vy 34
40 4TEWD
Nb 25 4TEWD 3

strate  the usefuiness of deulcronbreakup neutron

wuirces for performmg high~nergy  ncutton  damage
CXPErUMERTs.

T Sommars o papee Rodosinm Fiicors god Iritmem Fooh
worergy fow P Rrgipogy. od v B W Wdicn and J. S,
Watemd. FRIES reront CONF-T59%9 (0k Redee. fenm ¢
[ 2 {331

2 Phywcs Dnren, ORNL.

L1 B Robrrio and M. T. Robmvon. “The | nerey Depend-
enct o Newtron Damare m ( spper and Swbwem.,” s ccpory,

4 B Larvn S Appl Crivrglhmr B 15001978y

THE CRARACTERISTIS OF 15-MeV-
AND FISSION-NEUT 20N DAMAGE
N Niossty'

i Namam S M O

The nzture of detect chorers prwduced by 133V
md frmae meulrtom 0 C s boen Awbad
WS oo tton marosops i badv-punty s
astzh of sobmm. The hagh-coopy scutnm were
poweratad a the Ok Radpe beaiwoman Grohinom
1aalie by stuppmg 2 30NV kwicrom bean w2 ek
bennBemm gt ” The bm-cmergs meatnnm nradisinms
were acrformed 2i the Ok Radpe Bulk Shaciday
Reacror, where the meutrun spectrum o o>aveda v the
IBL G spectrem The flocmce of 153V acw-
oas wxs 1.3 X 10' 7 rewnons cm . and e foemce of
the fsson ncutions wa w3t 3 X 10'7 acw-
roms <m” . 1o ot mplcs lromn buth vpes of wrada
tuws had appromaictly the same damzge Ty

Frgure 317 shows cleciron mactographs of defect
rsters obs:crved m the 13-MeV- and [nseowr-meutnm-
wradated samples of nwbmm. The Jwec nms of the
black-winic comirast. whah are cxhebuted By the defect
clusters wader two-beam dynawmcal duffraciem comb-
s, mdicate that the defect chusiers a5¢ m the oom
of dulocatton kops and proside  mfovrmainm  from
whach the Burgers vectars of the hnps can be deter-
mmed. A recent calculation has shown that the back-
winte drection s 2 sensatrve funcinm of the directons
of wee Burpers wector. loup normal. and iirainm
vector® By apphmg the results of thrs calculathm. 0
was found that m nbem wradated with 15-McV and
fssoon meutrons. approusmaichs two-thads f the ob-
served koups were of pertect 4 20 FD type. whale the
rest of the lops weve of faulicd 8 X310 1vpe. The toul
oncniabons were sach that 1t was m possble o ruke
out completely the posabie preseace of the hwops of
« 100 1ype.

The vaxany-mierstitnl nature of the dishxation
lops was determmed from the directam o the
Mack-white contrast and the measured depth of the
loops m the foaks. In nobsum. approximately two-therds
of the krops were of interstitial 1y pe and one-thaid were
of vxancy type m buth ke 15-MeV- and fisssn-neu-
tron-sradiated samplcs.

I has been reporied® that 15-MeV neutrons prodece
many multiple clusters v which fwo or more vacaney
kwps are separated by less than 10D A. , e mcidence of
mullipke clusters was studied by obserming the spatial
distnbution of vacancy lonps by weak-beam and hogh-
order baght-ficld stereomcrmscopy  lechragues. The
resulis for the 15.MeVaradioted specumens showed
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Fag- 3.17. 15-%cV tupper) and fwmn (lonet) acwtons domagr. imaged sader two-beam dymamvical Siffex tion comfitinns. The
e Tem of the 2zom 1 Cach MATocraph mdscatces the [ 1 10] SMTrntion sector. 238 the hength of cach aron 1 0.2 sm.

that abost 27 of the hwps were m multiple chusiers.
d abvat 0.27 of axh modemes were obsersed in
fswon-neutnm-rradated amples. The Trsan-neulron
result 1 consisient with comerdences o a rand 1y
dsinbution. and the 15-MeVacutiron resull. while
appasently larger. s much less than 1hat preveously
lr'md.' It s believed that the esult does not
mdwale 2 sgmifcant difference between 15-MeV'- and
fsson-neuiton damage

The mamn concluwon which can be drawn from the
present study s that the nature of the 15-MeV.peutron
damage 15 simwlar o that of the frssion-neutron damage.
One can_ therelire. mfer from thes observation that the
<lustenng behavior of pont delfects i~ nearly independ-
ent of the energy of mcident acutrons.

1 Summun of paper 1o e publidecd .

2 ) B Roberto. § Noravan. and M ) Soltmassh. Redesioon
Eftects omd Trtimen Techwrlogs for Fwmon Rescsfors. <d by
FW Wiaiem and ) S Bortwm. FRDA report CONEF-T$0989,
Ok Ruder Temn em preser

3OS M O, 1o e publrciod

4 ) R it el R. A Vaa Remsncnbure. M & Gowan, and
C ) baker Phwins YMag 35.919¢1975)

X-RAY AND ELECTRON MICROSCOPE STUDY
OF DEFECT CLUSTERS IN SELFJON-
IMRADIATED NICKEL

). Naravan Bennet1 C. Lanon

Defect clusters produced by 4-MeV nukel nns i
nwkel singe cnvstals at room temperature have been
studicd as 2 function of Jdepth by iransmission clectron
mncroscopy (TEMY. Swe dintributions (loop density vs
sze) at varwus Jepths have been deiermined and
compared with the dsinibution determined by ntegral

o e ¢ e SRR

e




wray difuse soaitenng. In the wiay studv . the e
homogenewss nature of the depth dutabuien of
damzee hs been treated anprovimarely by computing
21 eriedine dbsorrtion tachwr based on the total path
kength of the 1 r2ys o a luncton of Jepth '

Frgure 31N shows il miormatsm on the sze
dstributewrs [rom nwckel-srradiated crvsias that weie
aradiated to fiueaves of 2.5 X 10" wasicm® and 3.0
X 10" jons cm” 25 oblamed “rom both x-rav and TEM
mexsurements. In szes abowe 30 A (radins) there s
prd  agreement betwe.n the two mesuring tech-
orgues. however. at he smaller sizes there s rather
sharp deagreement. 21d thes pomt is being investmgated
further. Thee measurements sadicate that only abvut

T of the defects generated survive n the form of
Sobnation kwps. which ©s about 2 fator of 3 lower
than the suraval vbscrved it roum-temperatare nackel-
mn-urzdiated copper. A sfudy of annealing of defects is
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Fig J.I18 Suv distribution of dislocation lnops m wicke
irvadinted with 4- VeV nickel inns for Aeences of 2.5 and 5.0 x
10°° ims. cm?. determined by v-ray and dectron mixmscope
texhoigues.
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I oprogicss (¢ &l mIOMmEen Coerming mIgrainn
enetpes of defects m the varmus anncaling stapes (IR
througn V).

I J. B Roberte amd J Natavan, Frmduiemnes! bywe i oof
Radatrrn Domaer m Vetds. o v M. | Reobinvn amd | W
Youne. fr. ERDA sopurt CONE-"Sions_ (uk Rafee. Tenn. vm

pecn).

THE DIRECTION OF BLACK-WHITE CONTRASY
OF DISLOCATION LOOPS

S M. Ohr

When small diskocztion hwops are exammed m the
eectiron muroscope. the koops hhmg approxemately
within ore extimiion distance from the surface exhibat
black -white contrast ukder two-beam dvnamical dattra-
won conditions. It has been generallv aucepted i the
past that the direction of the black-white contrast was
panaliel 10 the directron of the Burgers vector progeuied
onto the image plane_ and this direcion has accordmely
been emphoved for the determmation of Burgers vec-
tors. In recent years. it was found that the direction of
black-white contrast was oot atways panlkel to the
projected direction of the Burgers vector ' In pariau-
lar. for loups with shear components it was nof known
how the bixk-white direction was relsted 10 the
directivms of Burgers vectors and loop plane normas In
the present study . the displacement ticid of shear.
well as edge. dedaation lnops® was used 1o calvudate
the dependence of the black-white direction on the
dwections of the Burgers vector. loop nomal. and
diffraction vecton. The caleulation consisted of produc-
mg smulated ebection micrographs by numerwalls
micgrating Howie - Whelan equations of the dynamwal
theory of chectron dif fracthion,

The results show that the ditection of black-white
contrast 1s in general not parallel (0 the projecied
direction of the Burgers vector ht is found that the
ange a measured from the diffraction vector (g) to the
Mack.-white direction (1) is given by a formulc

where 3 and y are the angles from the diffraction vector
() 1o the projected directions of the Burgers vector (h)
and the toop normal (1) respectively. This is shown in
Fig. 3.19, where a is piotted against § + ¥ for varions
lnop orientations found in copper and niobum. The
straight line represents the least-squares it (o the
points, The only cxceplion fo the rule found is in the
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Fig. 3.19. Dependence of the divection of back-white con-
w2t (o) on thr dections of the Busgers vector (2) and loop
phane nogmal (1)

e of g - b = 0. that 1s. when the Burgers vector s
parallel 1o the reflecting plane. In this case. etther I i«
pasalied 10 £ or 2 complex butterfly coatrast
expecied. depending on the relative onentations of b_n,
ad £ Preliminary data from neutron-rmadiated copper
and nrwbiun mdicate that the une-third rule is indeed
obeyed m many instances and provides experimental
support tor the theory.

1. B. L. Fyre. Drfects in Refractory Metals. ed. R. DeBatist,
J.Nihool, ar3 L. Stals, SCK.CFE.N . Mol 1972, p. 311
2 S MOl Phiios. Max 26,3307 0197y,

THE NATURE OF DEFECT CLUSTERS
IN ELECTRON-IRRADIATED
COPPER'

S M.Om?

An eleciron microscope study has been made of the
nature of defect clusters obwerved in deciron-irradiated
<copper anncaled in the range of temperatures between
stage I and stage V. The sample materials used were
(110) single crystals of high-purity copper which were
ircadiated a1 4°K at the 3-MeV Van de Graaf( facility of
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Kerntosschungsaniage. Julich. The electron duse was
1.4 7 10"® elecrons'cm® . which rewlted 2 Frenkel
past Jensity of abewit 630 ppm. Subsequent 10 wradia-
ton. samples were annealed fos 30 oun at a series of
temperatures siastnyg Just abowe stage ). ramely 237,
9. 150°. and 2530°C. The lattear two lemperziurey
correspund approxmmately to stages IV and V.

Figire 3.20 shows the clectron mecrographs taken
trom samples zwnealed at exch of these anncaluiy
temperatures. The danmge clusters appeanng as black
spots were identified a5 dislocation loops. ansth with
Burgers . xctiws of @' Xii D) tvpe. Up 1o the annealing
temperature of 150°C. the wize distribution peaks at
approximately 35 A an diameter. An inrease m the
Jensity of the larger loop sizes occurs with mxreasng
anncaing temperature. indicating that the smaller lowps
are coalescing to form karger loops. AT 250°C. on
abuut 107 ot the lhops remam. 2nd their average sze
has moreased by 2 factor of 2. The density of point
detects VT, ) estimated from the total area of the loops
remains essentially constant up to 150°C and decreasss
2 factor of 2 at 250°C. These results are summarized
in Table 3.2

Table 3.2 also shows the resudis of the determination
of the vacancy-interstitial nature of the lops. Most of
tie data presented were obtained from the analysis of
the black-white contrast under two-beam dy ramial
dilfrxction conditions combined with the loup depth
meauremenls by the stereoscopic technique. A «mall
number of large lovps. which did not exhibit black-
white contrast. were aalvzed by the method of
msidc-outside contrast. The results show that a1 23°C
(1e.. after stage 11 anncaling). no vacamy loups were
found. At the anncaling temperatures of 90° and
150°C. approximately 107 of the loops analyzed were
of the vacaney type. The fraction of the vacancy-type
lovps increases o neary 407 at 250°C. bur 1he
concentration of vacanies (G ) is only slightly higher
than that observed at lower temperatures because the
1013l loop density has decreased drastically.

Table 3.2 Dewsity and mature of dnlocaton wwngs m
dectron-wvadiated and annesied coppn

T O Mrrp T Y dA) 1Ty wm™ 7y Phnp (™) Corem ™)
x 128 «in'* v '’
by s 1 K] <$ -2
% 94 4 1} i2 17
150 16 4 29 " 29
250 12 95 19 » io
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150°C

250°C

Fig 3.20. Flectron micrographs showing damage clusters observed m copper samples electron-isradiated at 4° K and annealed for

30 min at cach of the temperatures invicated.

It is surprising that in sumples anncaled through stage
. no loops of vacancy type are found. Altioagh tis
cati be intaipreted as evidence that vacancies do not
migrate in stage I, itis also possible ihat the vacmcics
do migrate and cluster during stage ifl but that the
chusters are too small 1o he visible in the clectron
microscope, Since the smallest loops analy zed are about
15 A in diameter. the present work indicates that
vacaney clusters contaiming imore than about 35 vacan-

cies in coilapsed loops are not present after stage Ul
anncaling.

1. Summary of paper: Fundamental dspects of Rediation
Damage in Metals, ed. by M. 1. Robinson and F. W. Young, Jr.,
ERDA report CONF-751006, Oak Ridge, Tenn. (in prass).

2, The author catewd out this sewarch while on foreign
asagnmen? gt Indital fur Festkorpetfoischung. KFA Diilich,
Germany . and Institut Tur Physik, Max-Planck-Institut  fur
Metaliforschung, Stuttgart, Geemany.
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INSLOCATION CHANNELING IN MOL YBDENUM
J. Nanayan

In situ deformartion studies in the cection mkTo-
scupe have been completed on rradiated and queached
for materials and extended 10 the study of wradiated
rwlybdenum (bee material).

The developnent of dishwatiom channels §.as been
studicd trom the mitiation o 3 chanxd due 10 e
passage of 3 singe dislovation to br.ad channels created
by larpe numbers of dishcations. These observations
have shown that dishwations clear the visible radation
damage rom a region wider than van be axcounted for

by “cutting” mechanisms and that the passage of
subxequent dislocations of the same Burpers wector
progressively widens the channel. Evidence fur prismat-
i ghde of dtocation loops has been oblained from
observations of lovp coalescence at the channel mar-
pns. Observations of channel branching and changing
discotion due 10 cross slip havwe been made in specimens
deformed in U2 bull. and in the microscope. Many of
the observed featuies of the dislcation chaneeling
cannot be adequately explained by previously proposed
mechanisms. Possible channel cleating mechanisms in-
volving dislocation-loop mteractions have beer. devel-
oped.
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4. Ncuwon Scattering

Tre ncutron scattering programs of the Sobd State Division are concerned
with obtainng fundamental mcroscopc mnformation on condensed maticr. Such
information is cxsential wot only for icncasing our knowledge of the spld statke
scences but n helpmp (o solve the long-rarge encrgy requirements of our country.
Almost every energy lechnology s materials hmited. and 2 better understanding of
the physial propertics »f matkcrials is necessary for the devclopment and
characterization of the new materialy that wi'? be reyuired.

These programs exploit the ncutron beams at the High Flux Isotope Reactor
(HFIR) and at the Oak Ridge Rescarch Reactor tORR). The beams at the HFIR
are the most intense thermal-neutron beams for rescarch in the world. and the
experimental facilities associated witl. them provide powerful and. i some cases.
unwjue tools for materials science rescarch. During the past year. it was necessary to
remove all the instrumentation fmm the beam room at the HFIR 10 facilitate
replacement of the beryvllium reflector. This replacerment was carned out 3o
smoothly and cfficiently that the instruments have been installed again much sooner
than anticipated. With the reinstallation of the equipment. an exchange of facilities
has been cffected with the Chemistry Division. which will add to the streagth and
versatility of the overall program. The HB-2 instrument has now been converted for
use as a triplke-axis spectrometer with incidem neutrons of variable energy. The
specirum of neutrons available at this beam port is peaked at higier er-rgics and
with greater intensity than those of the other beam holes and will permit a number
of high-encrgy-transfer experiments to be performed which would be difficult or
impossible to carry out otherwise. For still higher energy transfers. a prototype
pulsed-neutron experiment has burn set up for test and evaluation at ORELA. The
test cquipment is built around a triple-axis spectrometer, formerly used at onc of
the Hanlord reactors. which was given to the Solid State Division. On completion
of the tests. the spectrometer will be installed as a satellite instrument at HB-1 of
the HFIR and will be dedicated to low-energy high-resoiution inelastic scattering
experinents. The neutron beams at the ORR are provided with experimental
facilities of a specialized nature in order 10 exiend the range of probkms and
maltcrials that can be investigated by neutron scattering methods.

As in past years. because of the properties peculiar to neutrons which are
exploited in scatiering experiments. the neutron scattering rescarch 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 concemns critical scattering and
phas 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 enesgy production. storage. and
transport. and this fraction will undoubtedly increase with time. A few examples of
the recent investigations are cited n the foliowing paragraphs.
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For many years. there has been considerable nterest in understanding the
origin of superconductivity and the properties of superconducting materials.
Secveral rypes of meutron scaticring expeniments have been carmed out m order to
coatnbute v that understandmg Ncutron wmchastic scaticring has been used 10
investigate phoaon anomalics n hard superconductors and their relations to the
clectron—phonon mteraction which is believed responsible for superconductivity m
these materals. Most recently. the alloy systems Mo-Re and Nb-Zr have been
investigated. From the technological side. 2 knowledge of fluxoid motica and
pinning in superconductors s of cxtremxe importance. Experianents inttated kast
year wita the small-angle scattering euipment at the ORR on the fluxoud Battice in
aiobium have been continwed. The results are most encouraging and have shown
ucambiguously the existence of 2 mixed-ntermediate state i pure niobium. The
work will be extended to studies of nicbium into which pinning centers have
been mirodwed by conm:olled methods. Original isterest in the o pnic “good-
vonductor™ TTF-TONQ was high because it was thonght that the compound was
4 high-temperature superconductos. Recent results indicate that this is not the
casc. but the compound = still highly interesting because the mechansm of its
metal-msulator transition near 50°K is unknown. Bt has been suggested tha: the
transition is assnctated with a2 phonon instability (Kohn anomaly). Neutron inclastic
scaticring experiments are difficult to periorm on TTF-TCNQ because of the
complexity of its structure. the small single crystals available. and the large
background scaltering due to the hydrogen in the compound. Nevertheless, a clear
demonstration of the phonon instability has been obtained with 2 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 materiais.
Perturbations of the phonon spectra of pure metals by very light or very heavy
impuritics ang the dynamics of hydrogen in metals are all under study. During the
past year. a significam step was achicved teward the goal of undersianding the
basic physical mechanisms of radiation damage and anncaling. Very precise
reutron scattering experiments showed clearly the perturbing effects in the phonon
spectrum of copper due io defects produced by neutron irradiation at 4.2°K. The
experiment itself was a tour-de-force. having been carried out with a combination
of technigues. 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 clectrons. It has been
known for a long time that an atomic-likc model for the magnetic moment density
in the ferromagnetic 3d metals iron. cobalt, and nickel is adequate to explain many
ol their properties. A more rigorous confrontation with theory may be expected
from studicx of the metals scandium and titanium in which the 3d electrons are near
the bottom of the band. Measurements made of the induced moments ir. these
paramagnetic materials have shown conclusively that the 3d density is much more
diffuse than that of the heavier atoms and requires a more complete mterpretation.

It should be emphasized that the solution to a given problem is sought by all
possible means and with all cxperimental tools available to the Division members.
There is a very clcse and very important interaction between members of the
Neutron Scattering Program, the Solid Stite Theory Program. and the
Superconductivity Program. There is an equally close relationship with members of
the Research Materials Program who have provided well-characterized

singlecrystal specimens for many of the neutron scattering investigations reported
here.
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MAGNETIC PROPERTIES

MOMENT DISTURBANCES IN NICKEL -
COPPER ALLOYS'

R A.Medica® ). W.Cable

The moment disturbances i Niy  Cu,. alloys were
mexured with the technigue of diffuse magetc
scattzring of unpolarized neutrons by Cable. Wollan.
and Child® (¢ = 0.2) and by Aldred et al.* for 2 range
of concentrativas. These experiments seem o imply the
exisiene of 2 unitorm moment and;/or 2 kaal moment
on copper atoms lolaling - 0.1 uy over the ange 0 40
. & copper. This is 2 surprising result because in the
same range the wverape moment changes from 0.616 uy
to 0.166 ug_ On the other hand. the resull is mvonsis-
tent with the diffraction data of lto and Akimitsu®
which show that the uniform moment decreases
monotcnically with ixreasing copper content. This
mxonsistency sugpesied 2 new mcasurement of the
moment disturbances with the &ffuse scattering of
polarized neutrons. which gives more easily interpret-
able results.

The experiments were carried out 2t the polarized
neutron facility at the HFIR using polycrysialline
*3INi Cu samples of concentrations 20, 30, and 533
at. 7 copper. The experiment yields directly buth the
shorl-range  order-scattering function SIA) and the
Fourie. transtorns of the impurity -induced moment
disturhbance MAK). We have fitted SAANAR) [where
AK) is the vickel form factor) with an expression of
the form

MEKYAK)Y= A + SAZ"YVO ‘AR;) .

wirere /) is the coordination number and v, is the
moment disturhance of the Ath shell. The average
moment difference d@) = @y W) was oblained
from the fitting. We have also litied SNK)/ [AKSIR))]
with a similar expression for obtaining the extrapulated
value to K = 0. The results of those fittings are shown in
Table 4.). and the data are presented in Fig. 4.). The
artows in Fig. 4.1 stand for the values of d@/dc
obtained from the magnetization d-1a. The error
quoted for @y Wy, is the statistical error from the
fittmg. An uncertainty in the multiple-scattering cor-
rection of ahout 0.015 uy should be added 1o this
ervor. Our data are clearly consisient with the assump-
tion that the copper atoms have no moment. The d4)
values we have obtaincd are smaller than those obtained
with the unpolarized neuiron experiment. For example.
at 20% copper we obtain Mu) = 0.478 up compared

Tabic 4.1. Compusison of mmancats 30d devisstives oo

neswen and magnetiration dats
ot teyw’ [P T « -y oy slgtd ‘ane’
e e atmse Ly 1N 112 I3amiy st
oMo & 51 hes o Phne LR 2 3 1 12mums sl
[ 3333 P > MErds [T Y ® Jad- o) hald

with the previvus result>-? of 0.60 py. A large part of
this discrepamcy caomes from an improper  sphenical
aerage approximataon in the earlier analyses. The good
agreement between VROV R0; and the derivative of the
average moment shows that the muoments are deter-
mimed by their hwal enviroament. This implics that the
uniform moment s associated with the nickel atoms.

1. Summary of poper: AIP Coml. Pre (im press).

2 INN' gawdmate partigant  from Gowegia  Imvgete oW
Tevhankoyy . Athta. Ga.

3.5 W, Cable. £ O. Wollan. amd 11 R Clild. Mhvs. Rev.
Ierr 22, 1256 ¢1969).

3. AL T. Akived. B. . Ramfowd. T. J. Hivks_ amd 5. S. Kewvel.
Phyvs. Rev. B 7. 218 11973).

5. Y. o aod ). Akimitsa, S PRy, Son. Japan 35, 1IWW)
1yThH.

NONLINEAR AND NONLOCAL MOMENT
DISTURBANCE EFFECTS IN NICKEL -
CHROMIUM ALLOYS'

J.W.Cabke  R.A.Medind®

We have made polarized-neutron diffuse-scattering
mexwrements on nickel-rich nicked chromium alloys
to defermine the magnetic moment distribution on an
alomic scale. In comtrast 1o previous unpolarized
neutron measurements. these measurements select only
those fluctuations al one site correlated with the
presence of an impurity at another site. The polarized
measurement is therefore intrinsically linear in the
impurily site occupation. Comparison of the polarized
and unpolarized results shows that nonlinear effects are
important (o5 1his system and therefore that both
measurements are required 1o describe the spatial
moment distribution away from the dilute impurity
region. The total moment disturhance per impurity.
obained by fitting the polarized neutron data to the
local environment madel, decreases rapidly over the
concentration region for which dji/dc from magnetiza-
tion data remains constant. We conclude that the
impurity-induced moment disturbance has two com-
ponents: a local environment clfect. which we defect
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with neutrons. and a nonlocal effect with range 2123
A which remains undet=-ted in the neutron experiment.
We propuse 2 charge tramster model that contains both
the nonlinear and nonlocal efffevts.

1. Abstract of paper to be publinhed.
2. INIC grduate pattcipant  from Geoorpia Institute of
Techwology . Athnta. Ga.

THE ANALYSIS OF MAGNETIC NEUTRON

SCATTERING DATA'
G. Felcher® J.W.Cable
J.W.Garland® R.Medina’

The determination of the proper magnetic form
factors for use in the analysis of diffusescattering data
is discussed. and that information which is immediately
available from such Jdata is considered. Apparent dis-
<repancics between the results of diffuse-scattering and
difiraction  experiments on  ferromagnetic  Rickel
copper alloys are resolved. It is shown that the data
indicate that the negative spin demsity usually atir-
buted 10 conduction electrons instead arises largely
from the overlap of lovalized wave functions. as was
first suggested by Moon.

1. Abstract of paper 10 be published.

2. Angonne National Laboratory, Argonee, 18,

3. Sumwner research pasticipant from University of 1linois at
Chicage Cucle. Chicago. Tl

4. IVIC mpaduate participant from Georpa Imstitute of
Techmology . Atlanta. Ga.

TEMPERATURE DEPENDENCE OF THE MAGNETIKC
MOMENT DISTRIBUTION AROUND
IMPURITIES IN IRON'

H.R.Child  J. W.Cable

We have made neutron diffuse-xattering measure-
ments of the magnetic moment distribution around
impurities in iron as a function of lemperature in an
attempt 1o obtain information regarding the range of
the exchange interactions. The measurements -ere
made on iron-based alloys contiring 2 -3 a1. % Si. Ge.
Ti, V. Mn. Co. and Ni at temperatures ranging from
300 10 R00°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 2 nearest-
neighbor molecular-field model by assuming that the
impurity-host to host-host exchange ratio is near unitly

for Ti. V. Co. amd Ni mnpuritees 2o small i Ma
mmpuritics. an assumption that s supposied In 7-wsc
Jdats. Furthermaore. the observed temperatune depemd-
“uws for FeSi. FeGe. and FeMn are descnbed reanm-
ably well by this mudsl provided that e low-iempera-
ture mument distributions are imchuded in the kvl
tion. We conclude that the nagwetc moment of an e
atom depends on its hwal chemical envivonmeent 20d on
s local magnetc cavinmexnt We atinbuie the Ly
to nearest-neighbor exchang: nteracthns.

