
SOLID STATE DIVISION 

ANNUAL PROGRESS REPORT 

FOR PERIOD ENDING AUGUST 31, 1959 

fv1AST£R 

ORNL-2829 
Physics and Mathematics 

TID-4500 (15th ed.) 

OAK RIDGE NATIONAL LABORATORY 
operated by 

UNION CARBIDE CORPORATION 

' for the 

U.S. ATOMIC ENERGY COMMISSION 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



$3o5Q 
Printed in USA. Price Available from the 

Office of Technical Services 

Department of Commerce 

Washington 2!', D. C • 

.------------------------------LEGAL NOTICE-----------------

This report was prepared as an account of Government sponsored work. Neither the United States, 

nor the Commission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with respect to the accuracy, 

completeness, or usefulness of the information contained in this report, or that the use of 

any information, apparatus, method, or process disclosed in this report may not infringe 

privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of 

any information, apparatus, method, or process disclosed in this report. 

As used in the above, ""person acting on behalf of the Commission'' includes any employee or 

contractor of the Commission, or employee of such contractor, to the extent that such employee 

or contractor of the Commission, or employee of such contractor prepares, disseminates, or 

provides access to, any information pursuant to his employment or contract with the Commission, 

or his employment with such contractor~ 



Contract No. W-7405-eng-26 

SOLID STATE DIVISION 

ANNUAL PROGRESS REPORT 

For Period Ending August 31, 1959 

D. S. Billington, Director 
J. H. Crawford, Jr., Assistant Director 

DATE ISSUED 

DEC 111959 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 

operated by 
IJNION CARBIDE CORPORATION 

for the 
U.S. ATOMIC ENERGY COMMISSION 

ORNL-2829 
Physics and Mat~ematics 

TID-4500 (15th ed.) 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK. 



.. 

,4 

'; 

SOLID STATE DIVISION ANNUAL PROGRESS REPORT 

SUMMARY 

. THEORY OF RADIATION DAMAGE 

Classical Scattering Theory for 
Interatomic Collisions 

The classical scattering of an energetic, moving 
lattice atom from a stationary lattice atom is 
investigated in detail. The study was originally 
motivated by the need to examine the "hard-core" 
approximation to the energy transfer distribution. 
However, the results ore of general interest since 
the method used is limited only by the validity of 
the interatomic potential assumed. Various 
general aspects of the scattering ore discussed, 
and particular results for inverse power potentials 
and "cutoff" potentials are presented. For the 
case of the screened Coulomb {Bohr) potential, 
the differential cross section for scattering as 
calculated on the Oracle is given as a function of 
the transferred· energy for primaries of kinetic 
energies ranging from a few hundred electron volts 
to hundreds of kilovolts. 

Cross Sections for Atomic Displacements 
in Solids by Gamma Rays 

Cross sections for the displacement of lattice 
atoms by gamma rays up to 5 Mev have be~n 
calculated. In this energy range it is found that 
the Compton electrons produced by the incident 
gamma rays are primarily responsible for producing 
atomic displacements. 

The Range of Radiation-Induced Primary 
Knock-Ons in the Hard-Core Approximation 

A theoretical study has been mode of the slowing 
down process for a primary displaced atom in a 
solid. In particular the range has been calcu
lated, assumin~ a screened Coulomb potential 
with the hard-sphere angular distribution after 
scattering, and compared with experimental values. 

Small Amplitude Motions of Dislocation Loops 

The small amplitude motion of dislocation loops 
is investigated in detail, taking into account the 
whole elastic field interaction between different 

parts of the loop. An effective line energy is 

calculated by a variational procedure and com
pared with the results of the usually assumed line 
energy model, which disregards interactions be
tween distant parts of the loop. For large effective 
line energies, where screw and edge dislocations 
are almost energetically equivalent, the results 
of the line energy model are correct. For small 
effective line energies, the behavior of the core 
presumably is decisive. The behavior of additive 
pinning of one loop is investigated. The inter
action between the two subloops decreases the 
apparent line energy and makes the pinning some
what less effective. The kinetic energy is calcu
lated, and it is shown that the elastic theory 
gives dependable values. Furthermore, the kinetic 
behavior of edge and screw loops does. not depend 
very ITIUCh on the elastic data. Only elastically 
isotropic media are treated. 