1. Abs.ract of paper: Phs. Rer. B 13, 227 19760

LOCAL ENVIRONMENT EYFECTS IN icp
COBALT-BASED ALLOYS'

JW Cable H.R.(hild

Polarized-neutron  Efluse-scalicning  measuscments
were made 1o determine the magnetn: moment Jesto-
butivn in hep cobalt-based alhovs contamime S a1, V.
Cr. Min, and Ni. The impuwrity moments determned e
0.18 * 0.20 py per vanadium. OX6 * 037 uy per
chromium. 052 * 0.09 uy per manganese. and 068 *
0.10 up per nickel. The cobalt moment i the cobalt
nicked aloy is the same as in puse cobalt but varices with
locd environment for the other dioys. The magnitude
and range of the impurity-induced moment reduction
cobalt sites mwreases wilth mcrexing charge contrast.
This suggests that charge transfer s an Important Iactor
in these local ecnvironment eflfects.

1. Abwtract of paper to be publrded.

FIELDINDUCED PARAMAGNETIC FORM
FACTOR OF METALLIC SCANDIUM’

W.C.Koehler R.M_Moon

Our interest in scandium is partly due (0 an carlier
study of the form factor of gadolimium.’ m which i
was found that the total experimentd form fator
could be sepanated mto a localized component. devived
from the 4f spin density . and a diffuse compuonent that
was altributed to spim polarizstion of the condwuction
electrons. In gadolinimm it was very difficull 10 measure
the diffuse component with accuracy becawse of the
presence of the much larger 4f component. In scandinm
we have 2 system with the sa< crysial structure as
gadolinium and a2 similar outer electiron configurnation
Ind®.(n + 1)s? | for the free atom. but withow! the large
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& comtributon. By appiving 2 larpr wagnetic field_ it s
ponible to mduce 2 small moment | scandiem od 10
ubserve the spatial distribution of this soment by the
pobarized wewtron techmigee. It s abso of isteres' 10
comgpare the scandium form fatur with reselts vb-
samed for oteer members of the 3d tramsition series.
For 2 the mucmbers of this series studied to date
tvnadum through mickel). the observed fonm Extors
ase vemwkably likic thote calculated for the 3o elex-
oms m the frce atoms. We will show that scandium
sepuesents 2 defimte depantere from this belovios  the
observed spin demsity is mwch move expanded than that
<akulated for the 3d clectron in the free 200m.

The vesults repovied here were obtamed frm 2
specimen cwt from a2 crystal of exorptomally high
puity. which was produced i Ames Laboratory
These meurewnents 20¢ 3 wepeiion and exiension of
cxher experments® pesformed on 2 sample of wer
puity. Om measuarements were made in 3 Baghetn
field of 572 kOe and 3t 2 wemwperatwee of 100°K. Under
these condivions the induced moment is 371 x 107°
Boke sagncions pey alom.

The meassrements crasist of observing the change
Bragg prak m.csies when the divection of the
meuivon polwization is seversed. Under the experimen-
tal conditions. this change in mtewsity is typically
several pavts i 10° . and we have made the measure-
ments with statistic: | accwracies of about seven parts m
10°. The ratio of intensities for the two Rewirit-spn
diwections is related 10 the magnetic scatiering ampli-
twde gl 7) by the equation

R=1+4p7VWb . n

where 7 18 arecprocal kst tice vector and b is the nucleas
scatteving amplitede. The quaniity p is propostional (o
the Fourier coefficiemt amoviated with 7 i 2 senies
cxpansion of the periodic magnet: moment density .

The crysial was distorted to reduce extimction effexts.
and meamsrements on cach peak were performed at
several wavelengths. selectied (o minimize the number of
simmltancous Dragg reflections. Corrections were ap-
pliced 0 e daia 10 sccommt for imparfect beam
polarization, for the nestron-spin - Reutron-orbit scal-
tering. ad for mclear polarization. These corrections
avc canly calculated and s1e gute sall. Approximate
comections 1o xcoest for the induced dianagnetic
momen! have 2o been calculated® based on 2 free-
atom 3 4s' confugaration.

The resmlts ave summasized in Fig. 4.2, where the
expesimental Rigping ratios. after comection for the
effects mentioned above. have been converted (o 2 form
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Fig. 4.2. The punamagnetic farm facton of metallic scandinm.
The cxperimential pomts. shown as open cicles. have been
comvected fos auciear pobrizanon. diamagne . and newtron-
PR oewronorbit mieraction. T clused crcles are from an
APW caiculstion by Gapta and reeman (ref. 6). and the solid
e s 2 froe-son calculntion by Watern and Freceman tref 7).

factor by normulization with the appropriately cor-
recied (for dancagnetic and mucieas susceptibilities)
experimental swceptibility. This form factor resembles
that of the diffuse com;ument obtained for gadolimium
m its abrupt drp over the first three reflections: it
&ffers from nt m that the form factor at the (102)
veflection rises again 10 2 value greater than that at the
(101) peak and in that the puint at the origin is much
largey. refative 1o the first Bragg peak. in scandium than
in gadolinium. The solid line in the figure is a
Hartree-Fock freeion calculation for the spin part of
the form facticr. Comparison of this curve with the
observations shows that, unlike the case of the other 3d
insition metals. the form factor for scandium cannot
be mterpreted n terms of freeion form factors.
Inclusion of any orbital contributions would make the
depaiure from experiment even greater. A rather good
account of the observations has been given. however. by
Gupta and Freeman® on the basis of APW wave
functiorns determined for metallic scandium. Their
results are shown as the solid circles in the figure.

The principal conclusions are that the induced mag-
metization density in metallic scandium i not like that
uf 3 single 3 electron in atomic scandium and that the

ooy,
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APW calculation of Gupta and Freeman gves weason-
ably goud agreewaent with owr results. Bsed om the
emperatuse dependence of the susceptibiity . Speddng
and Croat® have sugpesied that scandium behaves as
though there were a single kvcalized 3d electiron. Owr
resul’s seem incomsisient with this imterpretation.

1. W. C. Kochier and R. M. Moon, Phys. Kev. Leir. 36, 616
1976

2. R M. Moon. W. C. RKochier. ). B, Cablr. and H. R. Chuld,
Py Res. 85,997 (1972,

3. We are grasetnld 10 Profesor F_H. Spedding for the luge of
this cyynal.

4. W, C. Kochler and R. M. Movs. Sobd Ssssc Dv. Amwm
Pog. Bep. Dec. 31, 1975 ORNL-9952_p. 100,

5. C. Scawis, Phvx Rev. Lens. DB, 1415 41970),

6. G. Gupta amd A. ). Freewan. Pyx Rev. Lett. 36, 613
«(1976).

7. R E. Wasom amd A ). Freemon. Acts Crrst. 14, 27
% h

8. F. H Speddiag aad J ) Cront. J (hem. Py S8, 5514
19T

FIELD-INDUCED PARAMAGNETIC FORM FACTOR
IN METALLIC TITANIUM'

W.C.Kochler J. W.Cable

Polarized neutron ditfractometry has been carried out
on a specimen of metalx aniwm 21 100°K n an
applied fidd of 57.2 kix. Under these conditions a
readily observable magnetic moment of 1 36 X 1073 yp
per alom is induced in the sample. Polarizatior ratios of
1) seflections in the (Ok/) zone were measured. and a
paramagnelic form factor was devived from them.
Titanium is the second of the 3d transition metals. and
its properties are governed by electrons near the botiom
of the band. We do not expext. nor do we find. a it of
the data with free-ion Ti¥* wave functions ewn though
sxch divalent ion form facton appear 1o represent the
data from Fe. Co. and Ni. and. surprisingly . from V and
Cr. A good it can be obtained. however. with the
neutral atom Ti (3d*) wave funciions. which are more
exzended than those of the divalent ion. This fact is, of
course. a fortuitous vne. A significant interpretation of
the data must await realistic metallic wave functions.

1. Absract of paper to be publiched.

LIMITATIONS ON THE ACCURACY OF
POLARIZED-NEUTRON DIFFRACTOMETRY'

R-M.Moon  W.C. Koehler
C.G. Suli?

The magnetic force on 2 meulron as it enters 2
high-field magner can influence the results of polarized-

102

acutron dihiraction expermments. The pusitson of the
Brage peak is shighth differemt fur meutions i the two
spn states. and the peak mtevuty s shghtly diflerent.
The magnitedes of these cffects are caloulatcd. ad
cxperimental evidemor confirming the peak shaft cal-
culation s prescnied. Sugpestioas for  expermmental
proceduees 10 minimize these cifects are presented. The
disussion s divected wwad cxperiments in whach
Mippisg-r2tic  axuracrs agproachimg 3 X 10 e
deswed.

1. At of pager: Nl Mesomme. Wrshods 129, SIS
(15 2419
2. Vowachwsetts fnstitwic of Toechmdugy. ¢ambradee. Moss,

NEUTRON-DIFFRACTION OBSERVATIONS ON THE

CuiFe) KONDO SYSTEN'
M. H. Dickens®  W.C. Kochler
C.G. Shali’ R. M. Moon

Polarized-meutron diffraction studies ase sepusied om
a senies of dilute CutFe) alloy's in which the 3d-election
magnetization indwed by an applicd magnetic field s
-=z15¢cd in the (111) Bragg reflection. Utilizing the
coacentration dependence. the isulated-Fecenter mag-
netization i found to be considerably larper than the
total magnetization a1 temperatuses below 10°K. The
vbservaions lend support (o the development of 2

Konde spm~ompensated singlet state at low tempera-
tuse.

1. Abstract of paper: Phvs. Ry, Lerr. 38, 595 ¢ 1975).
2, Masachwctts Inuntstc of Toechanbogy . Cambridee, Mass.

NEUTRON DIFFUSE-SCATTERING STUDY OF
CONFIGURATION FLUCTUATIONS IN CERIUM -
THORIUM AND CeAl,'

A.S. Edeistein® H. R.Child

Contiguration fluctuation systems m which atoms
exist an appreciable fraction of time in mose than one
clectsonic configaration have been posiulated as the
explanation of the collapsed phase of some solids. For
example. x4ay photoemission measurements *  have
determmed the fractional occupancy of the 4/° and 4°
configurations in anion-substituled SmS under pressuse.
I¢ has been proposed that aCe, CeAl;. and the a phase
of cerium thoriem alloys represent examples of such
systems. and we have investigated the latter two of
these by neutron scatiering methods in the past year.

Two double-axis spectrometers. one with A = 1.005 A
and the other with A = 44 A, at the Oak Ridge



Reseawch Reactw were employed for quosi—chasticc
measusemnents i which we detect newtcoms of all
eneegies scticved 2t 2 fixed scattering angle 6. The
ubserved cTuss seclion s

do [ Lo o,

F) - ddw

i which the intepal is taken at fived V. My & the
mcident neutron energy . and d° 0/d12 duw is the diffuse
cross section per wait subd angle 2 and per wnit
energy lust by the nestron. The momentum transfer 20
s not precisely determined. but if lw/wel is small. Q@ s
still approsimately given by the clastic result 0 = 4x
{sim OV for small 0. We mterpret owr data s this
approximation for do/d1d assuming that Wwag >> I,
E,’s for 2l cigemstates £, and £, in the grownd state J
runifold. For a polycrystaiime sample containing un-
cornelated spins. one has

do o
=P [ of L nro

AX @
X VPNV IS+ E,  £3Mw .

where P, is the probability of the eigensiate A. and the
other symbols have their usudd meanings. In the
approximation mentioned above. the upper limit of
mtegration can be extended to oo, which. using the 3
function and closure., gives

do 2

—_— = mp.t 2
T ; PAFT QYA IN)
Neglecting conduction electron contributions. we write
the localized state [N s

Larmim + byl
~N

where 100 is the localized portion of the 4/° and 1m) is
the portion of the 4 configuration with J. = m.
Substituting into the abvwe equation yields

do 2

mn- ;po’x’lch IV (Om.

where

n= L Py,
Am

o the fractional wcepasy of the 4° confipesation.
Thes p 15 determined a5 the atio of the obsevwed
paramageetic cToss section (o3 " A+ DA Fis
mdependent of 3.

Valuwes of do/dS) per cevium atom wese measwved
from CeAly for A = | and 44 A s 2 fumction of

temperature and compared 1o the clastic result
do/dQ = 387 Tx = pqy’

for x mezsured on the same sample_ At | A and sall Q
do/dQ s approximately equal to (2/3W’ AT ¢+ 1) =
311 mb. predicted for Ce> with J = 5/2.2=6/7. and
decreases only about 10% 2t 11°K. indicating that § =
09 10 1.0. The 4.4-A data show 2 larper decrease ¢ low
temperatwres. probably dwe to crysial field effecss’
sace g is much smaller at this wavelength and since
al cvysial field levels may ot be excites.

43. In this alloy system. Lawrence. Croft. and Parks’
have detected the a —~ ¥ transition of pure cevium and
have inferred that there exists 2 line of first-order
transitions ending m 2 second-order tramsition critical
point at x = 0.265 in the phase diagram of Ce; ,Th,.
At x =0.2. they observed the first-order transitions at 7
= 140°K in excellent agreement with our data. The I-A
data shown are extrapolations to Q = 0 and show good
agreement with the Ce®* form factor as 2 function of 0
when corrected for the thermal diffuse and nuclear
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disorder scatiermg. As @ CeAly. the $.4-A\ data bie
below the 1-A data_nd wo exadenve for 2 compensatmg
comduction clectron pulanzation s present. Also shown
s the clasthc resmit wang \ mcaswed on the ame
powder sample by Tramchita® whach . dbove the trans:
we. cmbefthh aCwic Weisbawrth g o= 206 *
02 g aed © = 132K, This O valwe s probably
primily due to 2 small spim conrelation tame 7 < @
smoe it is Larger than owe would expect from magmets
mieracions of from crystal field splitimg = this
sstem. Usmg the flactuation dissipativn theosesn and
the Kramers Kromig relations. owe cam show that
smsoept.. Bty mezswrewments avevage (AOMALP over 2
time proportional 10 7' so that the susceptibility
fow temperatures is determined by both R and 7 In
contrasi. wewtron measurements with emerpetic Bew-
rons are semsitive omly o § provided that 7 15 large
compared 0 the newtros transit time 107" 10 107"}
sec. Theretore. from the 1-A data. one finds that g = |
a roum temperature and that it decreases 107 above
the transition. dec-eases 407 at the iramsition. and

decreases amothes 107 2t low temperatuses. Approxi-
mately 0.4 of a localized 4f clectron remaims 21 11°K.

1. Semmary of papes 1o be published.

2. ok Ridpe Amocoted Umiversties facults  revearch
pasticpant from Usivervity of Mimcis 21 (hicapo Ciscle.
Chicago. W8

3R OA. Polbk. F. Holtzbesg. ). L. Frecowl. and D.F.
Eastman. Phvs. Rev. Letr. 33.8204(974).

4. T. Bren. S. Smina. A. S. Ldelstem. R. Mapewks. and H. K.
Child. AIP Conf. Proc. im prew).

S. J. M. Lawvewce. M. (. Croft, and R. 1. Parks. Phyx Rev.
Lets. 35, 28911975,

6. C. Trancinta, private commenication.

A STUDY OF THE FREQUENCY-DEPENDENT
SUSCEPTIBILITY OF THE COMPOUND CeAl,
BY INELASTIC NEUTRON SCATTERING'

T Brun® A. S. Edelstein’
S. Sinha? R. Majewski®
H. R.Chid

Using neutron time-of-flight techniques. we measured
the Im x(q. w) for a polycrystalline sample of the
compound CeAly for 05 A" < g <25A7". The
results are consistent with a crystal field model with the
3/2devel as ground state and the 1/ 2devel and S/2-evel
a first and second excited states. The splitting between
the *3/2- and £1/2-levels is 5.5 meV. The full widths at
half maximum of the quasi-efastic peak at 78, 40, and
TK are 5. 4. and 2 meV. respectively. and are

mdependent of ¢. Over the apr of ¢ wvestugated. the
aephtede varatwa s that expevted for the form factor
of stomm: Ce™ . The quas-chsx paak 2t 78 and 20°'K
has comtribetons from scatterimg from predumeantly
the *3'2- amd ¢ 2devels. At 7K thes peak s duwe only
w wallermg from the =3 Jjevels. The temperature
dependence of the spectia B comsistent with 2 model
wieere the width Af of the 23 Zdevel ©s wench naryower
o that of the 1 ZHevel. Susceptiniity meassrements
médicae that \ does st dwerge 23 7 - 0. Owe
meevpretation is that for 7 —~ 0. \ s proportns] 1o the
pim correlation time 7. We man have measused this
mtrinsic spin corvclation tawe ¢ = A1 ).

1. Abwract of papes: AIP Comt. Pron. sun prem).

2. Argemne Notweal Laberatery. Asponae. WL

3. Guk Ridgr Aweciated Univertics (aculty sescanch partnc-
pant from Umiverity of limoss 3t (hicage Cacle. (v A
4. Univeraty of Mimois. (hicago. M. 2ad Arpoame Notiwosal
[alewatory . Arvonme. ML

POLARIZED NEUTRON STUDY OF CUBIC LAVES
PHASE COMPOUNDS RM . '

D.Gigwux®>  F. Givord®
D Gmwd® W. C. Kochler
R. M. Moon

The miermetallic compownds of rare-carth metals R
nd transiion metals M (MW = Fe. Co. or N1y form two
groups with widely difierent magnetic properties. de-
pending upon the coscemination of the rarecarth
clement. In rase-eath-rich alloys the transition metal
does not carry 2 magmetic moment. The magnetic
ovdering temperatwres arc low and are determimed by
oscillatory mteractions of the Ruderman Kitiel type
between rare-cxth atoms. In tramsition-metal-rich al-
loys. the tramsition-metal aloms carry an intrinsi
magnetic moment that is always antiparallel to the spin
of the nrecanh atom. The compounds are thus
ferromagnetic with light rare earths and ferrimagnetic
with the heavy rare carths. The magnetic intetactions
are strong and lead 10 high ordering temperatures. The
RM; compounds fall beiween these two groups. As a
result of the transfer of conduction electrons from the
rare-earth metals (o the 3d band of the iransition
metals. the Laves phase compounds exhibit different
properties depending upon the particular 3J transition
metal which is in the compound. For RNi; compounds.
it appears. from bulk magnetic measurements, that
nickel does not carry a moment. In RCo; compounds,
the moment on cobalt depends on the spin of the
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tecuth metd m the compound. The cumpounds
YCo: and LuCo; exhibu 2 srvag Pauli parasapactram.
With sapgeetaally ative rare-cath clements. 2 moment
s thought 1o be created un the cobalt atoms by the
mapgeet mecrations due to the rare-carth atoms (1 g
per Com GdCo, ).

The polanzed newiron experanents that were started
bst yexx om TmCo: have been extended to higher
Semperatores and 10 LuCoy and TONi; m osder to
measuve the dstribution of magnetic moment density
m these compownds. to determine the degree of
localization of the magnetc clectrons. and to distin-
guish between two powsible models for the thermal
stractuve of the cubic Laves phaw 5 sscls that theee
differemt types of reflections ase observed: There ave
peaks due to the rarccarth atom alone. others due 10
the tramsition-metal stom alone. and those due 1o both
types of stoms. Therefore. it is possible. in principle. to
measave sepasately the demsity due to exh type of
250
Measurem. nts were carried ot o (eMperateves rang-
ing from 4.2 10 250°K in applied fields up t0 57.2 kOe
2 HB1 of the HFIR. The reahis obuwimed are
summarized below .

LuCe;

In LaCo; 2 magnetization is induced on the cobalt
atoms by the applied magnetic field. The form factor of
the mduced moment is similar to that calculated for
localized 3d electrons. Therve is additional evidence for
an induced magnetization on the lutetium atoms which
is. however. an order of magnitude smaller than that on
the cobualt. The shape of the form factor associated with
this density is unlike that of 3 moment Jocalized on the
lutetism sites. The shape appears to be due (0 3 weak
condwction eleciron polasization.

T‘.g

The crysial of TmCo; which was studied orders
feomagnetically at 7°K. The localized moments on
thulium and cobalt sites have been determined at 4.2
and 100°K from the magnetic densities obtaimd by
Fourier projection. The thulium moment (5.4 5 3t
4.2°K) s reduced by crysial field effects. A Md-type
cobalt moment is coupled antiparatiel to that of
thuliwm. The magnetic-scatiering amplitudes measured
for the reflections 1o which the 4f-thulium moment
does not contribute give direct evidence for the
enistence of 3 diffuse magnetic Jensity. This diffuse

e — TR

demsity s owillatury with distanmce 2nd rewains similas
2 all wemperatures. The Afthebem 3ad 3d-cobak
rsoments have been cvaluated 3t exght temperatwres
from 4.2 to 250°K. The cobalt smsceptibility above
25°K s wemperatuse independent. The cobalt behaves
a 2 Pauli porasmagnet undey the action of two fields:
the moleculy field dee 10 thuliomm atoms and the
applied facld. A collective clectron model is therefore
approprate for the dewrtiption of the peramagmetic
smsceptibility. At 4.2°K 2 buge imcrease of the colalt
susceplibility i the molecular field leads to 2 valwe of
the cobalt moment of 0.8 py.

TG,

Bedow the Cuwric temperatare. 42°K. 3 magnetc
cvomtribution is observed omly ol mmclear scattering
peaks. Therefore. the terbrum atoms form 3 ferromag-
netnc structure. Polarized meutror: measurements per-
formed 0 the paramagnetic state & an applied magnetic
field of 57.2 kOe reveal 2 nonuniform polarization of
the conduction hand. Within the experimental accu-
y. no 3 magnetx moment is observed on aicke
atoms. This result is consistent with the assumption of
rare-cuth magnetic ordering occurring through the
polarization of conduction electrons.

1. Summary of papers: Phvs Rev. and J. Phys. Chem. Solids
(mn prewm),

2. Laburatowe de Mognernme. Cemtre Natiomal de b Re-
cherche Scientifigue. Grenoble. Framce.

3. Guest scientints (som Laboratoe de Magnetrume. Cemtre
Natiosal de b Recherche Sciemtifique. Geewoble, France.

THE TEMPERATURE DEPENDENCE OF SPIN WAVES

IN He(Th)Fe;
R. M. Nicklow C. M. Williams'
N.C. Koon' J. B Milstein'

Studies of the spin-wave dispersion relation for the
Laves phase compound Hog 353 Tbg ; ;Fe; have con-
tinued. Neutron scatlering experiments caitied out at
1YK have indicated that crystal field interactions.
which were neglected in owr previous analysis of
soom-temperatuse data’ make significant contributions
1o the spin-wave energies at low temperatures. The
measuted temperature variation of the acoustic and
lower optic branch (see Fig. 4.4) is almost entirely due
1o the temperature-dependent contsibutions of the
crystal field anisotropy to shese branches.

On the other hand. the rirong temperature variation
of the upper optic branch shown in Fig. 4.4 appears to

5 e



be satisfactorily explaimed by the temperature depead-
ence of the urdered moments of the rare-carth and iroa
sublattiices. The wempeature dependewce of the calow-
bted cwve was obtaimed by setiing Sp (D =
Sa 0wt 3md SE7(D) = SE(GIWAAT. where Sg°
and Sg~ ase the appropriate urdered compunents of the
“spims” for the iton and the race-carth doms. respec-
tively. and op() and eg(l) e the comesponding
sublattice magnetizations. One 3 abo led o the
comtusivn that Sp (0) = 8 and that S5°(0) 2 0.51.
While this result is perhips not tov serprising simce it s
consistemt with the measwred magactc moments. it s
properties of the compound are described by the same
effective nomintegral spim fox irom.

The values for the exchange. Jrs. Jrgr- JrF. and
aisotropy parameters. 3 °. ). dedued from the uaia
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ae gven in Table 4.2. These exchange parameters are
shghtiy differsnt from the values obtained earlier.’
because we had previously assumed imcorrectly that. at
roum temperature. S = 1 0. The magnitude of the
rare-carth -rare-carth exchange s negligible. The con-
duction electrons are apparently much more effective n
providing m interaction between the rare-earth and iron
ions than between the rare-carth ions themselves. Thus
the spin-wave energies are described surprisingly well by
a very simple near-neighbor exchange model that
includes crysial field mteractions and temperature
renormalization derived from the sublattice magnetiza-
tion.

1. Naval Rescarch Laboratory . Washmeton, D.C.

2. R. M. Naklow, N, C. Koon. C. M. Willioms, and /. B.
Milsicin. Soiid Swir Div. Anme Prog Rep. Dec. 31. 1974,
ORNL-5028. p. 86.

INELASTIC MAGNETIC SCATTERING FROM
AMORPHOUS ToFe,'

J. ) .Rhyne* D.L.Price® H.A Mook

Inclastic neutron scattering measurements have been
made on spuller-deposited amorphous Tby 53Feg o9
using time-of-flight spectrometers at Argonne and at
Oak Ridge. At 433°K (above T.) the magnetic-scatier-
ing function Q. w) exhibited an approximate Gaussian
dependence on energy transfer characteristic of a
paramagnel Below 7,.. at 299°K. 2 broad distribution
of magnetic inelastic scattering is present. <entered
approximately at AL = ] meV. As expected, this
distribution was significantly broadened and was shifted
1o a lower energy than the equivalent polycrynalline
compound TbFe,. which showed a single inelastic peak
near |8 meV. Polarized beam time-of-flight data taken



at Ok Rudge showed evadence for discrete spmn-wave
exnations fur 0 < 10 A™" i the amurphows sample.

1. Abarat of paer: AIZ Coiul. Proc. 28, 1] ¢1975).

2. N2 Ovdeosce Laburators. Whete Oak . Md.. 2ad Natosald
Bareas of Stamdards. Wardagton. D.C.

3. Arpvanc Natwaad Laburatory . Aspoasc. L

MAGNETIC EXCITATIONS IN NICKEL

H A Mook D Touchets' F_Mezi'

The most advamced calculations of the dymamic
sunceptibility of ferromagnetic nickel have been per-
tformed by J. F. Cooke and H. L_ Davis.*-? In comirast
10 previows work. these cakulations incorpurate mo-
mentum-dependent spinsplitimg  of  the éectronic
energy bands as well as multiband effects. One predic-
tion of these calculations is that lur the [100] dwection
the acomsiic spin wave should interact sirongly with a
polar or uptical spin-wave mode at about 130 10 140
meV. This 1s in contrast to the other principal sy mme-
uy directions where the spin waves are expected lo
disappear as they begin 1o interact with the Stoner
excitations. If the polar mode could be observed, =t
would serve as an exellent check on the band
<alculations since the position of the mode is 2 very
sensitive function of the parameters of the cakulation
including the potential function.

The polar mode should be observable m 2 neutron
scattering experiment. but high-neutron incident ener-
gics are required. An experiment 1o fouk for this mode
was performed un a triple-anis spectrometer located at
wne of the hot source beam tubes at the Institute Max
von Laue - Paul Langevin. A beryllium monochromating
crystal that had been brought from Oak Ridpe was
used. and copper or graphite analyzer crystals were
utilized. The sample was a crystal (2lso brought from
Oazk Ridge) which had been enriched 1o about 997 in
the isotope *°Ni 10 cut down on phonon and inco-
herent scattering. The incident neutron energies utilized
1anged .tom 300 1o 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 £, so
that an ingium filter could be used 10 adsorb A/2
neutrons at an energy of 1.5 eV. Reflections were
chosen for the beryllium monochromator so that A3
was absent.

Since part of the polar mode <joes not have extremely
steep dispersion. focusing techniques could be used. and
resolution calculations were performed for each scan.
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An amalvixal foum was chown for the cross secuon:
this was convoluted with the resolution (unction for the
spetrometer. and the ressh was corapared with the
measuremeat. Very poor emergy resolution could be
wsed ia the experiaent since focusing techniques could
be used: otherwise the measurements would be m-
pussible.

Figure 4.5 shows the result of the measurements. The
solid limes show the Cooke and Davis cakcwlations. and
the dots asre the e.perimental poiats. Newr the zune
buundary. good resolution was necded since the ack of
focusing made the measmements very difficult. It s
planned to check some of the pomts near the zome
boundary using the pularized-beam timme-of-flight spec-
trometer somctime m the near future. It is remarkable
that the predictions of the band calculations come so
close 10 the observed measurements. The bands them-
sefves cover several electrun volts. and from them are
predicied magnetic excitalion enerpies within 2 few

£ (millivolty)
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Fig 4.5. Comparivon of calculled and messwred magnetic
evcitations for nichel.
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millivolts of those vbserved. Small changes in the
potential are expected to provide an even better it to
the observed points. It is now clear that some existing
band calculations in *he literaturs are incorrect. since
they suygest a2 band splitting much too large to account
for the mutron scattering measurements. The new
measirenents provide 3 sensitive test with which any
forthcoming band calculations for ferromagnetic nickel
must reckon.

1. Insitut Max von Laue Paul Laneevin, Grenobile, France.

2 ) F Covnke and H. L. tavis. AfF Conf. Prov. 10, 1218
11973

3. ). F. Cooke and H. L. Davis. to be published.

MAGNETIC EXCITATIONS IN
NEOCYMIUM ANTIMONIDE'

R. M. Nicklow
0. Vort*

A. Furrer®
W.J.L. Buyers®

The magnetic excitation spectrum of the antiferro-
magnet NdSb (7y = 13.6°K) has been studicd by
neutron inelastic scattering. At 4.9°K nearly all the
spin-wave strength resides in the transition to the 6th
excited state which onginates  tfrom  the exchurge
split. 1',*) quartet ground state and ') quartet
excited state of the Nd** ion. A weaker and lower
frequency transition between the ground stxte and the
4th excited state. the lower member of the exchange
split I’y doublet. has also been observed. These transi-
tions give rise to spin-wave branches of transverse and
longitudinal symmetry. respectively. whuse frequencies.
measured in this experiment in the ;0X). ({{0). and
(§33) directions. are surprisingly independent of wave
vector Measurements at higher temperaiures show that
these is surprisingly little downward renormalization
(=107) of the frequency of the main branch of
magneltic excitations on passing through the Neel point.
The crystal field parameters have been determined from
the excitation specira in the paramagnetic state. From
the results at 49K, two bilinear exchange parameters
and a large quadrupolar paramerer have been obtained
with the aid of a pseudoboson spin-wave theory that
includes all nine excited states of the Nd™ ion. A good
description of the inagnetic propesties of NdSb is
obtained from the model parameters.

I. Abstract of paper (o be published.

2. kide. Institur fur Reaktorforschung, Wurenlingen, Swit-
rerland.

3 Arwmic Fnergy of Canada Lid., Chalk River, Ontario,
Canada.
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PARAMAGNETIC SCATTERING FROM ALKAL!
METAL SUPEROXIDES'

H.G.Smith ). Schweizer

A plarized-beam polarsization-analysis neutron scat-
tering study was made un paramagnetic (sO; powder at
room temperature ander four ditferent ceafigura-
tions flipper on and flipper oft” with the magnetic
field on the sample vertical and then again with the
field horizontal. A preliminary study indicated that the
usual provedure of detcrmining the paramagretic scat-
tering in the spin-flip hurizontal-field configuration by
subtracting the nuclear spin scattering contributions
(determined at large scattering angles) from the total
spin-flip scattering is probably not wvalid 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 s to use the four<onfiguration technique
mentioned abuove. By changing the magnetic lield
direction on the sample from horizonta! to vertical.
only the paramagnetic scattering is affected. For the
flipper-of{ mode. one-half’ the paramagnetic scattering
appears when the field is vertical: for the flipper-on
mode, one-half of the total paramagnetic scattering
disappears. The sum of these differences gives the total
paramagnetic scattering. independent of all other types
of scattering. Multiple-scattering corrections are mini-
mized if not eliminated. The data were placed on an
absolute scale by compurison with the nuclear Bragg
scattering and, within experimental error, agreed with a
spin 1/2 system. At low scattering anges [ <5°(20)} the
paramagnetic scattering appeared tn be affected by the
vertical field. This observation is not understound at this
time.

A polarization analysis study was also made on
polycrystalline KO; and RhO, at 1.7K and above.
Both of these compounds have been observed to
undergo scveral structural transitions below room tem-
perature. In the case of KO; astructural transition was
hserved 3s low as 13°K. and a magnetic ordering
transition was observed at 7°K. In thr case of RbO;,
exira reflections at low scattering angles had been
observed. but it was not determined if they were of
magnetic or structural origin. This study confirmed the
magnelic ordering in KO; and showed conclusively that
ihe lowest angle peak in Rb(); is magnetic in character
and disappeass on warming to about 14K, in the


http://aslructur.il

neighbwhuod of known heai capacity anomalies in this
vompound. Fusther studies are necessary tv determine
the detailed magnetn structure.

). The authur caries! out e research whilke on foregn
asigmment at Iastitul Mox woa Laee - Paul Langevin, Grenoble,
Framve.

2. Institut Max von Lauc- Pasl Langevim. Grenoble, France.

LATTICE DYNAMICS

NEUTRON INELASTIC SCATTERING
MEASUREMENTS OF PHONON PERTURBATIONS
BY DEFECTS IN IRRADIATED COPPER'

F.W.Young.Jr.
R.F. Woad

R. M. Nicklow
R. R.Coltman. Jr.

Theoretical® and experimental®* studies have pro-
vided strong evidences that the split-interstitial or (100)
dumbbell configuraiion is the stable form lor inter-
stitials in copper and aluminum. The theoretical work
has also indicated that the dumbbell interstitial pos-
sesses 2 low-trequency librational mode.? Wouod and
Mostoller®> and Shober et al* have shown that these
modes 2re strongly coupled to the phonons of the host
crystal, leading to perturbations of the phonon dispe:-
sion relation (i.c.. frequency vs q) that possibly could
be detected by neutron inclastic scattzring. A neutron
scattering experiment to search for such perturbations
was carried out on 2 bigh-punity . low-dishxation-den-
sity copper crystal. Because of the large samiple size
(about 0.5 cm®) required for the scattering experiment,
only thermal-neutron irradiation was capable of creat-
ing 2 homogeneous concentration of defects which were
predominantly Frenkel pairs. Therefore the sample
crystal was irradiated by thermal neutrons at 4 2°K for
23 days in the low-1emperature irradiation facility at
the Oak Ridge National Laboratory.” The estimated
Frenkel pair concentration was 4bout 40 ppm. After
irradiation. the sample was transferred at 4.2°K to the
neutron spectrometer. Mcasurements were made al
temperatu-es below 10°K om the sample as irradiated
and after several anncaling treatments. as well as on an
unirradiated crystal.

A pottion of the experimental results obtained for the
as-irradiated sample for several wave veclors q =
(0.0.5)2n/a is shown in Fig. 4.6. The vertical detted line
represents for each § the position of thie pesk observed
in the neutron infensity disiribution measured for the
anncaled (or unirradiated) sample: that is, the fre-
quency scale is plottnd relative 10 the perfect crystal
#1q). These results show phonon perturbation effects in
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the form ol g-dependent trequency shifts and unusual
peak structurz. The results obtained for the ¢ depend-
eme of the peak shilts are consistent with 2 reso-
nance-type behavior. While the preseat expenmental
Jncsrtainties are o great W pistify o detailed
wdrpretation at this time. an estimate of ihe rso-
nance frequency corresponding e § = 0.1 “where the
shitts tend o zero gives 3 veluz of about 0.3 to 0.9
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Fig. 4.6. Frequency distributions of newtrons scattered from
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TH. which is consiskent with theoretcal cstimates®
and elastic peasurenwnts.®

However, serious ditfiulties are encountered when a
detailed explanation of the obsirved peak shapes is
attempted in terms of the simplified theoretical results.
Calculations for the (1000 spiit interstitial 'vere carned
out to fit the experimental results ‘or q =
10.0.0.06)2xn/a. Although a fairly gued fit could be
achieved with reasonable paramerzrs, all such caleula-
tivns alse predicted a transferral of intensity trom the
low-frequency peak to the high-frequency peak with
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Fig. 4.7. Frequency distributinns of neutmns scattered fmm
as-irradinted and annealed copper for g = (0,0.0.00)2x/s.
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UWTEIING Q. in contrast o e sxpenmental results.
Furthermore. tur all ¢ investigated (§ = 0.04 10 0.10) an
anacal at room tempersture eliminated the peak shifts.
However. tor § = 0.04 10 0.06 this annezl did not
remove all of the cxcess intensity ovbserved on the
high-frequency sides ol the main phonon peaks. = is
shown in Fig. 4.7 ror { =0.06. A further anncal carried
out at 800°K did remuve the extra intensity while
kaving the peak position unchanged. The peak asymme-
try that remains after the 800°K anneal is due to the
instrumental resolution. This effexct is well understood.
as is shown by the 2ood agreement beiween peak shape
calculations and the experamental results in Fig 4.7¢.
The dotted lines in Fig. 4.7a and b. which provide a
visual comparison between thuse data and the peak
shape calculation of Fig. 4.7c. indicate that the irradia-
t' -~ also produces a slight broadening ol the phonon
peans. The mexsuremenis made on the unirradiated
sample are indistinguishablke from the measurements
and calculations shown in Fig. 4.7¢.

1t would appear that the present results cannot be
completely explained in terms of the simplified calcula-
tons for the {1000 split interstitial. The absence of
structure in the phonon peaks mexsured for the
unirradiated and the 800°K annealed samples indicates
that this structure is produced by the ow-temperature
irradiation. The "¢t that aearly 507 of it remains after
the 300°K amncal is an unexpected 2nd surprising
result. since difiase x-ray and resistivity studies indacate
that 975 of the damage produced by a low-temperature
irradiation in copper anneals bel w 300°K. One pus-
sible conclusion is that the split iatesstitial may be
responsible for the frequency shifts and tine broadening
observed for the irradiated samp'e s theoretically
predicied and that the additional structure vbserved for
§ < 0.07 for the irradiated crystal is due to an as yet
umpecified form of radiation damage.

1. Summary of paper. Phvs Rev [ ri- 35,1644 (1975)

2 P H Dedernhs. C. Lehmann, amd A. Scholz. Povs Rer.
Letr 30,1130 ¢1973).

3. P Fhehart. H. G. Haubnid. and W. Schilling. Adv. Soind
Stare Phvs 1487 (1974).

4. ). Holder. A. V. Granato. and 1.. E. Rehn. PAys. Rev. Leir
32. 1054 ¢1974). Phys Rev B 10, 363 (1974),

5. R ¥. Wond and Mark Mestoller. Phys. Rer Lerr 38,45
t197%).

6 H. R Shober.V. K. Tewary. and P. H. Dederivhs, 7. Phys.
B 21,25511975)

7. R. R Coltman. Jr.. C. E. Kiabunde. and J. K. Redman.
Pr Rev 156,718 (1967
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PHONON DISPERSION CURVES
FOR Tag 7:Wy 23

N. Wakabayashi

The relationship between phonon dispersion curves
and superconductivity in transition metals and their
alloyt and compounds is a continuing program in this
Laboratory. As part of that study we have measured
phonon dispersion curves of Tag 79Wg 13 for wave
vectors along the principal symmetry directions. The
results are shown in Fig. $.8. 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 {110] and [001] directions
are dmost identical to those Tor pure tantalum. while
the lungitudinal branches. which exhibit anomalies in
antalum. show considerable changes. This fact indi-
cates that the anomalies in these 'ongitudinal branches
are directly elated to the screening effects due to the
conduction clectrors in these systems. Since the
superconducting transilion [emperature decreases with
the conventration of tungsten. the anomalics in the
longitudinal branches may. in tum. be related o the
superconductivity. The anomalows upward cursature
in transverse branch in the |00} direction may
also be related o the conducting electrons. though

OO T

1

rather indirectly. Therefore. the study of differances
in the frequency shifts between the longitudinal and
transwerse branches should give us some infcrmation
about the nature of a2 miroscopic link between
phonons and superconductivity.

PHONON SPECTRA IN
NIOBIUM -ZIRCONIUM ALLOYS

N. Wakabayashi ). G. Traylor'  S. K. Sinha?

The phonon dispersion curves for high-T, supercon-
ductors are knowr: to exhibit strong anomalies. but
the basic physi-al process which links the high T, and
the phonon anomalies is yet (o be understood. As 2
part of the research effort 10 study phonon anomalies
in superconductors. the phonon dispersion curves for
th randow alloy system Nb, . Zr, with x < 0.15
have been measured by neutron scattering techniques.
While 7, decreases for the niobium-molybdenum
alloy system as the molybdenum concentration. it
increases as zirconium is added to niobium (from 7, =
9°K for x = 0 1o 11°K for x = 0.1S). Phonon
anomalies observed for niobium berome less pro-
nounced by adding molybdenum, and one might
expect a reverse trend in the niobium- zirconium
alloys. Also_ for x greater than 0.15. the system seems
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to have 2 mixed bee  diffusew phase at low tempera-
tures. The « phase has a hexagonal structure gving
rise (o superlaitice reflections at 2. M 111 + 7 in cubw
indexing. where 17 v the reciprocal lattwe vector of
the buc structuse. This lattice instability might be
irterpreted as an indication of the softening of the
longitudinal phoaons at 234111,

Mecasurements were carried out on Nbg ¢5Zfg o5
and Nby g+2rg ;3 along the pnncipal symmetry di-
rections. Some of the resulte are summarized in Fig.
49 topether with the disperson curves for pure
nivbium shown by the dotted lines® Larger changes
were observed for longitudinal modes. frequencies for
the alloys being lower than those for mobium. The
must pronounced anomaly for niobium in the (000)
longitudinal branch near § = 0.7 does not seem to be
enhanced noficeably by adloying. The longitudina
phonons around 2/3(111) are well defined. and the
softening is rather small. However. rather strong
diffuse scattering was observed ncar this wave vector.
whi-h is reported clewhere®* Sinha and Harmon®
have proposed a2 model for the lattice dynamics of
transition metals which gives large decreases in the
longitudinal phonon frequencies near (0.00.6) and
(0.3.08.08) duc to the intrad-band contribution to
the diclectric function. The decrease was found to be
very sensitive (o the d-electron density at the Fermi
surface. in accordance with the phonor. frequemy
changes in  niohium molybdenum alloys. However,
aithough dight decreases exist near these wave vectors,

ihe largest change m the mobum arconrum aloys s
xtually near (0.5.050.35). This indwates that changes
other than that i the d-electron density are respons-
e,

The data were fitted to Bom von Karman muodels.
and the modeh were wed 10 calculate the phonon
den=ity of states. giv). and vanious moments of giv).
However. changes in the average propertics expressed
by the muments do not seem 10 he ugnilicant enough
1o explan the changes in 7. suggesting the existence
of 2 modc-dependent electron-phanon coupling.

1. lowa State Uarverwty . Ames. lowa

2 Argomne Notiomal Laboratory. Aspoame._ IR

3 Y. Nakagawa and A DB Woods, p. 39 8 latine Dy
marmcs. od. by R F. Wallis, Papammeon Prese. Lid.. Oniond,
Foadand. 1965.

4. N. Wakabayadi and 5. 6. Taylor. “Deffuse Scattering m
Nivbiem Zwcorimam Aloys.” this report.

$.S. K Smha and B. N. Harmon. Py Rey [err 3S.
1515 ¢1975).

PHONON ANOMALIES IN THE
Mo, xRe, SYSTEM

H.G.Smith  N.Wakabayashi

1t has become apparent that the compiex phonon
spectra observed im most superconducting matenals
are. indecd. related to their superconducting proper-
ties, presumably through the electron-phonon inter-
xtion. The anomalous features (pronounced dips in



the phonon drspersion curves i vanous regrons of the
Bollowa 7ome) are most noticable when compared
with phonon spectra of related matenals that ether
are vomuperconducting o have low values of T
Two wellknown exampley are the mobsum  mulybde-
eum system (buc) and the NbC. ZeC compounds (tcc).
The former sysiem had been the most wedely studied.
and it has been ubscrved that as molybdenum (7,
sbout 09°) 5 added 10 nwobnam (T, abvut 9.2 ). T,
decreases. and o du the amomalous fcatures. The
effects are related 1o the dectron atom rabwos ob-
served for the ransiion mctals where maxwma m T,
o oblamed for e'a values of approxsnately 4.7 and
65 with 2 mmamum n 7, a2t 58 m approxmate
agreement with the abuve exampie.

Similaddy. 5t has been observed that the addstivn of
p rhenmm (7, abowt i 7°K) 10 b molybdenum
rapully mreases 7, 1o approxmmately 10K a2t 2
concentnation of 257 rhemum (near the buc sagle-
phase boundary). Al even grealer cuacesinRivn.
hagher 7.'s are attamable. but the cryvstal sdnxtures
are more compiex. and smgle crysials ate at readidy
avadable. It was expected that anvmalous dps n the
dispersion curves would occur. but it was not known
exactly where and 10 what extent the softeninz would
be. dthough the [001] 7one boundarny was suspect.

An melasin neutron s-atienng study on several boc
Mo, Re, alloys (x € 0.25) was minated. Prelmmman
results on 21 Moy 7 5Reg 3¢ single crystal revealed a
pronounced decrease at the [001) some boundary
where the loagitudmal acoustn (LA) and tramwerse
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aowin TA) mudes are degenerate. The anomalous
regon occurs near the zone boundan in the [001]
direcion but appears o cover much of the regon
between zone boundans pomts P and H m the |111]
direciron The crvstal was of very guod quality . but the
phonon line widths were brvad and sometumes showed
structure. There are several sources of broadening: (1
mass detects due 1o the heavy themum atoms (2) foree
constant dnorder. (3) clustenng effects due to short-
range order. and (40 strong electton-phonon miera-
oms. A combmation of all effects s expected but v
varymg degrees.

A mue exkensve smostgation i under way on the
ungle cnvsial aloy Moy gsReg (<. and 2 prelmman
malysts of the disperson curves and phonon lme-
shapes reveabs that the snomalous teatures can quahita-
tweh be explamed on the basss of CPA mass defect
theors However. it 5 found that m order to vblan
quantlative  agzcement  belween  expenment  and
theon . ot wili be secessany 1o mvoke forcevonstant
changes not vnly for the heavs mass defect but for
the host Lhitwe » well. The phonon freguenacs of
the modificd hest Lattae have been extanated and ase
shown by the cosses m T 410, Fos companson.
the dispersion curves for pure molvbdenum are shown
by dotted lnes The large changes at the /some
boundanes n. the adln. which may be atinbuied to
sirong clectrun-phonon mieracions. appear (v be
enhanced by the resonant mades of the rhrnum
atams.
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PHONOGNS IN Int 10% T)

N. Wakabavasis

The mdium thatbue: v syvstem has tour distct
cnystalloeraphic phases: ladium has a structure that can
be described as facecenicred tetragomal (fct). and
thalbum has an hop structure. When indium s alloved
with 13 10 307 thallium. it undergoes 2 Marensitc
transformation from fct to fec structure, and there s
2 maximum in the superconducting transition temper-
ature T, m this range of thallium concentration. The
mechansm of the phase tamsfonnation s penerally
regarded s a2 sitenng ol the transverse phonon m
the [110] direction (m the cubic phase) with puolariza-
tion along the [1i0] dimection. In support of this &
the observation that the eastic constant A(C,,
C,:) goes 10 zero a1t the phase trmmauon. Abo,
superconducting tunneling cxperiments have suggested
a possible softenmg of some phonons. Although the
tunncling tcchnique can give an mdication of soft
phonons. one canaut conclude which phonon mode m
particular goes soft. This problem is ~specially serious
m afloys. since the phonon lifetime due 1o random-
ness may be large and the sngularities in the phonon
denwty of states smear out.

In order to nvestigate the cttects of alloving on the
mdividaal modes. dispersion curves have been measured
for a single-crystal sample of Ing ,Tlg ;. The results
obtamcd so far are shown m Fig. .11 The straght
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hnes vz ¢ = O seproent the matsal b o thee
dipersion curiey ostmatad from the Ganiee comstaats.
The allon has 2 ¢ rates of | U compascd with the
value 1.073 fue pure mdmum. As @ —~ 100, dw [I0D]
ad [001] drectons beconn cyunalent xnd the tiam-
verse mods m IO bevome degercrate. 1 has been
found that the tregquencas of e ramserse bramch =
the [100] dwecinm polanved dhmg [UD1] $ Tgg, ) sl
of the wansverse branch m e [U01] decctnm & mt
show significan! shifts from dene 10 pase mbum *
However. the frequenas of the [0 tamsserse
branch polanzed abome JOI0] 1T g g! shm 2 5 10 1P
decrense. the brant change obwryed n th dlhn .
Ao, m tw [101] duccinn the mutal shope of
the branch that may be regarded a5 mearly temsverse.
correspondmg 10 T,7o m the [110] dectom.
sather small. wd the branch hows a shgatly upward
curvature mear ¢ = 0. This cutvature s a precensor of
the sofieming of the mode acar the phase Transinm.
The temperature dependence of the mtal dope of
the T,5¢ branch m the [110] drectom hay been
found 10 be very simelar 1o that tor pure mdium. Al
shown m Fig 411 n the result of unncdmg nwane-
ments a°F on Ing ,Tig, portcd m Dann.” The
structure m o' F -rems to be comsntent with the
dhapes of the oberved phonon disperssion cunes
Broken Iines in the figure are the dnpersvion cwves
cakculated by Gunton and Saunderns® Tor It 15 T
on the haus of an average pseudopotental  Torm

o8,
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Fig 4.00. Phonon dispersion in In (1072 Ti) compered with predictions of 3 perwdopotentinl moded (dubrd Kwes). snd ihe romis

of 3 tunneling experiment.
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tator. However. Whe apparest agreement with the
data mn b mercly accddental. unce thew calculaton
Tos pusc mdmm shows rather poor agrecanent
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NEUTRON SFECTROSCG®Y OF
LOW-FREQUENCY PRONONS IN
SOLID MERCURY'
W A Kowmakahas' H G Sawth N Wakabavashi

Extewsve menurcments of the phonon dispersion
cwrves of trponal meercwrs have been carsied out by
neuiron melasin watictmg. Some tranwerse branches
ol the phonon specinem have very lom Irequencics, as
wall 3 09 mcV a2t the some bowndary. compased
with 2 maxemum Litne frequency of 1S meV. The
dr~ hawe beem acurately fitted with mn aght-
weghbor Born von Kanmam mded. and o relabic
phomm Jemsty N dates F) has been caliulated
Companswm wth o° (W) Aw) derrved from Tunnchng
meawtements teveds 2 wbstanial marcae m o' iw)
at low frequemcies. Dwect Ghoulations of %) R)
from the Bem von Kamman moded. sssur_ang 2 umple
form for the cle:tron-phosun mainx clement. gves A
= 20. » compared with X = [.6 from (unnehng. We
docuss the onga of the lrequeny dependeme of
o*lw).

|

I Abwsnt of paper Forrorkecrrns m prew
2 Preewt addvews bvwa State Unnearuty . Ames howa

LATTICE VIBRATIONS IN TsD, ,

N. Wakabayashs T Lt Scott'

The behavior of hydrogen m metals i quate interest-
wg fiom the pomt of view of both basw and apphicd
research. The maroscopic behanor of hydrogen m the
boc lranssteon metals m not undersiond as well a8 that
of hydrogen m the fcc metal palladium. Previous
mvestigatoms of the structure. hydiogen  diffusion.
and vibration of hydrogen have not yet produced a
uwnified model for hydrogen motions v such metals.
Interstitial hydrogens are expecied to oe coupled very
sirongly with the host lattice. and the study of detasls
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of phonoa frequency changes and hfetmes due 10 the
presence of hydrogen o esseatial m making progress
toward the goal of oblaming a conssient pi:ture of
meta-hydrogen sy siems.