Studies on the Structure of Radiation-Induced 
Displacement Cascades 

The extension and internal correlations in a 
rod iati on- induced displacement cascade ore in
vestigated in detai I. The hard-core approximation 
is used for an approximate description of inter
atomic collisions. The numerical data apply to 
copper. The potential used for this substance is 
a combination of a screened Coulomb potential 
and a pure exponential potential. The data for 
this potential can be matched by comparison with 
experimental data. Shapes and densities are dis
cussed in detail. For the most interesting primary 
energies less than 5 x 104 ev the shape is rather 
spherical, and the density of defects is of the 
order of 5 at. % in copper. For a material like 
germanium, the defect densities would be smaller 
by about on.e order of magnitude. 

Approximate Treatment of Annealing with a 
Spectrum of Activation Energies and 

First-Order Kinetics 

A special model for annealing of defects in 
solids is discussed. This model is based on 
first-order kinetics applied to defects which hove 
a continuous di'stribution of apparent activation 
energies. An approximation is found which allows 
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for convenient analysis of experimental data. The 
limits of the approximation and possible appli
cations are discussed. 

DISLOCATION INTERACTIONS 

Effect of Fast Neutron Bombardment at Various 
T~mperatures upon the Young's Modulus and 

· Internal Frict-i~n of Copper 

Studies have been made of the variations of 
internal friction and elastic modulus during irradi
ation of pure copper crystals at a number of 
temperatures in the range 90 to 300°K. The results 
are interpreted in terms of pinning of dislocation 
lines by radiation defects migrating from their 
points of origin. In terms of the room temperature 
value the dislocation pinning rate is 2.5 X 10- 2 

in. the range 100 to ·140°K and (from previous 
measurements) of the order of 2.5 x 10- 5 at 20°K. 
On slowly warming,·the. sample:· after the' irradiation,..· 
it is ·found .that·at·260°K the modulus and decrement 
begin to· move· rapi.dly: toward·, their "saturation" 
values. Presumably· defects "stored" in the 
sample due to a lack of thermai mobility at the 
irradiation temperature become mobile at this 
temperature and move to the dislocation lines. 

Dislocation Contribution. to the Temperature. 
Dependence of·the·lnternal: Friction and 

Youn'g' s Modulus· of· Copper· .. 

Using neutron irradiation as a tool, it has been 
shown that there are at least two dislocation 
contributions to .the Young's modulus and internal 
friction of copper at low temperatures. These are 
the ·Bordoni relaxation spectrum due to dislocation 
movement over the Peierls potential and an 
associated background component which seems to 
fit with a. dis location bowing model. These 
are studied in deta i I. 

Elastic. Constant-Internal Friction Spectrometer 

An apparatus has been developed which makes 
possible the continuous observation of the Yo·ung's 
modulus and internal friction of a metal sample. 
These physical properties are measured as a 
functio.n of other environmental conditions sur
rounding the .sample. 
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LOW-TEMPERATURE IRRADIATION STUDIES 

Annealing Kinetics of Neutron-Irradiated 
Aluminum and Copper 

Activation energies for the annealing of copper 
and aluminum following reactor bombardment near 
4°K have been measured. ·The values measured 
appear to be too high to be accounted for by a 
single annealing process. The absence of an
nealing peaks in the region from 4 to 30°K seems 
to preclude the existence of discrete annealing 
processes in this temperature region. It .is sug
gested that the activation energies measured are 
not those required to move a defect but rather are 
those required to release the defect from a trap 
and then move it. 

Irradiation Annealing Studies of Various Metals 

Isochronal annealing studies of Cu, Ag, Au, Pt, 
and Zn ·have· been· made· after· ne:utron: bombardment· 
of the·se .:nat~rials at 4°K. Except for a shift in 
temperature, the. anne a I ing characteri sties·: foun·d 
in some of these.materials is similar to that found 
in copper. The anneal-ing of gold is quite anoma
lous compared to copper and silver in that no 
large annealing. peak is found. Damage rates, 
calculated from measured changes in· residual 
resistivity on a large number .of materials, show 
wide variations.· It has been found that bismuth 
is damag~d ·at a rate 104 that·of copper. 

The Effect of Annealing in Oxygen on the 
Residual Resistivity of Copper 

It has been confirmed that the residual resistivity 
of high purity copper can be greatly reduced by 
annealing in an oxidizing atmosphere. Quantitative 
data has been obtained showing the time de
pendence of the decay of resistivity 'of copper 
upon annealing at 700°C in 30 11 of air. The resis
tivity can be restored by annealing in ,various 
reducing atmospheres. These result's suggest 
that measurements of residual resistivity may not 
be reliable for judging the purity of a metal. 

Stored Energy of Irradiated Copper 

A redetermination of the stored-energy release 
in reactor-irradiated copper between 30 and 50°K 
was made under much more favorable conditions 
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... 
with new refinements of the nuclear-heating calo
rimetry method. The result confirms earlier figures 
with a much higher certainty. 