As part of the effort to undersiand the microscopic
properties of hydrogen dissolved = metals. the
phonon spectia of pure Lantalem and tanialum com-
taming 107 desternum have been studied at room
temperature. Deuterim is believed to occupy ome of
the tetrabiedral mterstitial sites and may add one
clectron to the d-like bond of the corduction elec-
troms. Smwe phonon frequencics are considesed quite
sensttive 1o the J-electron deasity, one might expect
sotiveable chamges in the frequencies n TabDyg -
However. no sipmfcant differemces in phonon fre-
quencics could be observed between these two s
tems. and mo litetime effect was detected. Since
Tag 11Wg 23. which may be conudered 1o have 2
shghtly higher conduction clectron Jensity . did show
quitc remarkable changes m the phonon spectrum,
thes resulr for Tally ; s somewhat surpnsing. How-
ever the awbium  deutcrnim system siudied by Rowe
et al? also appears 1 be sather maemsitive 10 the
presence of deutetum  Clearly . more  experimental
mformation about the electronyc as well s vibrational
propertics of the svsiem s required m order 1o
undersiand the resull.

A study will «oon be made to observe the coherent
melastic wattering of neutrons by the devicrom
motwn m the opin: modes. the resalt of which should
be useiul m undersianding not onlv vibrational states
of hydrogen but Jso the diffusion mechanum.

1 lowa State Usnervty. Ames. Jowa.
2 1M Rowe. N Vapcatos and ). 5 Rush. Phvs Rev B2,
N59 1978

LATTICE VIBRATIONS OF MaF -
C.A Romter' 1.G. Traylorr H.G.Smuth

Tir mesurements of the phonon specisa of tetra-
gonal MnF, were coroleted on the HB-3 inple-axss
spectrometer at the High Flux Isotope Reactos. Data
t2ken w the [100]). [110]. and [00!] directions ase
dnplayed m Fig. 412 The shell modei developed by
Traylor et al.* 1or Ti); was modified and apphed 10
MnF .. The modificatums imluded (1) axial symmetny
canstramis on all short-range mieractioms. ( 21 addition
of fluorine-Nluonne interactions aong the ¢ axis, (3)
appination of rofational invanance and elastic constant
constramnis. The best 2.~-Nmodel 1it 1s also shown n
Fig. 4.12. The degree of fit. y_equals 2.1 4s cakculated in
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Fig 4.13. MaF; onit cell and parameters vosd in sholl-model
it Labetmg of atoms (Mag 3. Fy 444 » used 0 mdicate
short-range nteractions.

the usual fashion. Parameters for this fit are pven in
Fig. 4.13 along with cell-defming micractions. 4 and B
are  bondstretching  (3°¢/d*) and  bond-bending
(1/r03¢/0r) parameters respectively. K. Y, and K.
Y5 are the coreshell force constants and shell charges
for manganese and fluonne atoms respectively. From
the shell-model fit of the data. the diclecine constants.
density of siates, @ (Debye). and specific heat were
cale lated.

1. GRAU Faculty Rescarch Partepant from Wed Vrpnia
Umiversity . Morgantown, W V..

2. lowa State University. Ames. lows.

3.1 G Tyl H. G Smith. R M. Nicklow. aad M. K.
Wilkionon. Phys. Rev 8 3.3457 (1971

PHASE TRANSITIONS AND CRITICAL
PHENOMENA

NEUTRON INELASTIC SCATTERING STUDY
OF TETRATHIOFULVALINIUM
TETRACYANOQUINODIME THANE (TTF-TCNQ)'

H.A. Mook  Charles R. Waison_ Jr 2

Reports of high conductivities* found n the
charge-transfer salt TTF-TCNQ have stsmulated a great
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deal of interest in this matenal. Vanous measurements
ot the physical properties® of TTF-TONQ prove that it
 not 2 umple metal. and it has been suggested® that
the high conductivities are assciated with a Pewerls
mstabsdity m which a phonon mode 1 driven solt by a
very strong mteraction with the electrons a2t a2 wawe
veclor equal 10 two times the Fermi surface wave
vector, 2Kyp. Recent x-ray and neutron scattering
measurements have shown that a superstiucture exists
in TTF-TONQ at low temperature ®~ # As the tempera-
ture was increased above S5°K. the scattering measure-
ments showed that three-dimensional ordermg disap-
peared. At higher temperatures one expects that any
one-dimensional scattering vbserved by x-ray diffuse
measurements would result from 2 Kohn anomaly in
one of the phonon branches. Such one-dinensuional
x-ray daffuse scattering was observed up to room
temperature using counter detection techniques® but
no sensitive energy analysis s available with x rays. and
neutron inelastn scatlering mwasurements are needed
for detailed examination of the Kohn anomaly .

Unfortunately . neutron scattening measurements on
TTF-TONQ can only be performed with considerable
difficulty . Only small crvstals of this material can be
obtaimed. the largest being about 2 X 04X 002 cm. A
singe crvstal is. theretore. not large enough for neutron
melxsin scattermg measurements. zad an assembly of
crystals must be construcied. A sample was thus
constructed m the following manner. Several batches of
crystals were grown from solution using very highly
purified startng material in order 10 obtain the largest
possible crystals. A series of slots were then milled in
thin aluminum plates about 3 X 4 cm in suze. and the
largest crystals were positioned in the slots. Around 50
crystals were mounted on 2 plate. and five of these
plates were stacked together 10 make a complete
sample. which had 2 sample weight of about 300 mg of
TTF.TCNQ. Despite the fact that the crystais were
Jightly irregular. the rocking curve of the whole
assembly of about 250 crystals was on the order of 1°
in 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
wfficiently good alignment for good phonon measure-
ments. especially in the region of the Kohn anomaly .
where the scattering is limited to 2 one-dimensional
sheet.

An additional problem is that the material contains
hydrogen and thus has a large incoherent cross section.
which causes 2 high background. especially near zero
energy (ransfer. Some deuterated TTF and TONQ
starting material was provided by Garito. but crystals
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vbtained with this matenal were quite small. and only
limited data were obiained with them.

The expermments were performed on the three-axis
spectrometers located at the High Flux Isotope Reactor
mn Oak Ridge. Graphite monochromating and analy zing
<rysials were used. and graphite filters were smploved
to elimmate order contamiration. Most of the measure-
ments were made wound the (013) lattice pomt, which
1s the strongest reflection in the b*_ ¢® plane. although
cross checks were made around the (006). (008).(012).
(021, and (027) reflections. Measurements of the Kohn
anomaly were checked in both energy gain and energy
loss and around equivalent points m reciprocal space. In
some cases i cnergy Joss. the analyzer was musoriented
by 2° and the scans were repeated to prove that the
satiering wys indeed iselastic and 1o obtan back-
ground information. Figure 4.14 shows some of the
dispersion curves measured at room temperature along
the b direction. Other mudes were observed. but only
the strongest ones that were measured in some detad
are shown ir Fig. 4.14. Most of the modes are nearly
flat and probably correspond to miramolecular excita-
uons. These can be closely linked to measurements
made with mfrared 1echniques > Modes that at g = 0 are
mosily transverse and mostly longitudina were also
observed. These are labeled TA and LA in Fig. $.14.
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Fig. 4.14. Phonon dispersion corves slong e choin direction
for TTF-TCNQ.
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The most stnking teature s the large Kohn anomaly
that seems to stem irom the LA branch. It s nosubie
that the Kobn anowahy s connccted to same other
branch. but cumstant-mumentum-tramsier scans  at
0.295¢ 2x:b). the mudpomt of the Kohn anomaly . show
peaks m all branches exvept the LA, which confirms the
mierpretativn shown m Fig. 3.14.

The Kohn anomaly s sutficeently steep that ut can
oy be observed m constant-energy -transies suams. Fig.
4.15 shows three of these scans plus one scan through
the LA phonon. The scans of the Kohn anomaly show
two peaks. which have been mterpreted as the descend-
g and ascending phomon branches that compuse the
Kohn anomaly. AR the phonon measurements mi o
the Kohn anomaly and al the clasin: Bragp sans show
no double structure. which supports the mterpretation
that the double peaks observed m the Kohn anomaly
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Fig- 4.15. Constant-enorgy -Wramber scams plotied vs 254 for
TEF-TONQ. A wan throwugh the | A Mo h i Bermn tor r = 0.7
THz. Scane theough the Kokn snomaly se deran lir 145 08,
and 1.1 Thr, The desigmatmsn V300 means that the pomis are
counted Lor M monstor coumts (abvat & mmn).

wans are not the toult of mesosicniations 1 the sample
stackmyg or sume Gther sample dependem cilect.

As the scans m Fag. .15 <hom | the Kobin anomah »
rather easy 1o abnerve af cicrgnes sround 1335 THZ but
bevames weaker ot hower energes. fmallh  becosnng
slmost unobservable st about 0.3 TH/ Prelmman
measurements chow that ot kwmer temperatures the
Kohn anomalv  sharpens  comderably and can e
vbrerved 3t kwer encipes The position of the Kohn
anomaly apoes precely with the panatnn along ©°
the satelhite poad obwened i the acntion claviw
satteung expeunwnts,” contummng the 2K value o
0295
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PHASE TRANSITIONS IN RMCaF ;.
. NEUTRON SCATTERING'

% A Kamaakabass' €A Rotuer’

The 196 K phawe tranuton ¢ RbCaF, b heen
Wenifcd 2»  phonon condensation at the R posnt
tcubsc [11T] sonc boundary). Abuve the tranvnon
temperature. 2 ndge of wattenng cxiendmg from the
§110] sone boundary (M ponid 10 the R pomi was
amerved. cosrespondmg 1o 2 hne of wft phonons from
M, 10 Ry Beow the teanuton the watienng ot W
decteases rapudly with temperaiure . mdwatmg 3 Lattwe
siabihization which causwes the ndge of wattermg o
drappear.

1 Abitant of paper Sobud Stotc Commmen 17,1347 11975)

2 Prewent sddrew bows Miate Uavenaty . Amns. lowa

3 ok Rodper Avunoted Usnerstors favulty tewated portne-
runt from West Vpnas (aneruny . Worgsstown. BV,
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NEUTRON SCATTERING MEASUREMENTS
OF THE &y TRANSFORMATION IN
CERIUM THORNM ALLOYS'

AS bdehiem® H R Chid

Quasiciantn neutron watlenng meaurements uung
1.0- and 3 .3-A neutroms have been made on palvorystal-
e foc athorvof Cey (Thytx = 0.20.0.206.029). The
nnt alky underpoes 3 Nintawder tramtormation at
approxmmatch 130K m which the lattwce parameter
decreases trom S 13 w0 J9SA The second alloy
undergues 4 sccond-order tranution and cntwal thectua-
twms. while the Bragg peaks of the third broaden and
siuft s posution between 140 and 170°K. Foex = 0.2 at
90K the ¢ dependence for 0.4 € g < 6 A7 of the
diffuse scattenng 1 1n approxmmate agreement mith that
of Use squate of the atumx ¥ form fator of cenum.
The cxtnzpuolation of the diffuse cros sectuon to g = 0
gves a value of 260 mb. which n consnstent with a value
of g = YSoagy With Jdecrcaung temperature the
magutude of the diffuse wattesng dod2 3 rx =02
decreases abevt 0 mb belom the transiion and
sppronmnatcly tempetaturc-ndependent for $ € 7 <
130°K. It s surprsing that do JR2 1 so large at low
remperatuses It the o staie, which has been Jescnbed o
the nonmagietn: state

1 At of paper AP Conf. Prn . m prew

2 (ak Rudgr Avenwicd L mnctutees (soulty rewasrch pastng-
pont frem the Uneserary of (lamns 38 Chacapr Cucie, Chaago.
m.

DIFFUSE SCATTERING IN
NIOBIUM - ZIRCONIUM ALLOYS

N Wakabayashs J G Tray'or!

For smcomum comcentrations greater than 1§
nobium sivconem  Adlms wem 10 have 2 muxed
e diffusec phase at low temperatures. Although
thes latiwe mstabidity maght be mterpreted as an
mdicabion of the wit phonons a1t 23 1D, the
phunons observed (or Nby o5Z1g o5 238 Nbg 59714 ;3
atc well defncd® and the disperson curves & not
exhibit 3 ugmficant decrease n the frequenases of the
lonpiudmad mode neas 2 3 11D, where the 1requency
s 2 mnstum m ths direction. However. we have
observed pronounced dilfuse swattenng near this wave
vector for both of these alns. Figure 4.16 shows
the elmin scans n the [111] direction from (111)
to (1.8.18.18) (m umts of 2x4q. whete @ 15 the
latiwe constan) for mobum. Nbg 95219 es. and

. R —— S

119

“..121.]_‘. In order o lake mto account the
ditference m the sample swze. the counts are normalized
10 the relative miensity of the lomptudind phonon at
(0.200). which seemys to be unaffected by alloving.
The mse n the count near (1519 1s due 10 the high
background for the lovr < attermng angles. The scan for
Nbg osZ1g s dues mot show the background effect
Secause of its large sample size and. hence. goud
sugnal-to-aorse 1atro. Sumilar scans from several recipro-
cal latie pomnts were carried out, and some of the
tesults for Nbg g921 13 27¢ shown in Fig. 4.17a.
which includes the swan of Fig 4.16. Figure 3.17b
shows the hincs i the reciprocal space ¢ ng 10
the scans m Fig. 3.17a.

Information sbout the nature of the atoma displace-
ments pvng fise to the diffuse scat’ering may be
obtained f1om the positton and width o) the peak and
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from the Q dependence of th= scattenng intensity. The
peak poution. qo = 3 H11!). indicates that the
penodwity of the atomic displacement 1s given by
2n dqo. where d is the distance between the planes of
atoms perpendiular (o the (111) direction. or d =
a(2v/3). Thus. for Zo = 1340/} 27:a). the number of
planes in the repeating umit is 8. However, the observed
peak width. Mg = \/iltial).l-i. suggests that the size
of the region in which the displacements are coherent is
represented approximately by 14 planes. Since the
penoduity of the microcrystal is comparable with it.
size. a pwiure 0 which the microcrystaliine segions are
assumed 1o be randomly embedded mn the boe host
crystal may not be a suitable description. Instead. the
diffuse scattering may be interpreted as scattering due
10 a latiwe distortion caused by the presence of
mpurity zirconrum atoms. as in the caze of Huang
scattering. Under certamn assumptions. it can be shown

that the scatiermg intensity forg m the(111) &ire:tion
is propurtional 10

(AQ- i e * 1OV

Mg . th
where ¢ 1s the mpunty concentnation. Q=g +7. 7 s
the reciproca’ lattice vector. Mg« @* /g (qF° . Wy (q)
1s the frequency of the lonptudinal phonon for wave
vector 3. and ey () is the cigenvector of the longitudi-
nal phonon in the (111) direction. namely. 1/3/3(111)
or is equivawnt. In principle. a® 15 determined by the
amplitude of the atomic displacement. The Q depend-
ence of the peak mtensity at ¢ = go is determined by
the first two facterns in Eq. (1). The relstive intensities
calculated with o? = 0.0861a/2x) are in good agren.
ment. as shown in the table in Fig. 4.17h. The ¢
dependence of the mtensity. on the other hand. is
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mainly derermmed by Mg). The bives m Fig. 4.17%
represent the mtensities cakculated from Eq. (1). The
same background counts and scaling factor were used
for all the swan~. The sharp nse mn the intensity ncar g =
0 ubserved experunintally may be explamed by the
Umbkiapp teroys. whach are neghected m the approxima-
tion and diverge more strongly near ¢ = 0 than the
nommal term gwen by ¢° Cw; *1q). Thus. abvhough the
present analvss does not reproduce the details of the
expermmental observations. it scems that the attice
mstability n the nwbium Ziwconsam dloy system
could be attnbuted to a2 latiice distorsion due to the
presence of impunty atoms or defects. More work,
especially on nicbum  mohvbdenum  alloys and ta1a-
lem tuagsten alloys. would be quite amportant m order
to undersiand the mature of he diffuse scatter-ag
obwrved m the present expenment.

1 Lwa State Ussversity. Ames Josa
2 N Wakabayadu. J G Trashwr and S K. Sinha. “Phomon
Spevtra m Nowbmm  Zisconram Alloys.” thes report

QUASI-ELASTIC NEUTRON SCATTERING
FROM GADOLINIUM

H.R Chid

The sudy of crtical scattering of neutrons from
gadohinum metal' has been exicnded 1o the measure-
ment of quasi-clecirne scattering of high-energy (about
812 Y neutrons over a temperature range from 80 to
42.°K m an effort 1o understand this ferromagnetic
metal. In gadolmium. the angle ¢ between the ordered
magnetic moment and the ¢ axrs of the hep crystal® s
zero at T = 291°K. departs from O abruptly a1 Ty =
232°K. then goes through a broad maximum reaching 0
= 687 2t 183°K. and then decreases 10 about 32° at
10°K Low-ficld magnetization® and specific heat® data
show anomalies at Ty which ked early authors 10 belweve
that gadolinium had a spwal structure for Ty <T< T
and became ferromagnetic at To. Although this inter-
pretation was shown 1o be mcomrect * an explanation of
this anomalous behavior is still lacking.

Our previvis melastic scatlering results’ also pre.
senied some uncertambies, so the present experiments
were under'aken to vestigate the sotopr '*°Gd
crystad under conditions where micnsties could be
compared over 3 wide temperature range and where the
inelasticily of the scattering couid be neglected by using
high-crergy neutrons. Marshall and Lovesey® describe

the magneti scatierng cross 52103 near the trams e
temperature by

d‘xo N h-}lt.r kF
= const fA(Q)V kgT m I

L9 XL a.a,)s“lq- w) .

where MtkgT (F=E81 1) o the devailed Salance
factor k, and kg are the mntrd and final wave vectoss
of the neutron. $>3Mq. @) = Y*(q) F*¥1q. ) is the
Fourier transtorm of the corrdlation functior: $"(0)
Sr”(/0 over time and space. md a_ 3 tepresent x. ¥ o
> cowrdmates. with @, the ath compunent of 2 weit
vector dong Q = ke - k,_ 1V the energy changes i of
tx neutroms scatiered by dhe sample ace small com-
pared with the mitiad enzigy of the acutron. the
quasi-clectric approxmation s 2 valid approxmation tc
the generalized g-depondent suscepuibshty Yiq) of th-
sample. smce at comstan! scallering anghe. 2 cxunt will
effecuvely integraie the true energy -dependent scatzer-
g over emergy 3l cotsiant §. Smce RAq. ). the
energy-dependent factor in Siy. ). s defined to be
normalized so that the mtegral over « of F 1s uarry a1
constant . the counter periomms this mtegrauon
ntomaticidly. In this approumaton. then. the -
teusity is proportional 1o

L Quliasq)
»

S QiQtl Qv .

the paraild sign meaning paralld 10 Jhe ordered
moement. It is necessany to distmguish x_ v and 7 from ©
and | sm:ce the ordered-moment direction changes with
temperature. When the moment is paraliel 1o the ¢ aus.
measuring a1 Q = (0. 0. 2+ 50l - Q31=0. and .o
only 2y will be observed. while for Q= :! +§. 0. O).
Q.2 = 0.y, *+ \, will he determuned.

Figure 4.18 sllusirates the tempetature dependencr >f
the peak mtensity at pomis in reciproval space lovated
al approxmnately (lic same magmitude of 7 away frwa 2
Bragg peak. The data from which these pomits wrre
obtained were scans from 0.5 10 05 in ¢ uats
perpendicular 10 the 00€ and K00 directions witk: the
mudpoint of the swan at the Q shown. The scars acnrss
the 00% line were Lorents:an in shape with 1cak
intensities decreasing with increasing ¢, awav from
{002). while those perpendicular fo (#00) showrd no
visible peak at all. Thus the intensic; is concentra-¢d 1n
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Fig 4.18 Peak intensity vs temperviuee from gadoliniom 2t
Q meas (002) and (1000 Bragg reflections.

ridges parallel o b, in reciprocal space with peaks
around each aflowed (00%) Bragg retlection. Thir
indicates that lerromagnetic short-range order cxists in
the basal planes over distanves much larger than
between planes even though long-range order exists
below Te = 21K, The scans near (032) were fitied to
Lorentzian by least squares to vbtain the widih W ol
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these sean: which increased with g laterpaeting this
width as an inverse correlation range §.one obtains § <
30A at 30°K. :lecreasing to around 23 A 3t 25°K. and
with no dramatic change in § at T~

The prosence of this farnge amount of short-fange
order in gadolinium causes problems in the analysis of
previous inelastic scattering measurements.’ since this
scattering must be present as 2 peak, very boad in
energy. centered at o = 0. The previous measurements
were concerped with the dynamie critical behavior and
were concentrated oo near hw = 0 10 obserwe this
broad peak and therefure faked to reweal it As a
consequence. the previous results must be reevaluated
and perhaps extended to include this shost-range order
in the analysis,

1. 0 R. Chikd and R. M. Snklow, Soiid State 2~ Anmu.
Prog. Rep Dec. 311974 ORNL-5028. p. 11§,

2. LW Cablke and F. O. Wollan. Phiys Rer. 168,735 ¢1968).

3. H E. Nigh. S. Legvold. and F. H Spedding. Phys Rev
132.109211963).

4. M. Gridtel. R. F. Skochdopuole. and §. H. Spedding. Py
Rev 93,657 (19540

5. W, Marshall and §. W. Lovesey, chap. 13w Fhowy of
Thermual Neutron Scattering. Oxtord University Pross, London,
1971



5. Research Matenals

The primary pumpose of the Research Materials Program is to develop the
nceossary  techniques  required  for  the growth of ulimhigh-punty  and
controlled-impurity rescarch specimens of immediate and long-range interest to
ORNL and other ERDA instalations. The actual choice of materols for
examination s basxd pnmarily on the potentmal gain to a fundamental
understanding of solids. Progress in uaderstanding the fundamental properties and
the ultimate range of propertics in many materials has been severely himited in the
past by the lack of research guality specimens of high purniy and perfection: singk
crysals are required in many experiments for the unambiguous chzracterization ot
vanous physical phenomena. Certain rescarch matermals that have not been
investigated previously are now being produced. and new techniques are reyuired
for the purnifiation and crystal growth of these new materials.

Information concerning the preparation. availability. and physical properties
of high-yuality rexcarch materials has always been difficult 10 obtain. Thercfore. the
Research Materials Information Center was extablished as a parnt of the Rescarch
Materials Program to provide information to both producers and users on the
mitial  purification. crystal growth. characterization. and availability of
rescarch-yuality matenals. The ready availability of an accuratz and up-to-date
listing of rescarch materials has senved 1o eliminate much duplication of effort by
individual research groups in atiempting to produce matenals that were already
available cisewhere. The simultancous listing of those research matcerials that are
desired. but are not available. has scnved to focus the attention of crystil growers
on new areas of investigation.

A secondary purpose of the Rescarch Materials Program has been to supply
rescarch-yuality specimens that are not commercially available io research groups
within ORNL and ERDA. During the past few years. due to the redirection of
many rescarch programs at ERDA laboratorics. much effort has been spent in
supplying specimens. which were prepared by techniques that resulted from
rescarch conducted m pursuit of the primary purpose of the program. It is
appropriate to point out that this procedurc cannot be allowed to continue
indefinitely as a large effort because the lack of research on new technigues
and or new materials will be detrimental to the program.

During the past year a large number of Fe—Cr-Ni alloys were prepared in rod
and foil form for irradiation experiments by members of the ORNI. 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
raCiation, fensile test. and phase transformation studies. Samples of lead and
lcad-0.05 at. ¢ gold alloy were prepared for ground-base and space-flight
experiments on surface-tension-induced convection in encapsulated lijuid metals in
a microgravity environment in the Apollo-Soyus “light. Extended hot-pressing.
rone-melting, and thermal-cqyuilibration experiments were carried out to promote
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RESEARCH MATERIALS PROGRAM

The purpose of this program is W develop techaiques

as required

and charactenzation or analysis of research spevimens

i24

karge gzrun growth e Nb:Sa. Additwnal large single crystab of spincl fernites were
grown for usc m the ORNE magnetcalh pubed mcutroa  tme-ol-tlight
spectrometer. and hybnd flux pulling techanjucs have been mitated in an atiemp:
to produce strontwm-substituted Z-fernite crystals for that facility.  Spevially
doped single crvstals of germanium were grown for defect-mpurny studcs. but the
priman emphasis in the scmxunGucting matenals program has been shilted to an
imatigation of sifcon as 3 candudate for solar photovoltax cunvenwn: ths work
s described In the section of this repont on Physical Propertcs of Solads.
Equipment has been purchased. constructed. or modified to permat Crochralski and
Nloat-zonc silicon crystal growth. high-temperature vacuum anacaling. high-xacuum
evaporation for deposition of mctallic films. and a detailed characterization of the
clectrical propertics of silicon ingots. shees. and fabricated devices. Expeniments to
determine the best technnjues for prepanag neutron-transmutation-doped (NTD)
singhe-crystal and polycrystaliine silicon have been a major pact of this investigation.

J. W_Cicland

of 2 size and quality as required in programs on  Table 5.0
materials rescarch of interest 10 ERDA. The Research

Table 5.1. Losa of siagle ctystals for reseasch outside the Research Matesials Progeam fos 1975

¥ i
Fis

55553355553

Ni

Mo Re

Fe Cr Ni

Material Type of study To whom wnl Organization

Superc nductivity D. Chisten ORNL
Scatte ing experaments B. Appieton ORNL
Vacuum anncaling A. Paito ORNL
X-ray diffraction H. Yake ORNL
Supercoaductivity A. DnGupta ORNL
Radiation damage W. Schillmg Sulich, Germany
Surface superconduclivity A. DasGupta Karksrube. ¢ sermany
Hydride formation S. Reidmger Brookhaven
Plastic deformation R. Arsemanlt Unin. nf Maryland
Neutron diffraction N. Wakabayashi ORNL
Radiation damayge J. Narayan ORNL
Radiation damage R. Carpenter ORNL
Radiation damage K. Farrell ORNL
Orvypm content studies G. Peterson ORNL
X-ray fluorewence L. Hulett ORNL
Low-temperature radiation R. Colimman ORNL

damage
Hydride formation S. Reidinger Brookhaven
Scattering experiments B. Appleton ORNL
Hydride formation S. Redirger Brookhaven
Scattering experiments B. Appieton ORN1
Inelastic neutron scattering S. Sekula ORNL
Radiation damage studies K. Faprell ORNL
Radiation damage studies K. Farrel) ORNL
X-ray scattering and tensile C. Sparks ORNL

test experiments
Neutron irradiation and ion L. Mansur ORNL

hombardment

Materials nformativn Center (RMIC) assists n identi-
fying thuse materals for which a need exists and in
supplying information on materials already avaiizble.
Seiected samples are luaned to cooperating research
for the initial purification. crystal growth.,  groups  for  comparative measurements that ad i
charxcterizing these materials. Examples are listed in
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Tabie 5.1 (continwed)

G o A Tt I %‘r‘w

Maverod Type o study Tor mbvoum went Orgamization
Ni- Al Radintswva dymage a0d phase- R. Cupenter ORNL
(ransformtive studics
Fe-Ni Radiation darape and rensde C. Whate 20 R. Clausang ORNL
eyl SPUIRCRs
Fe Cr Radntona damage and tensile C. Whute and R. Clavung ORNL
w3l gpeCHnCRs
Fe V Radation damage 20d tensle C. White amd R. Chas ng ORNL
el PeCImERS
Fe -NB Radiatron damage and tensie C. Winte 208 R. Cousmy ORNL
e PO IR
Fe T Radition damage and tewsie C. White 2ad R. Chusing ORNL
tesl spocERews
Fe- Mo Radiation damage 2ad rensile C. White and R. Clausing ORNL
L SPeCINeRs
Fe Ma Radiation damage a0d vemsile C. White and R. Clausing ORNL
tey specEvens
Fe-W Radiatira damage and tensile C. White and R Claucng ORNL
eIl SPECINERs
Ni -Cr Radiation damaye and tensile C. White and R. Clowang ORNL
el speciens
N-V Radiztion damage and tensile C. White and R. Chausing ORNL
e SPecmEIT
Mo-Th Radiation damage snd tensie C. White and R. Chausing ORNL
el SPecimens
Mo-W Radiotion damape and tensile C. White and R. Chausing ORNL
1€31 SPecimens
V-Ts Radiotion damage and 1ensile C. White and R. Clausing ORNL
1St PECWRERS.
V-Mo Radation damage and tensile C. White and R. Clansing ORNL
tCst SPECIRCRS
V-Ni Radiation damage and tensile C. White and R. Chousing ORNL
TSt SPECMERS
V-Cr Radation damage 2nd tensile C. White and R. Chausing ORNL
test specimens
Fe-Cr-Ti Radiation damage 20d tensile C. White and R. Chhusimg ORNL
test specimens
Ge crystal Far infrared laver window J. Waldman ORNL
Si wafers Neutron scattering D. Braski ORNL
Si wafers Diffusion experiments J. Roberto ORNL
Si wafers Dilfusion eyperments K. Pakins ORNL
Si wafers Marverials studies S. Spoomer ORNL
Si wafer; Marerials studies D. Lehaes ORNL
Si crystals Intermal iowe growth G. Clark ORNL
Si crystals Negative-ion source G. Alton ORNL
Neutron-transmutation-doped Si Electron spim resomance M. Abrabam ORNL
ingots and/or walers
Neutron-transmutation-doped Si Scanning electron microscope L. Hulett ORNL
ingots and/or walers
Newtrow-transmutation-doped Si Radiation damage annealing R. Hall General Electrix Co.
ingots and/or wafers
Neutrom-iransmutation-doped Si Power device fabrication R. Hyw8 Geweral Electric Co.
imgots and/or wafers
Neutron-transmutaton-doped Si Avalanche detectur fabrication R. Hysell General Electric Co.
ingnts and/or wafers
Neutron-transmutation-doped Si Avaianche detector studies G. Hoth UCLA Nucleas Medicime
imgots and/or wafers Laboratory
Neutron-transmutation-doped Si Avalanche detector st-dies W. Seibt UCLA Nuclear Medicine
ingots and/or wafers Laboratory
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Table $.1 continped)

Maucral Type of srady To unum wnt Creamzatva
Newtros-transmutztion-doped Si Avabaache detector vadess P Tove Uppula Uareniry. Snedes
mpots and or walers
Neutroa-transnutation-doped Si Photovoltai: device fabraaton P e Optnal Coatamy Laboes-
mgots and, 26 wakers sotees. o
Nenwoa-ronummtztion-duped Si Resistinaty mcasurcanent's P. Ravah Yeshwa Uan.
mpots and/or walers
Newtroa-transmutat.on-doped Si Photockectrorctio: tame F. Polback Yeshna Usee.
mpots and'or walers N IECTRCRL
Newtron-transmeration-doped So Maecvials spedics k. Pemson Western Flevtra . Allestosn
mpots and/or waliers
Nestron-trassmetation-dopoed Se Masernds stwdics ). Seoms Nosthrop Corp.
mpots andor walers
Nestroa-'ranamutation-doped Si o pnction stedics T.Yep Vatian Swaniates
mgots aml'or wafers
Mg Neutroa &ffraction H.G. Seut ORNL
¥rO Duf;nsion D. Kmpery i
YO Lattve paramserer V. Gucrary Umes. onoch
MO Deformation T.). Turecx Wake Forent U
O Frature propertics P.S. Nwhobon M--Masser U
WO Radiatron damagpe ). Dowch Lov Abmos Sceemvin
_ Laburaton
MgO m A Chaschn Fovde Poly 1echampu.
Lawoamc. Sauszeriond
WeO Positron asmshilatron W. Makad Govepns Stare U
WO Sulfur diffewos. T. Chae ANL
YO Neutron somahromtos A. Freond Geenoble 111 L)
0 Crystal growth experaemt C.B. Fmh ORNL
0 Magacta: resomamce G. Raes Grenoble 00.1.1»
€20 Lummscscenre L. Vame Anwunsios Notoasd Ues.
Ca0 Photoconde tty . Semmmer Okishoma State U
Ca0 Positron snashilativn . Maltard Goor,xs Stane Umes.
Ca0 Laght soatterimg D. M. Heaay Tumphezs Uan_. Toman
€0 tm H. R Unes. of Gentva. Gewesa.
Sanreriand
SO 1 3, . P Umnh U of Kamsas
(€10 Rawan P. ). Colwell Unhygan State Uan.
“0;:“" Thermal lsmmmewcence P. ). Harvey (halk Rwver Novle
Labosateny

RESEARCH MATERIALS INFORMATION
CENTER

T.F.Connolly G.C Battk Jr.

In 1975 the RMIC answered about 650 queshions,
two-thirds of them cometning the preparation and
properiies of matenals and one-third seeking informa.
ton on their availgbdity . The publcation. wn July. of
the RMIC international Directory of Sobd State
Matenals Production and Research (updating a similar
1972 compilation) wo ' 4 be expecied to cut down the
aumber of inquiries on the availabiduy of maternals,
since it describes and indexes by matenals about 600
matenals science progects in 31 countaes,

Work 15 contimumg on the computenzmg of special
bibliographucs on refractive indives and on laser win.
dow_filtes. and miior matenals.

PREPARATION OF HIGH PURITY METAL
AND METAL-ALLOY SPECIMENS
FOR RADIATION DAMAGE
INVESTIGATIONS

R E Red' H E Hamom

One of the pimary obpectives of the mwetals and
metal-alloys group during the past year has been fo
supply  programs within ORNL and ERDA with re-
searcn-quality specanens that are not commercially
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awmlable. Twehe nghpunty alons of the Fe Cr Na
swiem were picpared by the same techmques reponted
presondy”  for meutron wradatin and wn buwbard-
ment studics undertaken by members of the Metals aad
Ceramacs Devraom | 2 program 1o develop 2 stamdess
steel allon that would sot show appreciabie swellmg
after wradata. Tweans allovy of Fe Ni. Fe Cr
Fe V. Fe Xb. Fe To. Fe Mo, Fe Ma. Fc W
Fe Gt TiNa Ce.No V. o ToV T:V oV Ni
V (. Mo T and Mo W were prepared 2 302 mehs
and 1olied mto 0.50-m. sheets prmw (0 fabncatom of
temsle 100 specwmess for other radiatve  damage
sudics by members of the Metah and Ceramns
Dyrsion. Twwbve additional mickel-based lovs. m-
Judmg Nt Al Na Ti. N\u V. and Ni Mo, wer
prepared Tor the Metals and Ceramacs Division 25 SO¢
melts from Intemational Nakel Corpuratson grade 270
nackel. Ahoa reactorgrade dummum. Burcas of Mmes
vanaduan. Thermer Electiron Cosporation molybdenam.
and uanmen » supplicd m cryvsial bar form. These
allovs were smaped 1o provide 0.125.m Jaam rods and
will be used n radiation damage and phare-transfos-
matwm studses. Table 5.1 abso bsts mamy metal or
reftatony-metal ssmghe -rystals 23 suppled o request
from stonk o produced on request for the ype of
study =dicated

| B lk\fl“
2R Y Reod b D Bolimg. md B . Huwon. Solad Ssatc
D lame Prog Rep Dec 31, 1974 ORNL-SO28_p 122

APOLLO-SOYUZ TEST PROJECT MATESIALS
EXFERIMENT “SURFACE TENSION
INDUCED CONVECTION IN ENCAPSULATED
LIQUID METALS IN MICROGRAVITY ™

R EReedd HL War HE Hamon

Skylab cxpermmental sosclis hawe mdicated that
graty -mduced convection s essentally chimmated m
space prinewung. however. convection effects caused by
susface fensson vagiations may become an mmporiant
fator. Suiface temsion gradients could be caused by
thermal or concentration differences m the molten
metal. which are not granty dependent factors. Expen-
ments performed on Apollo 14 and 17 revealed
convection cffects due 1o thermally mduced surface
tension gradeents. The objective of the present experi-
ment is o determme if smdar surface-tension-induced
convection effects can result from concentration gradi-
ents formed by diffusion of one metal specres o
another.

c&fm 650 £ 10°C

o TN

177

A diffuson couple of lead and Jead 0.05 2. 77 pold
aloy was prepared and eancapsulaied m werimg and
nomwettm: capsule matenals. Durmg the ApolloSovuz
flight. these samples were fused m 2 marogramn
cwvvonment. A schemain: dagrarmy of the arrangemnent
of the spocmems m the multipurpose electrn furnace
aboard the Apollo laboratory s shown m Fig 5.1

ORNL-0WE 74- 8080

TYPE OF
ANMPOLE
430 2 50°C WALL

1 L Jeosm,

TEWMPERATURE

S

e ] v
s [ B CBaswr

Broosexa: [In

Fg 5.0 Schemntic svangrment of grcawens @ ASTP
NA-8.

Because of the lonptudmal heat flow m the fumace
upon heatmg and cochng. the spacamens probably
melied from leit 10 nght. 2 viewed m the swhematw
drawing. and sobdified m the reverse direction. Our
observations thus far have been on space-tlight samples
md gound base samples contamed | mnweticd
paphuie capsules. the samples were onented » inds-
cated for ght carindge 2 m Fag. 5.1 Both spoce-thyght
and gound base specimens underwent similar tempera-
ture time histones.

After removal from the gaphitedmed capsube. cach
specimen was potied n epoxy and seciioned longtudi-
nally. The epoxy was then dissotved Trom the samples.
and 2 sample halt’ from each specimen topether with
four kad gold cabbraton disks was mounted n 4
S.m-diam epoxy mount. Each mount was then metal-
lographw:ally polished and irradiated m the Bulk Shild-
ing Reator to produce some *** Au throughout the
sample. The distribution of gold m the samples can be
determmed by cxposng the polished wrfaces of the
specamens (o a nuclear emission plate that is senstive 1o
the beta disintegranons of the radiwactive '** Au
isotope. I no convective stirimg effects were present
while the samples were molten. then a conceniration
distance profile as predicted by nosmal ditffusion of the
pold in the lead would be found: however i convective
stirnng effects resulted from surface tension vanations
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caused by gold concentation gradwents thew would
aiwy be discerned by 1he autorndiograph echngue
Prchmmnan eummmation ot the tight umples indi-
cated that 2 nomal Bitfuaon-predicied concentration
diatance profike vi gdd was obtaned i the umpke The
gold concentration  dtance data have vet to by quants-
tied. but autacadiographs compare favorably weth dit-
fuaon distance predictions based on the 2me weltdittu.
aon Jdata abtamed i Skyvlib cyperament M358 thi
omparabihin. would suzecst that the ditfussn of gold
in kead wan npral of bqund Jdiftusen Additenad

-» v
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cvaluation ot i Thgn samples wiil be necdad t cyplan
the wberved curvad gold dittuvem mitertac sl en-
dence of diffusen along the Shindncal sartace of the
melt Quantitatne pold dnistbuing data will be ob-
zinad trom dematometer wienusrenooate of the auto-
radingraphs and will e uved o evplore thew phenom-
e o well » o Jetemme it suriace- temhe-mdwoed
CONVECTRM CITECTs WIS PIOWRL.

PHOTO Y5873

- g

INCHES

Fig 5.2 Crom wetinn of s theymally equililvoted ninbium plss tin sample. | 1ched, $OX,



GRAN GROWTH AND THERMAL STAMLITY
OF \&, Sa

% | Brundagr

Smpge sk of NbySa ¢ rreded m order o
wvestagaie the latice dyvmamas and mirmw supercon-
ductmny Whereas the feaubihity of cntad growth
agpested by the curstemoe of anh cme table phase at
hagh temperatures. the compuund @t moongrvently
md the tm comumeent n hghi  volatde 2t the
pertectn temperatare (2130°Cr. hutiad efforts were
therefore directed to fndmy 2 wntable contaner A
wid-pressed fimger of NbSn wn plaed m 2 saug-
Mumg graphite tube. and 2 short mductineh heated
rome was pawed shmg the bength of the tubhe  Metallo-
paphy cxammatnn showed decompusitiem and cxten-
swve carbude formatwn. The cnitwal temperature 7, was
155 K. The extent of chemacal mteraction and thermal
stabihry wa further studwed by hot-pressing \NbySn
powders 160 mesh) 2t NOOD pu for 10 mm at 00°C
mitersals between 1500 and 1900 C The 7, remamed
tarh comtant at 179K The erched and modized
samples w2 nerwork of gramn format- o Although
the mnede gram comsests of NbySa. e buundanes
cmtam mam phaws iINDO. excens nin. free mobrum)
Regulaonty m gam shape mdnates «¢_ondarv gram
powth.

Additiomal experments were perfonmed on thermal
cqmbbration nd gram growth uysng 3 maxture of
mobmm and 1m w an clection-beam-welded mobmam
<avity. The samples were sacuum-amneabed 2t 1900°C
for 22 hr Fagure 5.2 shows 2 tvpual cross section The
swess 1n atixks the miobam packet. resulimg m

U Rn

A

poroaty due 1o the Kerkendall ¢ftect » well » 2
volume changs due 1o compound tormativr. The inner
core conspis of large gram> up o ! mm m wee
Extended hot-presung near the melung pont. internal
sone melung. and thermal =quihibration will be contin-
wad 10 etfect larger gram growth

FLUX GROWTH OF STRONTIUM-
SUBSTITUTED Z 2R R TES

U Rn W E Brundege

The hexapmal 7 ferntes of the chemaal formula
Se; B2, Zn-Fec:.0;, exhubit 2 hebooedal spsn order-
mg whach » magnetic-tieid- Jependent. Lasge cnvstals of
the compound currespondi ig 10 X = 0.6 ase needed for
the ORNL tmme-offlight reutron monochromator and
chopper. Grouth attempt: have been ciade m accord-
ance with the prescnptun of Savage and Tauber '
Muxtuses of oxedes and carbomates were sdowly heated
w0 450 C and ther cooled a1 2 10 5°C he down 1o
1100°C. Smghe crvsials with bncar denensions up 1o 10
mm were obtamed. They ~xhist charactensin: hexago-
nal gowth morphology 2:d Iattice parameters. Chem-
cal mahus. n the other hand. shows that stiontium
aad barum comprie only 507 of the miended charge
It 5 antcpated that the stonduometry will g rove 1f
the compound n symthesized before growth. Cryvsial
powth o aso being attempted by solidification m 2
platinem-imed 1an1aluem bomb and hybnd flax pulling

I RO Sovagr 0d A Tauber . J Am. Cevem Soc. 4713
198

Tabir 5.1, Chemical syntiesin. ciemental abstcionws. sod 7, of spunel Stamates

. I, tvwect) T, vy,

Comprund (N Y prstaancals Ko
LihiA), 13
II'I:OJ 13
Calhildy -1s
L3 J..qll. ‘I'l:‘)‘ 14 (OF 3
l‘._.jlb q7lll:‘)‘ 1158 {11
thg slige?hr A0, il fo &
L] [77] ) PO -1 4
UII.A,IJ.Azgl)‘ o9 RS
Lihy0g*Smi-1 1) oS H
1Nag jLig o!Tix(D, Ins 13 )
l.bo ||.I“.q.'l:f" I3 I3
L.'l'_qua ,IO‘ 127 n4e
Lihiyo, 3 11.34
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ISOMORPHOUS SUSSTITUTION
AND SUPERCONDUCTIVITY
IN SPINEL TITANATES

U.Ra W E. Brunday
D.K Chroten ST Schuls

A aumbder of spme] btamates baned om the chemnad
fomwla LiTi.0; hae beem aanthnired. m whach
partal pomarphots sabsiitutons were make tog kth-
wm ad utmmm e Powders of reapent-grade
L CO,. Liy11.0¢. T::0;. TO-. Al:O,. \3.C0;,.
K:CO,. mnd LiOH were mved 1o the desired stonchs-
ometns . cold-pressed. and anc-melted m angon comtan-
mg 45 dry hvdrogem. An & aocptibdan  techetaque.
dwnbad previvesh ' wa wned (0 mexere U trana-
ton temperature 7. Most samples oxdubued 2 rater
broad ramuts: wadth 137, ). winch mdiated an
whomogeners due 1o the preparatem Wohanpse. Sam-
ples were wrapped mdwaduath m copper tosh ad
encapsulated m guarts anpoales. whch were filled with
apn and hvdrogn. A hamuopenwatve mncal ot
900 €. tollowad by show conbmg. mmprawad the matenad
quality. Tablke 5 0 proerts the ity of 7, measune-
ments on thew oot and postanncabed amples. The
rosulis are m generad agreement with prenous myedngs-
o Several partial substitutions Bae reulted w1
sharp iamsitnms 1o the supesconductmg >tate without
degradatron of the traasstwn temperature. Continma-
o of thewe prefumman reults i presenth under way
M mcans of chemuat anabvas, v studees. and
metaliography We plan 0 comimee . D icmain
mye _@inn of the fundamental wapery voductmg prop-
cerimes of thewe matennab » 2 fune 8 of cnudd
chemsin and preparation techarque

I DK (nten. t Ren . B | Boandaex snd S V. Schuls.
Sobd Sste I Amns Proe Rep Do 51 1973 ORNL-5028.
p 43

2 D.C phmum B Prasd B H Zabanaww. aod R
Vemaathan, Mery R Bull 3. 77701975

SUPERCONDUCTIVITY IN FILAMENTARY
LiTi; 0,

U Rm A DaGupa'  C.C. Kh'

One- and tourcore comporute wires of (dainentarny
2T1: 04 were prepared Jtom an cqusmolar movture of
LT K & K Esboratones, I and Ti.0,
(Ventrn Alfs Products) powders. swaged down
copper (ubes. v reaction unfermg 2t N0 C for 23 he.
The cotal teniprrature 7, was abmnt (14K, »
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dercrmmad a0 & swwwepiibiiity echangse . Prelame
aa Cwstne menaicmenis were made 31 30 K on g
trwvaerse appiscd nogmein Icdd up to st S0 AOc
The appaecnt cntncad cwrsenil dematy /. w2 60 1O
Acm® 2t H = 2 Mk m thoe pomas spocwncts. ol
H, ., wax sbout 30 L0 Caiulatons haved upun the
Guodman  Gor s selatnmsiep”™ aond the sxadale mx-
milatate ety data' sugerst that 2 sevmcvende-
ts--metal (tamuinm  procedes e mctal-do-saper-
combakn (msetam 3t 7. Work 5 . proges (o
prepae 111105 W dicroine wohanpees sock o
Iot-pec-sung. solndiicatunt freen the . and fhen
suath m onder 1o sty e wpacmbinime prop-
eries of the ousd Sompund

1 Werady ad € <craos « e RN

BB tandmun /BN KB A 6311900

30 bdmiwm. PR thowe T oncsty of Calihymma, Son
Dacpas J975

SILICON LITHIUM INTERACTIONS
IN GERMANKRY

J W GHand

Lt venr’ it wmas repwerted tha! Certaen mmpanty
MICTA TG o cul W acmanesm Jurmyg il goncth
d umple preparastion and that the asture and extemt
of Thew micaaivonm mut be determmad beose one
<an hope 1o amkntand oy defect-snpunts s
s m uadated e By nmeniad  sesalt-
were provenicd o imbicare that dnwnatcd sneen »
the onh well-oxtabltbed precqutateon wic tor hitbom
dfuwd mio germannan and that the ode of dniag:
s v diopen. o copper o 3 Uthaume precpiiaten
wic appean 1 be aeglapblc

Weubrok © durmg a0 cxaminutum «F the foke of
shon of waom onade chiters on the ic of tappwg
m  adatm-detcutorpain eemanmy.  produced
wme snge- nal gt of hesh-puniy  gormanem
that cmtancd 2 kwn conventraton of s In the
present Sxpermmcnis. permamsum amphes were obtamed
shich contamed aboat 1087 16'° . o cwemially me
shcon Aloms i cubn wontancter. snd ithamn was
difuwd m the e manner & previoushy reported
Fuguie 33 n 3 graph of the donor comcentratnm
detenmmed st 77 K v the tame of ithnam preciptanon
at 300 K Thew dats mdiate 3 rapad decrcane in the
donor comentration dwe 1o the diffused hithwm o
ulwon » prexent m the germanom. bt they do not
mdicate the formation of any Ivpe of precipstaten site
that remams clecincdly atwe. It i il evident that
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Fig 33 haoew deftns cuncrwisation 38 300 K v fasec 38 300 K sy Svbomms seturation 3¢ 670 K of growssnenss wuth shwes 9 x
1.1 X 00" av ne drtectsbic wlian stumn pov cobn conpmrivs.

dnunuted mavpen n the mh well eviabinicd et
AR active arecpntateon wte for ithrm in eermanmm
bt that #10° T thsam soms per cubse ccBImere: an
be pevent m pormanem. clectoo iy snacine unde:
vertam conditmes but cevinuadh aine mnder certan
othrer conditems

5 5N tickmd. St Niste I tme Preg Rep e i
Fo™3 €MNE 025 p Ie

2R D Qoo \w! Inwvem Wzt B, 34
Lr2]

LITWIUM DIFFUSION AND PRECTPITATION
IN SILICON
RT Young J W Cleland

Pelt’ and Forman® i studses of the precipstation of
hihwm diffused mie ulicon of hgh oxsgen conventra-
. found tha: the diffusiondumited preapitation

model propned v Han® wan nt obared They
whenad twoe decan consdanats for wboon Lontamng
0" atewms of ouigen N ubn Jontemctcr and
tund that the Trecvarner Lomentsainn ot the diwon-
tmuety @ the decav cunes v cqunalent 1o ihe
oVpern cnient A systemain siudy of the ogea
voncentiatnm m sinaw ko been carned oot uwng this
techmque * 1o 2 lower mit of senstremy of about
10 m * od Ham's theon sas found fo be vaid tor
ssfion of hw ony pen content

Prevtous  imestigaton’ ¢ awumed that the camer
mobhy would oot ix affecied by the precipstatem
Provess. w they uwd ressinan messurements mhy 1o
mtcr the free catmer comeniation In the prewert
expermcats. we diffused ithnas st 430 0 620 € mio
samples o1 high-punty dndovatuom 1ree out-7one sion
with 20 ov1 gen coteentation ks than £ 0 198 o °
a determned by mirared sbsorption messsrements
The van der Pauw icchnnue was used 10 determune the



ATIRT Jooniratson snd mabifiiv 27 dovem temperature
~oa tumotton of tarw atter hthium dittusen gt an
sievated wmpenature Tp nd g teem nnwealme st
10 C

Fumre 3 whah 2 graph of the (srwer Sonoentn-
e vt de oot that the matal dttused hithium
OICentraing v a ez tunctnen 8 [ and that ifw
prayetaiam clavatne o o heghiv depomdent on
Tp. bat there v fer conrclateon between the heeakomt
ot docontmats o the decat cunes that can b
attrdbuted to the .y s concentzaten m thee caper
ments

Frgure £ 5 whah » o gaph of the (asmer peobadity v
camet conventratam . mdi stes that the mobeiy i ucll
behwed ' 2 ample with htham dituxy 2t 020 €
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bur that ibw bthium preapitaten oo - ke din
ditterent tor o et £y in that thew o g prnean o
mebdi mmnamem Junnz the preamisie e preaes

Thewe Jats weuld suzpest that there o s defternoein
i hthiam poeapitaten mechsawn o
deperads e J,, Seta” oam g steds 7 the cleltinst
Py of soanpantcd hoene e peldvessstaihine
sdicon e (peivalnoonl obwened o munmmem i the
bty wanh he sttrthuted to Latner traprmg ot 2an
hoandares B aaladed that s tappog waald
Pk 3 petenteal barracr that soehd whabwt 2
aavmam due » o fumtnn of morcsing Jopant
vmcenitaten. with 3 cwrepoadmg reductne m o the
Rty . untd e gram bwundanc woc stutated at
vers Pugh total Jopant Loncentatees

ic mhat:

lay NE e Yen

R

. i - - .
- .
: .
. :
. .
. H

A <
——d . :
. t
.

-
T e e e e e e oL
€ o 9. * X% L LU
R
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(s crpermawents a¢ w2 progren. bt the resalts te
date wgpet tha: hbYhoam preopiizinm 31 sauanay
Jankers mn prendece an cheltrem trap with 1 pane
Jusge thut wenes e decreane the et medidety
wheicn hthnar pre. gpatatem - oV En o o0 Lo
N eavpen pacrs Gy vt produne e cdec Bren I o
wacharoe rogmn This typs of jcvalt n aw. peniu-
Licd *o Gocth 1) radeainm derectors It vt patcd
ruat hithean &l snd proagrisine Ouporments oa
prhulnam may e of valee m oo Kicmnsire of te
tode oo e chey tra o OvepeTIy cfbect o2 grr: houndases
md m dahmg the mechunnm F oy ovhanod
HMiman of mmputitis sheg dnhnsthen v gran
Ll
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RECOMBINATION RATE IN SEMICONDUCTORS
R D Weubtook T H Poigicen’

When measunag mmonty <amer diffuson kegth or
hifetmme m 3 thin dice of nrge the surface of 2 sample. it

N BeceaGTs G cwmmatc or mmunise surtacz recomti-
natzem oftz s The wurtae photaviiage (SPVy meth-
w1 s under mvesizgaton st ORNLS because 1T 1~ 2
nondevrocTnve tes: and therefore »» an attraine meth-
o for Characterme pormaomum or wheoe that
unbergoeng varnes maienat dudsss ach p rxkaton
ad aancamg ~pemmenss In pmnapke. the SPV
meshed omdepemicent of mierterenies from wirtae
Sate 1 logg o they are stabke and e 8- Jeft dunne
merureEmenl A ff ien » oo To mhanr the
SPV ugnal 10 brng it Aonc the neave keved the wirtas
o 28 n-1vpe ample & der o ta: tward e phvpe
Wit penabic. and smdarhy o p-1vpe sample o
aven m nipe sartae Thew surface treatments aee
e wmet (hemanin and are ovnkrmy ad reduang
opainel Be have tound thas for parpones of The
CAINTERCRT J1-IM e suflads ofF @inah ore mere slabie
with tmke an vy sarfaes ad therziore we
ahwse mewe cepradunibic results avth -5 pe ~amples
Brem . wome ampkes requare hours o perhaps 2 dav
W eo belive becommg stable enough Tor relubic
I IRICTICNT

There appears 1o be m- effec? of crvsiad omventation
on the meaared value of hietime Both #-type und
pavpe vzl of sikon were measured on il three
praman Taces. 11000, 11100, (11 11, with no assignable
vandnns

The real difficuity i mmterprctation of the data swcurs
m swme high.resstvy umples. One of the boundan
condiinms 1 that the concentation of mpected carm o
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must be snall (G OD compared with the thermal
cquiliboum concentratnon. Violation of thes comdbitam
resalts w2 nonbeear plot of the Jatz aml ar crrome-
owsh brpe valae of diffision kngth. o hictme.
Theretore m high-resesstrvaty samphe> o 15 mandatony
Tun the expermment al scveral Jecrezsme micasites uatd
cumstant results ae obtamed. While most >samples vicid
10 this provedure. 2 sapuficant nomber dv not We Smd
buth #- aad p-type sthvun amples that will mt reach a
stable valwe of htcume by ths techague. ad » vet we
hae aot dscovered m evplamatwn. It & dwans
tempting 1v blame problemss m hictune micTpeciaing:
Of SUMNC IR Property of Irappme centers. but wo far
we have found no substaetatng coadome of wmday
problems when cxammmg these samples with the mone
convenbomal rhotovvaductive decn wmethod .

1. ORAU emicrgraduate rowrarch ramece from (wictom
Calicpe. Noritucid. Yeen_

2 O Mlmws S dopl Py 28 1389
3 A M Gudoas_J dppl Py 32 23500 1% 0
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SEMICONDUCTOR (CRYST AL FURNACES
R. D Weaabtank ¢ C. Robmwwm

bannmz ihe fcld of recach m semacoondin tor sl oe
ha =vewiaad comstraten nl chuddne ot o
oumber of tumaces amd  beat frcaimg Taliks te
xevumamnlate mtapated cnostal promth el anncabmye
requncancnis We om have cquipment tor hth Crach
bl s thut-zome cna-f geath i B ludh-tem-
feratere vauum aanctmg up (e 1350 C A bichaau-
APl Saiem - sl Tw apphoatea of
varmun wetaline idms. aad 3 o hus boen make a
stammy m-irumentaten o talcd chaa icnwzainm
o the clectrnal properts of ainon ampice
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6. Isotope Rescarch Materals

For 16 van the prcparatma of specal chemacal and
wparaicd. lngh-parmy notopes las boen the prosmcee of the
Mascrals Labotor: (IRMIL Rcsmdn.ubuqud\alm&

boen

Hi
!

m morc las 0 cosstnes with samples smanaiablc from commercal sowsoes.
Dunmg the pasi sear mcarh 00 samplcs weve prepared ke the mtermptenal
scxcntifc commuan . Dininbutona of prepared sampics and aflocation of ks &
cogewed bn ERDA 10 ke on 2 Tell-cost reccoveny bases. and thar-fore IRML hay an
mizprai sake Seacton with 2socied @veslons and raucmec  accountng
opcratwas. [he 1cxcazch and development actnties aie fwnded programmaticaliv
through the ERDA Dnnwon of Pinvsual Roscarch. whereans “he remamder of
opcraimg support accress dwecth from salkes of matcrb. and sev.xes.

The sechmcal tusctions of IRML. an be atcponred gencralh o matcrab
rexcarch amd devclopment. monganec ciemcal coaversions. prepartivon of specel
pinscal form. adewnotope sowrce preparations. purfications. s decrystal and
cprazil gronth stedaes. and devclopment of amabhvtical techanees (wswalh
nondcstrecine mcthods) compatibie nith caracicrwvation of thm film sampics.
From woeptinn. IRMI. o preparad sebatowssc paricie accelierater rpets and
targets lor stads of mcwtron micractions. Fechaclkogies of phy sical vapor deposston.
chcmncat vapor deposton. mockanxal roflmg M metab. distillation of metals.
mctal roductons. arc mchng. icviation melisig. swicrmg. and snvrad  other
mctallarg:cal and chemmcal prooesses are cwplovad o produce  umgue
notope-contamag samples. In all operations. speciic effort. 1o improve and or
mamtam coaxnaton of valwable sotope B of vikal wnporiance smce the
monctan hee of sotopes comsumed durmg a preganation may be many Tanes the
coy of assagned manpower and anc:llan cxpense.

M smgue tcchaczal capablnes developed for sotopz ampie preparations
have been fraquently applicd (o the performance o actnitics not directh related 10
marzh. but rather to the development ¢f sechnolgy m suppor? of prograns such
as wasic mamagement. NASA space research. a vamety of classified ERDA
programs. reacior dosimetry. and preparation of reaction rate standards. For
cxampk. dunmg this past vear a program uas compicted i which measurements of
the separation factor for hydrogen and deuterem (with calculati:ns for tritium)
were made m a diffusive system for the purpose of developing a process 1c remosve
tntum from reactor or fuel reprocessing plant effluents. Further work in this
cateyory will be mitiated i the ncar future using an aqueous rather than a gascous
process. Fechnologies developed for thin film preparations in IRME. are directly
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applicable 1 development programs in solar cell technology. prepanation of laser
retlection surtaces. optics. and microcireuntry.

Use of stable natopes it rosearch and derelopment activitees rehated o the
phyaical s)owenees s well documented. especially in areas ol nuckear structure studies.
diagnosiis of ncutron spectra in reactor regimes, chemistey. metallurgy. and sold
state physics. Because of present-day interest in high-energy physacs rescarch. new
techaologies have been required 10 tansform large (multigram) guantites of
separated isotopes into thick. large-area tanget samples. whereas developmental
cttonts in carlcr vean were concentrated on preparing ulirathin self-supported tilms
suitable lor Van de Graafl accekrator expenimentation.

Procedures desclopred lor handling stabke isotope matermls are usually eyually
applaabk 10 radwisotope sampk and source preparation.  Adaptation of
preparative methads 10 radiotsotopes generally implies modifications for remote
operations (hotcell enclosure of processing equipment) or at least glove-box
opcrations reguired for persoanel protection. Almost all of the above noted
operations have been adapted for radiotsotope processing. Recent's, preparation of

TCt targets and sources has been reinstated as a standard IRML. function after
more than three vears” discontinuance of such activity. An existing hot-cefl facility
has been adapted 10 which evapoation—condensation and scif-transfer depositions
of califomium can be performed without difficulty for yuantities of ~“Cf up to 10

mg.

REACTOR DOSIMETERS
I C Qunby k. H Kobik

Dosimetsy is used routinely in EBR-§1 and other
reactors to map and unfold the neutron spectrum oy
determingng neviron energy and 1lux at specitic point
throughout the core and retlector regions. Nuchides
suttable  Tor anunutaion  or fission o gamma-
ctling sotopes are used 1o Jdetermine the neutron
energy trequency distrisunion. thicis s powertul control
tovi i conunction with m-core experimeits, Sub-
wyu il Sounbing of gamina  emissiuis tTem  specific
tramsmuted nuchdes ar fission products is used to
compate the neutrones. The ingial nuclidic samples
uswd tor dosimetry must be of high purity to avoid
extrance -y radiations and aust be capable of detiniion
to within one error less than 17 i sotope content if
sutfiently accuiate neutron spegtral characteristics are
e be deternmned. Furthermore, in-core materials musi
sivive 4 emperature condition of nominaly 1100°C
without sgmitican! aatenal loss, Over the past four
vears. encapsulated powdered oxide samples of desig-
mate Y ssotopes and o mononuchdie dements have been
prepaicd tor this purpose. Because of  ditficulty in
quanistative loading of 0.1 10 {-mg quantities into
minule capsiles. " cost of cach dosimeter averaged
aboul 125, which s a relatively latge cost since 1t s

estimated that 2000 dosimeters will be comsumed per
year. In addition. the nominal error Tor isotope powder
loading for each capsule was about 1.5, as compared
with a desired enor level of less than 0.57. Fabrication
time per capsule was about | hr 1cr cach nonradioactive
sample and 2 hw for cach radivisotope-containing
capsule.

During the past year an effort to reduce errurs in
capsule loading by converting isotupe oxide powders
into structurally strong and casily haadled solid forms
that are suitabie tor direct weighing before encapsula-
tion has resulted in much-improved samples. Cerami
wires of pure actinide oxides. scandium oxide. and a
wide vaniety of dilutions of the desired nuclide oxides
in aluminum oxide, tor example. 0.i% UO,; in Al,0,.
have been prepared: the success of this program is
itustrated by the reduction in the average cost of
dosimeters by about 507

Small-particle-size (abont 300 mcsh) isovope oxide.
cither pure or diluted with aluminum oxide, s mixed
with a hydrocarbon hinder (paraffin, cornstarch. etc))
and is subsequently cextruded into uniform-diameter
wires. The provess of homogenization of starting
material is carcfully controlled. because the end prod-
uct must seman constant in isofope confent over 1cm
lengths of wire to within 0.57 of ihe average value. For
pure materials. simple homeginization of powdered



oxide is adequate. for dilutions in aluminum oxide,
coprevipitation from molten urea tollowed by a calcine
at 800°C must be performed to assure uniformity.
Depending upon the oxide. various binding agents (or
lubricants) are used which, subsequent to extrusion, are
volatilived or oxidized 0 remove gaseous eilluents by
K w-temperature firing in air or argon. After removal of
the binding agent. liring at 1200 1o 1650°C (depending
upon the oxide) sinters the wire (0.3 mm in diameter)
into 2 nondusting ceramic siutable for routine cutting
and encapsulation. Error ‘n the weight measuremcnt of
segments of ceramic wire is within 0.5% with aearly
zero rejections of luaded capsules atter welding. because
direct weight of the ceramic wire is reproducible on a
microbalance and the material neither dusts nor tends
10 leave the capsule during welding. (cramic wires have
densities between 65% and B5% of the theoreticat
values. depending upon the oxile material. processing
history . and sintering temperature

TRITIUM TARGETS FOR HIGH-YIELD
NEUTRON GENERATORS

H L. Adair  J. M. Dailey

Intense monoencrgetic (14.5-MeV) neutron Tields
are being gencrated 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 cvaluations have been made of
neutron yields and target lifetimes as functions of
incident deuteron beam enecrgy. targer preparatior
parameters. and the choice of metal used to sorb
gaseous tritium in the target.

In support of studies at Lawrence Livermore Labo-
ratory. the Isotope Rescarch Materials Laboratory has
been producing large-area tritium targets (an annular
ring of 390 ¢cm® om a disk 23 cm in diameter)
containing approximately 900 Ci of tritinm sorbed into
2 titanium metal matrix. Over the past year. 14 targe's
ol the type described have becn prepared. these targes
have routinely produced 2 X 10'? neutrons/sec 101 2
700-mA-hr target half-lifc (the time requircd for the
neutron yichd to drop by a factor of 2). because of
improved preparative procedures, variation cf perform-
ance among targets is but £207% as comdared with
2£200% only two years ago. Quantitative study of
ncutron yield performance at Lawience Livermore
Laboratory as a function of target fabrication parame-
ters is now being initiated with the intent of increasing
neutron yields (o more than 10'* neutrons/sec.
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PREPARATION OF FISSION CHAMBER PLATES
FOR CROSS-SECTION MEASUREMENTS

H.L. Adair J. M. Dailey

In support of programs of the ORNL Neutron
Physics Division, about 50 weil-defined deposits of a
varety of fissile isotope oxides were prepared during
the past year. Deposited isvtope oxides include 224U,
IJIU' ZJQN. m XJSU_sm ZJIU‘ Il'ld ZCON’ and
ef*orts are being made o produce similar deposits of
133y and *>'Pa. Numerous plates composed of a
10cm-diam aluminum substrate and a 5-cm-diam de-
pasit 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 vapuor-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 emploved to
determine the total amount of oxide deposited to
within an error of 17, Verification of isotope content
and uniformity of isotope distribution over the substrate
surface was performed by fow-geometry counting of
alpha or gamma cmissions: agreement within 1.57
between weight and counting methods has been rou-
tinely achieved.

THICK TRANSURANIUM OXIDE COATINGS
H. L. Adair  J. M. Dailey

Vapor deposition techniques have been developed
for forming thick transuranium oxide coatings on
titanium metal substrates. Examples are the 12- 1o
I4-mg 227NpO, 1argets that have been prepared for
Argonne National Laboratory for usc in fission-track
recorders and the 3- to 122-mg/cm? ***CmO; tarzets
that have been prepared for ORNL and Westinghouse-
Hanford for use as alpha sources tor helium injection
into metals. The latter are used to study the effects of
interstitial helium gas atoms in the nucleation and
gowth of voids and distocation loops that might occur
in materials used in fission or fusion reactors. Methods
for vacuum evaporation of the various oxides by
radio-frequency induction heating have been developed
which are conservative of materials and efficient in
terms of uniform deposition. The substrates, normally
titanium, were heated to approximately 300°C to
obtain excellent bonding of the deposited material.

e m o EPTNESE
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ACTINIDE METAL PREPARATION

H L Adir C.A Culpepper  W.B. Gisham
The lsotope Research Matesials Labuoratory has con-
tinued developnent efforts in the preparation ol
high-purity metals of **'Am. ***Am. *?’Pu. and
244 Cm. The technique usually used tor preparing these
metals has been a “bomb™ calcium reduction of the
tluoride. which anormally results in mnetals containing
large amounts of impurites. In order to purity the
bomb-reduced metal. vavuum distillation can be used
wherein  high-vapor-pressure  impuritics  are  distilled
away from the desited nwtal and. if necessany. the
metals can be turther purified by subsequent distillation
away from lower-vapor-pressure impuriiies. The major
problem with purification by the descrided vacuum
distillation process is that atinide nwtals react with
most crucable materials. By vacuum reduction and
distilianon ot the actinides from theiv ovides in which
thorium is ased as the reduciant metal. very high purity
azinide wtals have been produced and then rolled into
thin foils for various rescarch purposes. This provess has
been used to vbtain approximately ¥ g of **°Pu. 20 ¢

of *tam 12 gof P Am. and J0 g of ***Cm.alt of
which contined less than 430 pom 1olal impuritiey,
mcfuding oxy gen and nitrogen.

LAVES PHASES OF URANIUM AND
34 TRANSITION METALS

E.C.Beashm' C. A Culpepper  O.B. Cavia®

In suppurt of an ORNL Chemical Technology Divi-
sion program to investigate Laves phases of uranum
with 3d transition metals (chromium. iton, and nickel).
intermetallic compounds of the tvpe AB:; were pre-
pated. These compounds were produced by accurately
weighing component elenwents (£0.00177). combining
them by are melting. and homopenizing the specimens
through multiple melting and stirring vperation=. Sub-
sequent anncaling of the compound formulations at
$00°C tor 66 hr in flowing argon was pertormed betine
crvstal structure paranweters were determined.  The
parameters shown in Table 6.1 were determined by
x-ray ditfraction,

Table 6.1. Urammm ~clvomiom -iwon - micke! Laves phases

Alloy compuostion (at. ).
333007 U plus

Lattie constanis)

Comments
i\
Cr Ni ke
Hagonal CI4
50 6.7 @ > 49731 - o],

¢ = RISTE - 0.0007
T 56.7 a > 49856 - D13,

¢ = RI569 - il
159 s17? a =49902 - N7,

« = R2670 - 0y

Cubic €15

150 s17 73047 - 0018
23 43.7 70183 - 0o
333 333 7425 - 02
Jo.n na 70441 - 0.(wnd Very faml No lncs alwr presens
447 N0 TA531 > DaWhe Cr. No hncs abwo prowent
557 1.0 11549 - .25 Cr. Nt hnes sl present
28.0 3.7 7.0 71157 - noawy
360 h7 90 T 1450 = 0 wHH Famt Fe, Nodmes alwe present
44.0 11.7 Ho 71476 - 00N Fo, N1, Cr imes aleo present
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PREPARATION OF SELF-SUPPORTING METALLIC
FOILS OF 1SOTOPIC CHROMIUM

P.R. Kuchn

Excessive consumption of valuable isotopic material
makes production of self-supporting chromium foils by
vacuum cvapoiation and condensatin  impractical.
Electrodeposition has been developed into a dependable
and reproducible technique which results in minimal
-material losses so that chromium isotope target {.als can
be prepared economically. When used 2s an accelerator
target. the physical properties of 2 chromium film must
nevessarily be diftferent trom these of decorative chro-
mium. namely. the t1ilm must be ductile and free of
chemxcal impurities.

Chemical purity of Y9.87 has been votained using 3
plating bath emperature of Y0°C. as compared with 40
to 55°C used for commercial plating. throwing power
and plating etficiency are substantially reduced at this
higher bath temperature. Plating cell design and clec-
trode preparation have been developed so that strue-
wrally strong foils with thackness variations to within
5% of the average value are reproducibly obtained.
Excessive loss of isotopic material is avoided by using
inert clectrodes, with the result that the Cr HLCr IV
ratio in the bath increases during depusition. 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 Joil was stressed at current
dendities i excess of the optimum value, so that the
usable range of current density 1s only about 0§
Axcm?. The bath compisition found 10 be most
reproducible Jor this purpose contains the equivalent of
125 g of CrO; per liter of 2 1:100 H.50, H.0
solution. Sinve only abuut 1 g of (10, is used. the
sofution volum: 1s guite small.

Using this Sormulation, mwre than 28 seli-supported
chromium isotope fils were produced dunng the yoar
with thicknesses of 0.25 mg'em® 1o 35 mg om’ and
areas of ) e’ o 25 ¢m?. To provide the tilms in
scif-supporied  form.  clectrodepasition is performwd
onto carctully masked. polished brass shim stock. which
is later dissolved away from the chromum m Jdilute
nitric acid. Films are usually pinhole-tree and can e
readily muounicd on suitable suppurt franws. Eleciro-
deposition has proven (o be ideally suited for 1ol
preparation using separated chromium isotopes. Unused
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chromium caa be salvaged with menor losses theough
simple chemical processing. Tasgets prepared by this
technique are structurally strong. uniform in thickness.
and sulficiently pure for most nuchear applacations.

'*B TARGETS FOR THE CONTINUOUS
PREPARATION OF ''C

E. H Kobisk  T.C. Quinby

Cyclotron bombardment of '°B with protoas pro-
duces ''C. an important isotope . w medical research
purposes. In cooperation with personnet at Oak Ridge
Asswciated Universities. a2 special target was prepared
for continuous production and subsequent removal of
*1C (2> CO;) during proton bombardment. A 12.5m
length of mwiybdenum rod with 2 dameter of 6 mm
was machined 10 have 2 tiangular cross section with the
edges notched parallel 10 e length of the rod. In this
serrated section of the rod. '°B;0, was depusited by
mist-spraying a solution of the oxide m alcohol vnto
the surface. 2 provess that produced uniform coating of
the fin surfaces with oxide at an efficiency of 975 with
respect to material utilization. Vacuum degassing and
tusion of the coating resulted n a uniform. triansparent
coating with sulficient adherence 1o withstand ex-
tended proton bombardment (up 10 20 hr) in the
ORNL %o-Inch Cyclotron. Lsing a carrier gas thelium)
flowing over the target surfaces during bombardment.
the large-surface-ares target generated 75 10 8077 of the
maximum quantity of ''CO,; nd maintancd an even
distribution of B.O, on the wradiated suriaces cven
though heat from the proton beam impingement was
sulficient to melt the isotopw tilm. Target development
is still in progress.

HYDROGEN ISOTOPE SEPARATIONS SYSTEMS
D W.Ramey  T.C. Quindy

The purpose of this program was 1o investigate
possible separation of nmm from reactor or  tuel
repracessing plant cfflucnts using the well-known phe.
nomenon of hydrogen diffusion through patladium o
palladium alloys o the separatve mevhamsm. Thes
provess provides high thioughput capability (1ons per
year) compalible with volumes encountered in waste
cifuents. The capabdity of the Isotope Rescarch
Matenals Laboratony to roll thin membranes having
sero pososly and maximum physical strength per-
mitted measurements of separation factors (0 be made
at temperatures up o 600°C md prossures up (o 633
kg cm?® (9000 pu).



Although a number of ditferent altoa s of palladum
wore tormulated and rolled into thin memibtanes. the
palladiaen 25w sthver allon offered better stnw tural
stabiliny and the aighest gas permcation rates. Mem-
brane thicknesse. actween 0.0123 nun and 0.0375 mm
wore emploved to obtain high low rates. and each
membrane was suppuoricd by 2 tungsten trit of pore swe
sultwenthy small to perout the selt-supporied area of
membrane o withstand the applied gas pressure at 4
temperature of 00U Indeed. the entire flow sy stem
for thew oxpenments was specifcally  devgned to
provide auxunum strength under these hostie conds-
tons, and choice ot structural matenals was caretulh
made to previude hy drogen embrittement effocts.

In the work reported here. only the ilow of pure gases
and separation  tactors  aswwiated  with by drogen-
deuteriom mixtures were measured. The general form
o the fTow-rate equation. as an extemsion of Frk’s law,
N

R, = 1D Ko AMNPF WPAT

X exp |1.‘.;I:°'RD,4W‘/‘TI th

where
R, = permeaton vate for component §
tcm’ mm),
DK, M.\\/F’l‘ = pressure varnanee equation of tie
diftusion-solubifity Irequencs lac-
13 for component J,

MVP = deving force derived from classi-
cal thewry: WP = \/’,’ \f’b.
where Prois the Tore pressure
(psia) and Py 15 the back pressure.
which was constant at 15 psia for
this work,

A = membrane area tin?).
1 = membrane thickness (mils).
(XEo/ RMMNPY = pressure vanance equatiom of the
permeation activation energy for
component j,
7 = membrane temperature (°K).
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The values tor the comtants b U are gnen
Table .2

Data tor mnved gases were obtained by imeasuning the
ilow rates as a fumction of lemperatuse. pressure. and
tod thickncss while simuitancously analy zing the sepa-
ratwn-stage  bleed and product streams for the total
hvdrogen and deuterium content. Feed composition
wa vared trom Qod to 045 H. imode ftaction. and
membrane thickness was vaned from 140 10 0.4 mal.
Fure pressures as high as X000 psia 10t prossure were
used tor mixed gas studies. while the back pressure
remained  constant at 15 psa. The sepaation-stage
whemain dugam in Fig 6.1 epresents the two-com-
ponenl system of this work (H: Da). where X and ¥
represent mole fractions of compunents i the rexpecc-
tive tlow streams.

It has bevn assumed in this work that the permeation
prwvess has a rate which is consrolled by diftusion and
sojubilin m the metal lattice. Also. it is generally
agrced that the gas diftuses through the metal lattice as
atoms rather than as molecules. Therefore, one must
conchsde that the separation of the isotopes must also
take place within the metal lattice rather than on ihe
metal surface. The magnitude of separation of the
sotopes must, i wm. be governed by the relative
dilferences in those processes which control the perme-
ation provess, namely, diffusion and solubility in the
metal lattice.

The definition of the separation factor is

S=Y, 00 - XYl

Yor . ()

ORI 0BG 763654
PROOUCT
TN+ YIDY =
LOW PRESSURE ~

)

wEMSRANE

I
!

BEED

I(Nzl * I(D:) =

!

FEEOD

Fig. 6.). Scparstion stage schematic,

S HIGH P IESSURE

Table 6.2. Permontion equstion constants Jevived

from pute gos flow rate dats
Compment Dok, a AFg/R b Temperature range (°C)
", 1944.0 1 .ORS 1866 nnes7 00 328
D, 3523 193 685 0316 00 - 328
", 3793 1612 92 0412 328 &M
N, 1175 112 152 0521 325 o
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where ), s the mole tiaction of hydrogen mn thwe
product stream and X, s the mole frwction o hydrogen
in the blecd stream.

Analysis of the product stream and bleed stream with
a mass spectromeler gave the relative cuncentrations of
H.. D;. ard the miermsotepic matecule HD. To deter-
mine the total amount of Hy m cach stream. the
hydrogen  contiibution from  the HD molecule was
calvulated as half the HD concentration. It should be
emphasized that the HD molecule will always be
present in the separation system bevawne of the cata-
Ivtic action of the metal membrane. however. the
presence of HD in the system has litte or no effect on
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the sotlupw separatton (a bulk metal process). because
the HD molkecule exists only in the gas phase.

The separation factor temperature dependence was
cakulated trom the data obtamed trom mixed gas
measurements. and the functional relauunship between
scparation factor (S) and temperature can be sepre-
senied by

S=10lexpel30oN . (3)
where T o Jegrees Kelvin, No dependence of

separation tactor on the system pressure or membrane
thickness was noted.
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C. D. Moak. B. R. Appleton. J. A. Biggerstaff. S. Datz_ and T.S. Noggle. “Velocity Dependence of the
Stopping Power of Channcled lodine fons.” p. 57 in Atomic Collisions in Solids. vol. 1. ed. by S. Datz,
B R. Applketon. and C. D. Moak. Plenum Press. New York. 1975.

H. A. Mook, D. Pan. 1. D. Axe. and L. Passeil. “Magnetic Excitations in Amorphous Co:P.” p. il2 in
Magnetism and Magnetic Maierials -1974. ed. by C. D. Graham. Jr.. G. H. Lander. and J. J. Rhyne.
AP Conference Proceedings No. 24. New York. 1975,

R. M. Moon. “Magnetic Form Factor of Electrons in 3d Bands.” p. 425 in Magnerism amd Magneric
Maierials 1974. od. by C.D. Graham. Jr.. G. K. Lander. and J. J. Rhyne. AIP Conference
Proceedings No. 24, New York, 1975,

J. R. Mowat. B. R. Appleton. J. A. Biggersiaff. S. Dar . C. D). Moak. and J. A_ Sellin. “Charge >tate
Dependence of Si K X-ray Production in Solid Gase-us Targets by 40 MeV Oxygen lon Impact.” p. 461
in Aromic Collisions in Solids, vol. |, ed. by S. D::tz. B. R. Appleton. and C. D. Moak. Plenum Press.
New York. i1975.

R. M. Nicklow, N. C. Koon, C. M, Willams. and J. B. Milstein. "Spin-Waves in the Laves Compound
Houlh::Fe..” p. 165 in Magnerism and Magnetic Materials 1974. ed. by C. D. Graham. Jr.. G. H.
Lander. and J. ). Rhyne. AIP Conference Proceedings No. 24 New York. 1975,

J. J. Rhyne. D. L. Price. and H. A. Mook, “inclastic Magnetic Scattering from Amorphous TbFe:.” p. 121
in Magnerism and Magneric Maserials 1974, od. by C. D. Graham. Jr.. G. H. Lander. and J. J. Rhyne,
AIP Conference Proceedings No. 24, New York, 1975,

K. Rossler and M. T. Robinson. "Radiation Damage in Transition Metal Hexahalo Complexes: The
Applicatior: of Atomic Collision Dynamics in Hot Atom Chemistry.” p. 237 in Aromic Coilisions n
Solids, vol. 1. ed. by S. Dau. B. R. Appleton. and C. D. Moak. Plenum Press. New York. 1975,

M. T. Robinson, “The Production of Displaced Atoms in Solids.” p. 18 mn Consulionr Sympuosium on ~The
Physics of Irradiation Produced Veids,” od. by R. S. Nelson. UKAEA Report AERE-R7934, 1975,
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S. T.Sckula and R. R. Coltman. Jr.. “FRermal Ncutron liradatwon at § K of Superconducting \ anadwm.”
P. 206 m Procecdings of the bniernational Discussasn Mectvg on Flux Pinmng m Supercondin tony, o
b P. Haasenm and H. C. Freyhardt. Akademe det W nsensohatien. Gaottingen. 1978,
REPORTS ISSUED

0. E. Schow. Safeny Anghsis of the 2.5 MV Acceierator ;v thy Solul State Dawviswn’s Positve Heavy bon
Scattering Implantation. Channeling and Sputtermg (PHISICS ) Fecilny, ORNL -FALSORT, Sepiember
1975.

J.F.Guess. R. W_Boom. R. R._Cohman. Jr..and S. 1. Schbula. 4 Server of Radisinn Dumage Fifects m
Supercondiwting Magnet Componenis and Ststemis. ORNL-TM-SIRT. December 1978

George C. Bautie. I. F. Connotly, and Annc M. Keesee. Iternatioms! Directory ot Solid Staie Maierals
Production and Research. ORNL-RMIC-13, Junc 1975.

R. E. Reod. Progress Report of Apollo-Sovuz Test Projct Experiment No. M A4031 tor the Pereod.
September 1-December 31. 1974, ORNL-TM-4842. April 1975,
THESES

J. F. Wendelken, “High Resolution Low Energy Electron Difiraction trom the Aluminum (100) Surtace.”
thesis submiticé to the Graduate College of the University of llinois in parua! tulfillment ot the
requircements for the Ph.D. degree. Januan 1975,

SEED MONEY PROPOSALS GRANTED

J. B. Roberto. R. R. Coliman. Jr.. and J. Narayan. “Evaluation of a Deuteron Breakup Neutron Source tor
Simulation of CTR Radiation Damage™

B. R. Appicton and G J. Clark. ~Jon Implantation™
J. W.Cleland and R. F. Wood. “Nucicar Doping of Silicon for Solar Cells™

PAPERS PRESENTED AT TECHNICAL MEETINGS
#th Lunar Science Conference. Housion, Texas. March 17-21. 1975

E. H. Ciddin. 1. B. Goidberg. R. M. Housley. R. A. Weeks. ami R. Perhac. “Ferromagnetic Resonance
as a Mcthod of Studying the Micrometeorite Bombardment History of Lunar Fines™

Fruhjahrsiagung der Deuischen Physikalischen Gesellschafi. Minsier. Germany, March 17-22, 1975:

G. Maderiechner. R. Behrisch. BM.U. Scherzer. and M. T. Robinson. “Computer Simulation von
Eindringtirfen- und Schadenverteilungen fur 0.5-10 keV He-lonen in kristallinem und amorphem Niob™

American Physical Society Meetmg, Denver, Colorado. March 31-April 3. 1975:

M. M. Abraham. Y. Chen. and W. P. Unruh, "ENDOR of }.., Centers in CaQ™ [ Bull. Am. Phys, Sox.
20, 328 (1975)]

Y. Chen, M. M. Abraham. L.. A. Boatner. and R. W. Reynoids. “Cation Vacancics in CaO™ [ Bull. Am.
Phys. Soc. 20, 328 (1975))

W. A Kamitakahara and H. G. Smath, ~Lattice Dynamics and Electron-Phonon Interaction in Sold
Mercun™ (Bull. Am. Phys. Soc. 20, 299 (1979))

H. R. Kerchner. S, T. Sekula. and J. R. Clem, "AC Permezability of Iefeci-Free Type-ll
Superconductorns” {Bull. Am. Phys. Soc. 20, 293 (1975))

C. E. Kiabumje, J. M. Williams, and R. R. Coliman. Jr.. “Unusual Aspects of Low-Temperature
Recovery in Thermal Neutron-Isradiated Vanadium.” {Bll. Am. Phys. Sov. 20, 296 (1975))



1%

F. A. Modee and R. W. Major. “Bircirmgence Produced by the Cubic-ic-T2tragoral Structural Phase
Leassstson n RBCal .~ [ Bll. 4m. Pins. Soc. 20, 285 (1975))

3. Narayan. 1. 8. Nogeic. and O. $. Ocn. “Radiation Damage n Copper Using MeV He and Ni lons™
[Baell. 4ms. Phys. Sex. 20, 351 :1975))

0. 5. O i M. 1. Robinson. "Computer Simulation of the Reflection of Light Ians from Solid
Surtaces™ [Bull. Am_ Phys. Soc. 20, 352 (1975))

J. B. Robenio and J. Narayvan. “Uharactenstics of Heavy lon Damage in Ni Litadiated Cu and Nb™
(Bll. Am. Phys. Soc. 20, 351 (1979))

Mark T. Robimon. ~Theory of Damage Production ™ [Bvil. Am. Phys. Sov. 20, 397 (1975)) (imvined
Faper)

C. A Roter. J. G, Travlor, and H. G Smuh. “Phonon Spectrum of Mnk-" [Bwll. 4m. Phys. Soc. 20,
300 1 1979))

1. C. lempleton. E. Sonder. Y. Chen. and M. M. Abrabam. “Effect of Plastic Deformation on
I rapped-Hole Centers in MgO™ [ Bwil. Am. Phys. Soc. 20, 432 (1975))

J. G. Traylor, N. Wakabayaski. and S. K. Sinha. “Phonon Dispersion Relations in NboZro ™ [ Sull.
Am. Pins. Soc. 20, 300 (1979))

1. M. Wibon and F. A. Modine. “Spin-Orbit Sphitting in the Excited State of the F Center in Ca0™
(Bali. Am. Phiys. Soc. 20,432 (1979))

R F. Wood and Mark Mostoller. “Neutron Scatiermg from Copper Self-Interstitials™ [ Bull. Am. Phys.
Soc. 20, 351 (1975)])

D. M. Zehner. J. R. Noonan, L. H. Jenkins. and 7. Kaplan, “Angular Distribution of Auger Elextron
Emssion from a Clean Cu (110) Surface™ [Bull. Am. Phyvs. Soc. 20, 357 (1975)]

ARPA NBS Conference on Silcan Surfoace Analvsis. Gaithershurg. Marviand, April 23-24. 1975

C. W. White. "Surface Composition by Analysts of Impact Radiation™ (invited paper)
American Ceramic Sociens Meeting. Washington, D.C.. May 3-8, 1975

M. M. Abraham and Y. Chen. “Cation Vacancies in Crystallne CaO™ [Am. Ceram. Soc. Bull. 54, 403
(1975))

J. C. Pigg and R. A. Weeks “Poential Problems with MgO as an Electrical Insulator in
High-Temperature Applications™ [4m Teram. Sov. Bull. 34, 402 (1975)]

Workshop on Defects in Magnesium ¢ side awl Related Maierials, Canton, North Carolina, May 26-28.
1975

Y. Chen. ~“Radiation Effects n Cry . 12itine MgO™ (nvited paper)

Y.Chen. M. M. Abraham. T. J. Tumer. and C. M. Nchon, “Luminescence in Deformed Alkaline-Earth
Oxides”

J. B. Hannmann. H. Weinstock. and Y. Chen. “Thermal Conductivity of Radiation-Damaged and
Deformed MgO™

F. A. Modine, R. W. Major. and T. M. Wilson. “Magnetic Circular Dichroism of Defects™

R. A. Weeks, J. C. Pigg. and L. D. Hulett. “Reduction of Fe'” in MgO Single Crystals »y Application
of Electric Fields™

T. M. Wilson and R. F. Wood. “Electronic Structure of the F Center in CaO ang MgO™
R. F. Wood. “Electronic Structure of Point Defects in Alkaline-Earth Oxides™ (invited paper)
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35th  Anmeal Conference on Physial Eleciromics. Peomsvhania Siate Cnfveris. P oversite Park.
Pennsyivamia. Jumnw 24, [975:

3 F. Wendcihen, “An Apparent Temperature Dependence of the Surface Plasmon [Dispersion Relaton
tor Al (100)”

D. M. Zehner. J. R. Noonan. L. H. Jenkins. T. Kaplan. and H. L. Davee. “Diffraction Effects m the
Angular Emussion of Auger Electrons from a Clean Cu 1 50) Surface™

Soth tnnual Meering. Anverican Geophysical Union. Washing:-m, D.C.. Junwe [6-i8, !975:

S. Arafa. A. Bishay. R. Gicgengack. and R. A. Woeks, “Libvan Desert Glass Electron Magnetin
Resonance Spectra of Fe ™ and Its Refation to Total iron Content™

Thirneth Symposium on Molecular Sirucrure omd Speciroscopy. The Ohio Siate University, Columbus.
Okio. June 16-20. 1975

J. B. Bates and H. D Stidham. “Resonance Raman and Electronic Absorption Spectrocops of
Electron- and 3 -Ray-Irradiated Single Crystals of Alkali-Metal Chlories™

H. D. Sudham and J. B. Bates. “Isotope Effects in Raman Spectra o1 lonic Crystals™

1975 IEEE Anrmual Conference on Nuclear amd Spoce Radiation Effects. Anvia. Calijomia. July 14-17,
1975:

J. W. Cicland. F. J. James. and R. D. Westbrook. ~Defect-lmpunty Inicractinns in lrradiated
Germanium™
Gordon Research Conference on Elecironic Matevials. Plymouth, New Hampshire. July 21-23, 1975:

C. W. White. "Surface Analysis by Photon Emission Produced in Partial-Solid Collisions™ (intited
paper)

Firsi ERDA:NSF/JPL. Semiamual Solar Photovoligic Conversion Program Conference. Jet Propulsion
Laboratory. Los Angeles. California, July 22-25, 1975:

J. W. Cleland. R. D. Westbrook. H. L. Davis. and R. F. Wood. "Photovoltaic Conversion of Solar
Energy”™

Ninth hiernagionai Conference on the Physics of Electronic and Atomic Collisions, Seatitle, Washingion,
suly 28, 1975

S. Dawz. B. R. Applecton. J. A. Biggerstaff. H. F_ Krause. C. D. Moak. T.S. Noggle. and R. H. Ritchie.
~Radiative Electron Capture by 1740 MeV Oxygen lons™

Intermational Union of Crysiallography. Amstecdam. The Netherlands. August 8-12, 1975

B. C. Larson and F. W. Young. Jr.. "The Effect of Imadiation Temperature on Dislocation Loops in
Neutron-lrradiated Copper™

XY Low Temperaiure Conference. Helsmnki. Finland. Auguss 14-20. 1975:
H. A. Mook. “Neutron Scattering Siudies of TTF-TONQ™ (invited paper)

Second International Conference on Phonon Scaitering in Solids, Nottingham, England. Augus: 27-30.
1975:

J. B. Hartmann. H. Weinstock. and Y. Chen, “Thermal Conductivity of Radiation-Damage. Additively
Cdlored and Deformed MgO™

NATO International Ad.anced Study Institute on Defecis and Their Structure in Non-Metollic Solids.
University of Exeter, Devonshire. England, August 24~September 6. 1975:

F. A. Modine. "Experimental Aspects of Magnetic Circular Dichroism™
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nsernational Conference on the Applications of lon Beams so Materials. University of Warwick. Coventry,
Englasad. Seprembrer 812, 1975

Ordean S. Ocn and Mark T. Robinson. “Computer Studies of the Penctration Depth of Low-Energy
Light loms n Soluds™

1l buernational Conference on jon Beam Surface Laver Amalvsis. Kemnforschungszenirum. Karisruhe,
Germeny. September 15-16. 1975

B. R. Appkton. D_. M. Zechner. T. S. Noggle. J. W. Miller. O. E. Schow il L_H. Jenkins. and J. H.
Bacrett. "Characterization of Reordered ‘901) Au Surfaces by the Combined Techniques of Positive lon
Chaanchng Spectroscopy (PICS). LEED-AES. and Computer Simulation™

J. W_ Miller. B. R. Appicton. and J. R. Gavaler. "Characterization of High Transition Temperature
Nb-Ge Tiwn Films by lon Scatiering. lon-Induced X-rays. and lon Resonance Techniques™

Firss ASTM-ECRATOM Symposaum on Reacior Dosimetry: I pments and Sianderdization. Peiten.
The Netherlands. Seprember 22-2%, 1575:

H. T. Kerr. H. L. Adair. and E. J. Allen. “Dosimeter Materials for High-Temperature Apphcations™

8’1 uernationel Conference om Atomic Collisions in Solids. Amsiesdam. The Netherlands, Sepiember
22-2.1975:

B. R. Appicion. J. A. Biggerstaff. T. S_ Noggle. R. M. Ritchie. S. Datz, C. D. Moak. and H. Verbeck.
“Radiative Electron Capture by Highly Stnipped lons in Single Crystal Channels™

S. Daiz. B. R. Appleton. J. A_ Biggerstaff. T. S. Noggle. and H. Verbeek. “Electron Emission from Fast
Oxygen and Copper lons Emerging from Thin Gold Crysials in Channeled and Random Directions™

S. Datz. C. D. Moak. B. R. Appkion. J. A. Biggerstaff. and T. S. Noggle. “Hyperchanneling and
HPlanar Channeling of Charge State Selected 27.5-MeV Oxygen lons in Ag™

W. Haland. E. Taglaver. and M. T. Robwson. “Multiple Scatiering of Low-Energy Rare Gas lons: A
Comparison of Experiment and Computer Si.nulation™

Marc Hou and Mark T. Robinson, “Computer Studies of Low-Energy Scattering in Crystalline and
Amorphous Targets™

U. Littmark. G. Maderlechner. R. Behrisch. BM.U. Scherzer. and M. T. Robinson. “Calculations of
the Moments of the Range and Damage Distributioas f>r Low-keV Light-lon Bombardment of Amorphous
Solids™

C. D. Moak. B. R. Appleton. J. A. Biggerstaff. M. D. Brown. S. Datz. 7. S. Noggle. and H. Verbeek.
~The Velocity Dependence of the Stopping Power of Channeled lodine fons from 0.6 to 60 MeV™
9. S. Oen and M. T. Robunson, “Computer Studics of the Reflection of Light lons from Solids™

N. B Tolk. L. C. Feldman, J. Kraus. G. H. Wheatley. and C. W. White, "Quantum Mechanical Phase
Interference in Low-Energy lon-Surface Scattering™

W. F. Van der Weg. N. H. Tolk, and C. W. White, “Opticai Excitation During lon Bombardment of
Copper Under Channeling C onditions™

C. W. White, N. H. Tolk, and W. F. Van der Weg, “Continuum Optical Radiation Produced by
Low-Energy Heavy-Particle Bombardmem of Mctal Targets™

United Siates—Japon Seminar »n Radiation-Produced Defects and Defect Clusters and Their Effects in
Meials, Ames, Jowa. September 28-30, 1975:

R. R. Coltman. Jr., “Electrical Resistivity Measurements on Low-Temperature Neutron-Irradiated foc
and bee Metals™
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Fourth Internatimal Cinference of the Nuckear Targer Development Society. Argomnes National 1 aboraton,
Argonne. liinois, Septembes 20-Ovtober 1. 1975

H. L. Adair and E. H. Kobusk, “Target Preparations and Thckness Measurements™

huernational Conference on Radiation Effects and Tritium Techmology for Fusion Reactors. Gatlinbure.
Tennessee. October 1-3. 1975

Y. Chen. M. M. Abraham. M. T. Robinson. J. B. Mitchell. and R. A. Van Konynenburg. “Production
of Point Detects in 14.X-MceV Neutron-lrmadiated MgO™

J. B. Roberto. J. Naravan. and M. J. Sahmarsh. ~15-MeV Neutron Damage in Cu and Nb™

International Conferevce on Fundamenial Aspects of Radiatnia Damage in Metals. Gatlinburg. Tenneswr.
Ovtober 610, 1975

G. Antesberger. K. Sonncnberg. P. Wienhold, R. P Coliman. Jr.. C. E. Klabunde. J. M. Willams. and
R 1. Chaplin. “Intluence of Dnacancxs on Stage 1f Recorens o Cu™

Y. K. Chang A} Arko, G. W. Crabirce. J. B. Ketterson, 1. R. Windmiller, R. J. Higgins. and F. W
Young. Jr.. "Mecasurements of Conduction Electron Scatterng in Newtron-lrradiated Copper by the
deHaas-von-Alphen Effect”™

R_ R. Columan. Jr.. C. E. Klabunde. and J. K. Redmav. "Recorey m Stages | and Il oi Thermal and
Fission Neutron-lrradiated Molvbdenum™

C. E. Klabunade. R. R. Coltman, Jr., ang J. M. Willums, “Low-Femperature Recoveny of Radmtion
Damage in Vanadium™
B. C. Larson. “N-ray Studies of Irradiation-Induced Dislocation Loops in Metals™ Ginvited paper)

J. Narayan, I. S. Noggle. and 0. 5. Oen. “Depth Distnibution of Damage in Copper Irradiated with
MeV Niand He lons™

R. M. Nicllow. R. R. Coltman. Jr.. F. W. Young, Jr.. and R. F. Wood. "Dynamics of the |100])
Dumbbell Interstitaal in Copper™

S. M. Ohr. “The Nature of Deiect Clustess in Electron-Irradiated Copper™
1. B. Roberto and J. Narayan, ~Ni lon Damage in Cu and Nb™
Mark J. Robinson. “The Theary of Radiation-Induced Defect Production ™ (invited paper)

H. Schrocder. K. Sonnenberg. P. Wienhold. R. R. Coltman, Jr.. C. E. Klabunde, and 3. M. Williams.
~Indirect Evidence tor Vacancy Clusiering During Stage 1§ Anncaling in Cu”™

Iniegraied Contractors Meeting. Bendix Comporation. Kansas City, Missouri, Oc:ober 22-23, 1975:
H. L.. Adair. “Preparation of Well Defined Actinide Targets by Vacuum Evaporation”
22nd National Symposium of the American Vacuum Society. October 28-21, 1975

D. M. Zehner. 3. R. Noonan, and L. H. Jenkins, "Angular-Resolved Auger Emission Spectra from a
Clean Cu (100) Surface™

Conference on Preliminary  dssessment Review of Multipurpose Furnace Experimenis Performed on
Apollo-Sovuz Test Projeci. NASA, George C. Marshall Space Flight Center, Humisville, Alabama, Oxiober
29, 1975

R. E. Reed. A 'Quick Look” Asscssment of ASTP Experiment MA-O41 Subsequent to the
Apollo-Soyus Test Project Mission for the Period August 4. 1975, 1o October 10. 1975™

ASM Maierials Science Seminar on Radiation Damage in Meials, Cincinnati, Ohio, November 9-10, 1975
Mark T. Robinson, “The Theory of Radiation-Induced Defect Production™ (invited paper)
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F. W. Young. Jr.. “Anncaling Processes m Mctals™ (nvited paper)
Review on Fumdamental Research in Catalvsis. ERDA. Washingion. D.C. November 11-12. 1975:
I.. H. Jenkms. “Solid State Aspects of Heterogencous Catalyss™
1975 Southeasiern Section Meering, American Physical Suciety, Aubum, Alabema, November 13-15, 1975

R.R. Coltman. Jr.. D K. Chnsten. S. T. Sckula. and 5. M. Willams, “Search for an Effect of Fluxoud
Motion on Irrads:tion Defects in Vanadium™
H. A. Mook. “Ncutron Scattermg Study of TTF-TCNQ™ (mvited paper)

R. M. Nicklow. “Obscrvations of Scif-Interstitials in Copper by Inclastic Neutron Scattering™ (imvited
paper)

ternational Comperence on Low-Lying Vibranonal Modes and Their Relationship 10 Supercondsuctivity
and Ferroelectricity. San Juan. Puerto Rico. December 1-3. 1975

W. A. Kamitakahara. B. G. Smith. and N. Wakabayashi. “Neutron Spectroscopy of Low-Frequency
Phonons in Sold He™

H. A. Mook. "Ncutron Scattering lavestigation of Peterls’ T'ransition in TTF-TCNQ™

st Anmsal Conference on Slagretism and Megnetic Matrrials, Philadeipine. Pennsyivenia. December
9-12, 1975:

T. 3run. S. Sinha, A. S. Edelstein. R. Mapewski. and H. R. Child. “A Swudy of the Frequency
Dependent Susceptibility of the Compound. CeAl:. by Inclastic Neutron Scattering”

A.S. Edcisicn and H. R. Child. “Nettron Scatiering Measurements of the a-y Transformation in CeTh
Alloys™

G. Felkcher. ). W. Garland. J. W. Cable. and R. Medina. “The Analysis of Magnetic Neutron Scatienng
Dz1a™

R. A. Madina and J. W. Cable. “Moment Disturbances n Ni—-Cu Alloys™
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Semnars

SOLID STATE DIVISION SEMINARS AT ORNL

M. M. Abraham succeeded J. W. Cable as Seminur Chairman during the year 1975. The lollowin, semumnars
were held durng the period covervd by this report:

~Neutron Scattering and Sightsceng in India and Pakivan.” W.C. Kochler, Sohd State Division. ORNL

“Evidence of Phase Mixmg During the Ferroclectric Phase Transstion of KD:PO..” H. Memster. Euratom.
Ispra. lualy

~Point Defect Production by Irradiation of Solids.™ M. T. Robinson. Solid State Division. ORNL

“Lincar Accelerator Source for Neuwtron Scattering.™ O. K. Harling. Baticlie-Northwest.  Richland.
Washington

“Spatial Distribution of Damage Encrgy in Solids by Fast-jfon Irradiation,™ O. S. Oen. Solid State Divisien,
ORNL

~Magnetic Resonaace ™ (Parts | and 2). M. M. Abraham. Solid State Division. ORNL

~Characterilics of Thermal and Fission Neutron Damage in Metals.™ R. R. Coliman, Jr.. Solid Swate
Divizion. ORNL

“Electsonic Properstics of Ukra-Thin Fiims and Coatings of Tramsition and Noble Mctals.” B. R. Cooper.
University of West Virginia, Morgantown, West Virgmia

“Segregation of Vacancies and Interstitials in High-Temperature Irradiations.”' W. G. Wolfer. Mctals and
Ceramics Division, ORNL

“Matenals Probiems of MHD Electric Generator Systems.” Neil Loeffler. University of Tenncssce Space
Institute, Tullahoma, Tennessee

“Recovery Spectrum After Electron Irradiation.” k. Sonnenberg. Solid State Division. ORNIL.

“Investigation of Jahn-Telier Effects by Electron Paramagnetic Resonance.” L. A. Boatner. Texas Chistian
University, Forth Wortk, Texas

“Amorphous Solid Water,” A. H. Narten. Chemistsy Division, ORNL

“Swelling in Nickel Due to Carbon and Nickel lon Bombardment.™' A. Taylor. Argonne National
Laburatory. Argonne. lilinois

“Recovery Studies in Cu and Pb.” K. Sonnenberg. Kernforschungsanlage. Julich, Germany

~Elastic Interaction and Diffusion Reaction of Point Defects.”' M. H. Yoo, Metals and Ceramics Division,
ORNL

“Near-Surface Studies of Single Crystal by Positive-lon Channeling Spectroscopy.” B. R. Appleton. Solid
State Division, ORNL

“Void Growth Kinetics in Irradiated Metals,™' L. K. Mansur. Metals and Ceramics Division, ORNL.

182
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“Eirctronically Driven Lattice Instabilitics.” S. K. Sinha_ Argoasc Natiosal Laboratory. Argonnc. (lhmors

“Radiation-laduced Creep.”' W G. Woller. Metab and Ceramics Dnvsion. ORNL

“Optxal Radation Produced i Low-Energy Panticle Solid Collsions.” C. W. Whue. Bell Laboratorics.
Murray Hill. New Jersey

“Elementary Survey of Electron Spim Lattice Relaxation.” H. J. Stapicton. University of libmoss. Urbama,
mons

=A Mectallurgical Approach to High Critical Temperature in Seperconducting A-1S Compounds.” David
Dew-Hughes. Brookhaven National Laboratory. Upton. New York

“inflecnce of Chemical Boads on Collision Cascads im Nowmetab.™ K. Rossler. Kemforschungsanbage.
Julch. Germany

“Critical Curremts i Simtered Niobmm Nitride Compounds.” Romald Powell. Hanvard Umsversity.
Cambridge. Massachusetts

“CH. Rotational Excitations and Phase Transition m 2 Quantum Molecular Crvstal.™ Werner Press.
Kernforschungsaniage. Sulich. Germany

“Radiation Damage m Fe:AL™ H. P. Leghly. Univensity of Mssosn. Rolla. Massoun

A Study of Radmtion-induced Effects m Silicon Using Infrared Spectroscopy and Photoccaductivity
Mcasurements.” Ross T. Young. Eastern Kemtucky State College. Richmond. Kentucky

“Induced Neutron Magnetc Form Factor of Chromium.” Kye H. Ob. Ames Laboratory. lowa Siawe
University. Ames, lowa

“Electronic Structure and Cobesive Energies of Traasition Metals and Their Hydndes.” C. D. Gelatt. Jr..
Harvand University. Cambridge. Massachusetts

“Magncto Optical Studies in Lead Tin Telluride,” Jeremiah Ralph Lowney. Massachusetts (nstitwie of
Technology. Cambridge. Massachusetts

“Pulsed Newtron Sources for Utilization i Condensed Matter Research.” M. Kmmura. Tohoku Unnversits;.
Sendai. Japan

“Lummescence of Defects and lons m CaO and MgO.™ A E. Hughes. Atomic Energy Reseacch
Establisbment. Harwell. England

=Structure and Dymamics of Gases Adsorbed on Graphite Studied by Neutron Scatiering.” Kim Cameiro.
Brookhaven Natiosal Laboratory. Upton, New York

~Encrgy Loss Spectra of A-15 Seperconductors.” Lawrence V. L. Shen. Bell Laboratories. Muimay Hill, New
Jersey

“Channcling in the Superionic Conductor § Alumina.” L. C. Feldman. Bell Laboratories, Murray Hill, New
Jersey

“Electron States of Silver n Glasses.” Saksh Arafa. American University in Cairo. Cairo, Egypt

“Neutron Dsmage Simulation by -Mev ““Ne' Bombardment in MgO.” Bruce Evans. Naval Research
Laboratory. Washington, D.C.

“Densities of States and Spectral Weight Functions in Disordered Alloys.” A. Gonis. University of lilinots at
Chicago Circle. Chicago. Illinois

“Fundamental Aspects of Flux Pianing :-. Type Il Superconducztion,” E.J. Kramer. Argonne National
Laboraiory. Argonne, illinois

“Recovery of Irmadiated Metals: Old and New Questions.” W. Schilling. Kemforchungsanlage. Julich,
Germany

-
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“Change Denrsuty Waves m Chrommm and Its Alloys.™ \. Kunromi. Osaka Unanersity. Osaka. Japan

~Spmodal for Hydrogea is Nivbium.~ Georg Akfeld. Techaaal Universin i Munich. Munich. Germany

“Diffraction Eficcts m Photocmssion from Localired Adsorbaxe Leaveb.” AL Lchsch. Universaty of
Pemasyhania. Philadeiphia. Penasvhania

“Trace Ekkment Amahsis m Blood Using Proton-indwced X-Ray Fluorescence.” Robert C. Bearse. Unsversaty
of Kansas. Lawrence. Kansas

“Survey of lonic Transport Proocsses m Siver Halide Crystab.™ Robert 3. Frauf. Unnersy of Kansas.
Lawrence. Kansas

“Sputicring As a Tool for the Investigation of Atomic Collision Cascades in Soluds.” H. H. Andersen.
Aarhus Universaty. Aarkws. Denmark

~“Ekctronc Structure and Physical Properties of Metals.™ Allan Marzmtosh. Atomic Energy Commussion
Risg. Roskilde. Demmark

=Newtron Scaticnmg Stwdics of Liquid and Amorphows Maicriak Usimg 2 Pulsed Source.™ K. Suruki.
Rescarcha Instute for Iron. Sicel. and Othrr Mctais. Toboku Universaty. Sendai. Japan

~Theory of Exctations and Phase Diagrams for Rarc-Earth Mctab and Alloys.” P. A. Lindgard. Atomac
Eacrgy Commission Riso. Roskilde. Demmark

“Newron Inclastic Scatiering in the Antiferromagnets NiS and KNiF-Mn_." Georges Parnsot. Insttute Max
von Lauc—Paul Langevin, Grenoble, France

“Radiation Eficcts in Insulators or Primtmg Without Ink.™ W. A Siblkey. Oklahoma Stawe University.
Sullwater. Oklahoma

Jomt Mctab snd Ccramcs and Solud Statc D seoms Radatus Damage Syirosmm.
Tworal Lectures.

. Spoasorcd omth v Physecs D sion and Soled State i ron.
Spomsored omthy v Chemniny nsion and Solsd Stase D seon.

-ty -
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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 Nuckar Polanzation in Solds™
University of Geneva. Geneva, Switzertand. and Ecoke Polytechnjue Federale. Lausanne. Switzerland.
“Magnetic Resonance™ (six leviures)

Y. Chen- Texas Christian University. Fort Worth, Texas. "Radation Damage in MgO™. Georgia State
University. Ailanta. Georgia. “Radiation induced Defects in MgO and CaO™

J. F. Cooke - Danish Atomic Encrgy Commission Rescarch Establshment Risg. Roskilde. Denmark.
“Theoretical Investigatirw of Spin Waves in Nickel and lron™ and “First-Principles Calculation of
Phonon Specte m High 7. Transition Metal Superconductors™ Kemforschungsanlage. Julich.
Germany. ~T heoretica: Description of Spin Waves in 3/ Transition Mctal Ferromagnets™ Institute Max
von LauePaul Langevin. Grenoble. France. "Inclastic Neutron Scattering Calkulations in
Ferromagnetic Nickel™

H. L. Davis--The Ohio Suate University. Columbus. Ohio, ~“Crystal-Field Spectroscopy via Inelastic
Neutron Scattering™

W. C. Koehler- lowa State University, Ames. lowa. “Neutron Scattering and the Rare-Earths - Fifteen
Years of Study”
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8. C. Larsoa Uanersity of Oslo. Oslo. Norway. "Dymamical and Kincmatica: X-ray Studies of Defect
Chsiers m Copper™. Universty of Munich, Munich. Germany., and Max-Phaack-Insttut fur
Mcallorschung. Stutigart. Germany. ~“The Effect of Imadmtion Temperature on Dislocation Loops in
Newtroa-lradated Copper™

F. A. Modimc Laboratowe d'Optiague Physique at Ecole Supericure de Physigue ¢t de Chimie Industriclies
de La Ville de Pars. Parws. France. and Centre dEtudes Nuclaires de Grenoble, Grenoble. France.
“Polarwvation Moduhtioa Spectroscopy at ORNL"

H. A. Mook Isstitwse Max von LawcPaul Langevm. Gremoble. Framce. “Magnetic Excitations m
Crysalime and Amorphous Transtion Metal Ferromagmets™ and ~A  Magactically Pulsed
Tmc-of-Flight Spectromener for Newtron Inclastic Scatiering Rescarch™

J. Narayas Radmatioa Effects and Microstructural Asalysis Group. Metals and Ceramics Division. ORNL,
“Chancicristics of 15-MeV Newtron Damage in Metab™

J. B. Roberto - Raduation Effects and Microstructural Amalyss Group. Metals and Ceramics Division.
ORNL. “Hygh-Encrgy Newtron Damage Calculations in Metak™

S. T. Sckula -Naval Rescarch Laboratory. Washington. DC.. “Radiation Damage in Type [l

Superconductors™

H. G. Smth Max-Planck-lastaut far Mctaliorschung. Stattgan. Germany. “Lattioe Dynamics of Layered
Compounds™: Kemforschuagsanlage. Julich. Germany. “Phoson Anomalies in Superconductors™: ETH.
Zurxch. Swirerland. “Neutron Scatiering Work at ORNL”

N. Wakabayashi - Ohio University. Athens. Ohio. “Slow Neutron Spectrometry™

R. A. Wecks- University of Musouri. Roita. Missour:. and Vanderbilt Universicy. Nashvilie. Tennessee.
“Charge Trapping in and Polarization of Glass Insylators™; St. Louis University. St. Louss, Missouri.
~Magnetic Anisotropics of Small-Particke Ferrstes: Ferromagnetic R:sonance Experiments™ Vanderbikt
University. Nashville. Tennessee, ~“Diffusion of Mn m MgO Singie Crystals: Application of
Paramagnetic Resomance Spectroscopy™: Knoxville Gem and Mineral Society. Knoxville. Tennessee.
“Colors of Crystals and Minerak™

R. F. Wood - Oklahoma State University. Stillwater. Oklahoma. ~Electronic Structure of Color Centers in

Akalime Earth Oxides™. University of North Carolina. Chapel Hill. North Carolina. “Color Centers in
Akaline Earth Oxides™

D. M. Zehner Florida Technical Institute. Orlando. Florida, University of South Florida. Tampa. Florda.
and University of Puerto Rico, Mayaguez. Puerto Rico. “Anomalous Surface Structure Examined by
Low-Energy Electron Diffraction. Auger Electron Spectroscopy and Rutheriord lon Backscattering™
and University of Puerto Rico. Rio Piedras. Puerto Rico. “Studies of Surface Structure with
Low-Energy Elkectron Diffraction and Auger Electron Spectroscopy”™
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¥ M. Abrakom

B. R. Appicion

1. B. Bates

5. W._Cable

Y. Chen

J. W. Ciedand
R. R. Coltman. Jr.

T. ¥, Connolly
J. ¥. Cooke

H. L. Davis
D. K. Holmes

Scientific Professional Activities

Recipiuent. Industrial Reseach 100 Award for 1975

Visitmg Professor. Tromaemse Cyole Romand de Chamie - Conventioe Intoncantomic pows
LEnscignement de la Chmie ot Pirysque ‘CICPY. Univerdty of Gemesa. Genesa, Ssatzerhnd

Session Charmas. Worksaop on Defects in Magnesicm Ovide and Refated Materinls. Canton.
Nutth Caroling

Participant. MIT; AEC Mecting on Critaal Neads and Opporrestics in Feadamental Ceramin Research,
January 1975

Editor. Aromu Collisions :n Suviads. vobs | and 2. Phenam Press. New York. 1975

Member. Graduate Schoet D iural Commttee. Depantevwent of Physics and Astrowomy. Ussversity
of Sourh Carolima. ( ciun:hs . South Carolim

Adpanct Professor. Depantment of Phyace North Tewas Stave University. Denton. Tevas

Member, Orpanizational and Advisory Committes. Fomrith Conference on the Use of Seall Accelerators
1t0 be held in 1976)

Grneral Chairman. 6th Meeting of the Fourier Transform Spextroscopy Growp. The Pittsburgh
Conference on Amalytical Chemistry and Apphed Spectroscopy . Clevelynd. Ohio. March 1975

Member. Steering Committee. Fourier Transform Spectroscopy Techaical Growp

Lecturer. ORAU Traveling Lecture Program. 1975 - 1976

Chaiwman. Prcgram Committee. Conference on Newtron Scattering (10 be lneld i 1976)

Lecturer. ORAU Traveling Lecture Program. 19741975

Member. Ph.D. Thesis Commitiee. Department of Physics, Georgin Institute of Technology.
Atlanta. Georga

Recipient. Industrial Reseasch 100 Award fos 1975

Session Chairman and participant. MIT/AEC Meeting on Critival Necds and Opportunitees i Fuadamental
Ceramix Research, Janoary 1975

Lecturer. ORAU Traveling Lecture Program. 1973 1375

Member. Organzing Committee. Work<hop on Defecis m Magnesium Oxide and Retated Matenals.
Canton. Nortk Carolina

Member. Advisory Panel on Publishing. Arveran Institute of Physics

Lecturer. ORAL Traveling Lecture Program. 1974 - 197§

Member. Reactor Experimental Review Committee. ORNL
Member. Radiation Damape Working Group of the Clinton P. Anderson Meson Physics Facility. LASL
Lecturer. ORAU Traveling Lecture Program. 1975 - 1976

Kditor. Solid State Physics Literatur> Guides, vol. 7. Pewum Pres:. New York. 1975

Caest scientist. Danish Atomic Energy Commision Resgarch Fstablishment Risd. Roskide.
Denmark. 1975 - 1976
Member. Thesis Committes. D patiment of Physics. The University of Tennessee. Knoxvillke. Tennesser

Member. Editorial Advisory Board. Redietion Efferts
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Member. Ph D Recrwiting Program_ ORNL
Mewmber. ORXL Fuprae P Sigrer Fellows Selection Pasel
Serber. ORNL Gesduate Sciection Panel

Yember. Newtroa Diffrac aca Cormnson. Internatonal Umon of Cry stllographs

Mcmber. Fdisonal Advisors Bour). Mrermarinnsl Journel of Magwetion

General Chawrwan. Cosference on Neutren Scattening (2o be held in 19765

Parte-pant. Workshup on Uses of Advanced Pulscd Neutron Sowsces. Arponse. [linois. 1975

Membe:. Edisornl Advisory Beurd. Marweriser [ etrers

Sember. ORNL Newtroa Beam Users” Organizing Commatioe

Fdinor. idapmrrec Form Facser Dats Skeets. lmtcrmational Usioa of Crystallography

Membe:. FhD. Thess Comminee. Department of Piryans. Georgia institute of Technology . Atasta,
Georgia

Gurst scoemtst. lnstivet far Festhotperforsshway. Kawforschngsanlage. Jalich Germoany . 1974 - 1975

Pasticipant. Wockshep on Uwes of Advanced Pulsed Newtron Sowrces. Argonnc. Hlimoss. 1975

Member. Organivmg Commr'. wve. Workshop on Defects in Mognesiam Ovide and Relaved Materials.
Caston. Nextk Carelima

YMember. ORNL Newaoa Source Commigtee

Yember. Sced Money Proposal Review Commitsee. ORNL

Guest scientist. Institete Max vom Lawe - Pasl Langevin. Grenoble. France. Summer 197§

Member. PhD. Recrwiting Pregram. ORNL

Participant. Workshop on Uses of Advanced Pulsed Nestroa Sources. Arponne. ilimois. 1975

Chaiswan. ORNL New'ron Sooro Commities

Chawman. ORNL Nestroa Beam Users” Orpanizing Commities

Member. Comminsion on Electron Charge. Spin. 3nd Mowentem Densitics of the Intermational Unioa
of Crystallogsaghy

Editec. Mapmeric Form Fecsor Davs Sheets. Intervational Usion of Crystrdography

Membey. ORNL Program Plasning 2nd Analysis Office

$saff Cosrdimator. ORNL Leng-Range Program Plasming

Participant. Workshop on Uses of Advanced Puised NeuZyon Sowrces. Aspoase. Blimois. 1975

Lecraver. ORAU Traveling Lectore Program. 1975 - 1976

Lectwrer. ORAU Travelimg Lectore Program. 1975 - 1976

Member. Program Commitiee. Conferemce on Newtron Scatrering (to be held im 1976)

Member. ORNL Newtron Beam Users” Organizing Committee

Member. American Society for Testimg Mavericis E-10 Task Growp on Descriptios. of Radiation
Domazgpe i Metals Using Fleciron Microscopy

Member. Graduate Schaol Doctoral Cosamities. Department of Physics and Astrosomy . University
of South Carolina. Columbia. South Casolim

Member. American Society for Testing Maveriols F-10 Task Grosp on Description of Radition Damage
n Metals Using Elextron Microscopy

Guest scientist. Institet fur Physik. Max-Planck-Institet fur Metaliforschung. Stuttgart. Germany . 1978

Member, Local Arrangements Commities. International Conference on Fundamental Aspects of Radiation
Damage in Metaks. Gatlimbury. Tenmessee. 1975

Sexretary. Vacwsm Metalluegy Division. American Vacuam Society. 1974 1975

Speciatl Proceedings Editor. Second Conference on Structure-Property Relationships in Thick Filrr und Buik
Courings. 1975

Member. Synchrotron X-tay and Photon Sowurce Task Force, ORNL

Contridutor. ORNL Intense Nestron Gemerator for Radnation Induced Damage (INGRID) Proposal

Editor. Proceedings Internationsl Conference on Funfementel Aspects of Redanon Dumege in Metals
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0. E. S<hws
S. T. Sckuly
H. G. Smink

E. Sender
N Wakabayzshi
R A Werks

R D. Westbwook
M. K. Wikimson

R.F. Wood

F.W. Youmg. Jt.

D. M. Jehner

Mewmber. Siocrimg Committee. Workshop on Uses of Advasced Pelacd Neutron Sowrces. Argomme. Bianoss. 1975
Participamt. Werkahop on Uaes of Advasced Pulacd Nestroa Suurves. A-pomse. Minve. 1975

Member. Radiation Dassape Subgronp of the IAEA Working Group oa R-actur Radiotive Mexmrensents
Lectarer. OPAU Tawding Lacrure Program. 1974 - 1975

Member. ORNL Neutron Sesrce Commmines

Member. Labovaiory Director’s Safety Reveew Committee for Acceletators sud Radotws Svercs
Lectroncs. ORAU Traveling Lectare Program. 1975 1976

Guest scieatist. lastruse Max voun Lawe - Paud Langevin. Grenoble. Fraace. 1974 1975
Co-Sprasor. The lnsctnatiomal Conference on Low-Lyimng Vibeational Modes 20d 1 heir Rebztivmship %o
Supercondwctivity and Farroclecmicity. San Juan. Peerto Rixv. December 1973

Visiting Profcwsoc. Degartment of Physics. Oklhoma Stase University . Stilleaser. Oklaloma_ 1974 - 1975
Research collaboratos. Brookhaven Natismal Lburatory Semammer Program on Newtrow Scat“cring

Member. Editorial Commmitece. Jouwrnel of the Amevican Coromic Socicry

Membes. Editorinl Board. Jowmel of Sownerals snd Semiconductony Solds

Exsernal Exasmimer. PD. Thesis. Vanderbils University . Nashville. Temmncsece

Coaveltant. Promotion of Meawmber of Saftf. Faculty of Philosophy I1. University of Zwrnh. Zurwh.
Swurerhnd

Lectares. ORAU Teaveling Lectuore Program. 197§

Exvermal Examiner. Ph.D. Thesis, Faculty of Sciewce. Cairo Usiversity. Cawu. Egypt

Member. ASTM Commutier Fi. Chawman of Ssboommintes on Germaniem

P ofessor s Adpencty. Department of Physics. Georgia Inviruse of Technolagy . Athats. Georgia

Sewmber. Advisory Paned of the Solid Siate Sciences Committee of dee Natiomal Rexeasch Cowncid

Secretary. Advinory Commitiee of Conferemce on Magnetisan and Magnctic Materiols

Member, P.D. Thesis Commuttee. Depariment of Physicy. Geongia lastitete of Technology. Athata. Goorgia

Chaiswnas. Evalsation Pand for Reactor Radsation Division. Natioaal Duseaw of Standards

Member. Evaluation Paned for Institute fos Materials Research. Navienal Dureas of Standards

Member. Execuiive Cosamitics. Southeasicrn Sextion of Amerian Phytical Soviety

Mcmber, ORNL Committes on Research Roxctors

Chawmaa. Orpasizing Committee. Interaational Conference on Color Cemters (1o be held i 1977)

Editos. Solid Stave Physics. Compmrer Physics Commumicsrions. North Holtand Peblishwry Company

Session Chairman. Amernan Physical Society Mecting, Denver, Colorado. 1975

Session Charman. Workshop or Defects i Magnesmam Onide and Relaved Moscrials. Canton. North Casolioa

Member. Editorial Advisory Board. Crysiel Symrhesiz. Sprmper-Vertag. New Yok, fax.

Membez. Fxecutive Commitice. American Association of Crystal Growty

Partivipant. MIT/ AEC Meeting on Critical Needs and Opposinmtic in Fundamental Ceramic Rescarch.
Jamuary 1975

General Chairraan. (ntermational Conference on Fundamental Aspects of Radiation Damape s Metaks.
Gatlinburg. Tennessee. 1975

tditor. Proceedings Intermstionsl Conference on Fumlsmentel Aspects of Redistion Demegr in Metals

Telber. DSSP Sextion. American Physical Sociery Election

Lecturer. ORAL Traveling Lecture Brogram. 1974 1975
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Personnel Changes

New Staff Members

2 Saoemtifc Suaff
E. H Kobisk (transierred from Isotopes Division)
H. L Adax (transferred from Isotopes Division)
D. W_ Ramey {tramsf>rred from lsotopes Division)
P. R Kuchm (1:ansterred from bsotopes Division)
B F. Early (transferved from Isctopes Diviaon)
R T. Yowng. Assistant Professor. Eastern Kentocky 1 versity. Richmond. Kewtecky
C.W_ White. Techam a Scaff Meraber. Bell Libosatone:. Verray FElL. New Jerses

b. Ademimistvative and Techmical Staff
B. A Caylor. Secretary (tramsferved from botopes Division)
K. B. Campbell. Semior Laboratory Technician (transierved from ksotopes Division)
€. A Culpepper. Sewior Laboratory Techmician ttransferred from niopes Division )
J. M. Dailey. Semor Laborztory Technicion (transfevzed irom Isotopes Division)
W. B. Grisham. Scewce Technologist tiransferred from Lotopes Division)
T. C. Quinby. Science Technolog:st (transferved from ksotopes Division)
J. L Scllers. Enpmeering Techaologist ( transferved from lnsirementation 20d Controls Division)
J. L Moore. Senior Engimecring Assistant (tramsferred from Instrementation and Controls Division)
L. W. Hmton. Secretary

Staj] Tramsfers and T ermimgrions
E. D. Bolling. Science Techwologist (volmtary resignation)
). R. Savage. Semior L. boratary Techmician (deceased)
J. W_Miller. Research Staff Member ( completion of temporary appoiniment)
K. W. Lirgerfelt. Secretary (volun-ary resignation)
W. A. Kamitakahara. Reseasch Siaff Member (completion of temporary appoimiment)
L. C. Templeton. Research Staff Member (retirement)
R. E. Reed. Research Staff Member (deceased)

Ao X T N

(ruest Assignments
3. Scientific Staff
€ Leibfried. Kemforschungsaniage. Julich. Germany
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F It Tasset. Institut Max von Laue Paul Langevin (1L L ). Grenvble. France
J.R_Seretlo_ Unnersaity of Fort Hare. South Al
W. Lethoit. Rerntforschungsantage. Julsch. Germany
D. % Kammer. Altwon Collere. Albson. Michnan
H P Laghiy, Umnverany of Missount  Rolla. Rolls. Missoun
C. A Rotter. West Virgna University . Murgantoun. West Virgmiz
K. Sonnenberg. Kemiorschungsanlage. Julch_ Germany
H. D. Sudhar:. Unversity of Massachusetis. Amberst. Massachusetts
H_ Verbeek. Max-Planck-Institut fur Masmaphs sik. Garching ber Munchen. Germuny
T. M. Wikon. Okiahoma State Unrversiny . Stillwater. Oklahoma
b. Graduate Students
0. J. Rubiv. Natwonal University of Mexivo. Mexko
O.W_Holland. North Texas State University . Denton. Texas
W.P. Crummett. West Virpnia University. Morgantown. West Vinginia
R. A. Medina. Geurgia Institute of Tachnology . Atlanta. Geongia
Q. C. Murphree. University of South Carolina. Columbia. Svuth Carolina
Summer Assignments
2. Saentific Staft
3. %_Garland. University of Minois at Chucago Circle. Chicago. filinots
A. Chatelain. Ecole Polytechnique Institute. Lausanne. Switzerland
A Goins. University of llinois a2t Chicago Circis. Chiczao. (Hlinois
C. L. Hoslev. Morehouse College. Atlanta. Georgia
t. 3. James. University of North Carolina. Chapel Hill. North Carolina
C. C. Waison. Yale University. New Haven. Comaecticut

F. B. Tubbs II. Farfham College. Richmond. Indiana (Great Lakes College Association. ORNL Science
Semester Program)

S. Spooner. Georgia Institute of Technology. Atlanta. Gevigia
b. Clencal Staff
R. A. Johnson. Secretary. Tennessee Technologica University, Cookeville. Tennpessee
D. L. Smalley. Secretary. The University of Tennessee. Knoxville. Tennessee
c. ORAl;  Uriveruty Faculty
A. S. Edelstein. University of Hlinois at Chicago Circle. Chicago. Illinois
G. F. Shankle, San Angelo State University. San Angelo. Texas
J. F. Guess. Trevecca Nazarene College. Nashville. Tennessee
d. ORAU - Undergraduate Research Trainees
D. W. Harmony. Oklahoma State University. Stillwater. Oklahoma
J. E. Breitling. Bethany Nazarene College. Bethany. Oklahoma
T. L. Poigreen, Carleton College, Northfield. Minnesota
K. F. Kelton. Arkansas Polytechnic Coilege. Russellville. Arkansas