Design of a New Low-Temperature In-Pile 
Facility with a Neutron Converter 

The design of a new facility for irradiation
damage experiments at very low temperatures is 
described. The facility will be placed in Hole 10 
of the ORNL Graphite Reactor. In addition to the 
helium-gas-cooled cryostat, which will operate at 
about 20cK, it contains a water-cooled neutron
converter tube, which will provide an increased 
damage rate and allow some studies of the influence 
of the neutron· spectrum on the radiation damage 
of metals. 

Determination of the Gamma Flux and Neutron 
Flux in the Pool of the ORR 

A helium-gas-cooled facility has been installed 
in the pool of the ORR, which allows samples to 
be irradiated at about 50ce in an inert atmosphere. 
Measurements of the gamma heating in this fe
ci lity, which turned out to be 0.7 w/g, are de
scribed. The effective neutron flux (1/E distri· 
bution) has been calibrated by measuring the 
change in electrical resistivity and critical shear 
stress of copper single crystals and corresponds 
to a flux of 5 x 10 13 neutrons·cm- 2·sec- 1• 

The Resistance Minimum and Resistivity of 
Copper at Low T emperaturcs 

A resistance minimum is found in copper samples 
after a heat treatment in a reducing atmosphere. 
Annealing in an oxidizing atmosphere removes 
the minimum and reduces the resistivity in this 
temperature range. This phenomenon is reversible, 
and it is believed that complexes of oxygen and 
impurity atoms are responsible for this behavior. 

ELECTRON MICROSCOPE STUDIES 

Fission fragment tracks in thin films of U0
2 

have 
been studied and found to be essentially a surface 

effect in which material at the surface is dis
placed as a result of the passage of the fission 
fragments. Observations on a structure introduced 
into gold films by fast-neutron irradiation indicate 
that it is a structural defect resulting from the 
irradiation, but these observations have not per
mitted positive identification. An improved repli
cation technique for copper, which is currently in 

use on studies of the surface structure of de
formed copper, is described . 

CHEMICAL PROPERTIES OF 

METAL SURFACES 

The kinetics of the dissolution of copper crystals 
in aqueous solutions has been investigated. 
Examination of the surface structure after dis· 
solution indicated that the mechanics of dissolution 
was complicated and probably not related to 
crystal imperfections in a simple way. It was 
shown that, provided certain impurities were 
present, dislocations in copper were related to 
oxide nuclei. The technique of detecting dis
locations as etch ·pits was used to study deforma
tion processes in copper crystals. Direct evidence 
was obtained for dislocation interactions. 

DIFFUSION OF DEUTERIUM IN 

DEUTERON-IRRADIATED COPPER 

The diffusion of deute~ium in deuteron-irradiated 
copper is being studied in the temperature range 
-50 < T < 50ce by monitoring neutrons from the 
D(d,n)He 3 reaction. An analysis of the results 
shows that surface effects are rate-control I ing 
through much of the time of an experiment. For a 
particular target, irradiated at lace, the diffusion 
coefficient of deuterium is found to be about 
(2.60 ± 0.15) x 10- 2 (deuteron range) 2/sec, or 
about (6.92 ± 0.40) x 10- 10 cm 2/sec. Inclusion 
of the finite thickness of the diffusion source in 
the model is found to be unimportant. 

ALLOY STUDIES 

Experiments are being conducted on the effect 
of irradiation on atomic rearrangements in binary 
alloys of several types. These include (1) eu-AI 
(15 at. % AI), terminal solid solution; (2) Ni-Be 
(15 at. % Be), substitutional precipitating alloy; 
(3) N i-eu (2a at. % eu ), an a I loy that forms a con
tinuous series of solid solutions; (4) Au-ed (50 
at. %), intermetallic compound; (5) Fe-e (O.OOa 
wt % C}, interstitial precipitating alloy. 

Additional information has been obtained on the 
process that causes a decrease in the resistivity 
of eu-AI (15 at. % AI) upon neutron irradiation at 
40ce. It is found that the decrease in resistivity 
may also be produced by gamma irradiation at lace. 
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Also, the decrease .in resistivity upon neutron 
irradiat"ion is accompanied by a decrease in specific 
volume. Furthermore, the neutron irradiation has 
been carried out at a series of temperatures be
tween 45 and 250°C, which indicates that, although 
the reaction is speeded up upon raising the irradi
ation temperature, the magnitude of the effect is 

·diminished. These results are consistent with the 
notion that the ~lloy is in a metastable state upon 
initial co.qling from a high temp~rature and that 
the irradiation permits the metastability to be 
eliminated with an attendant decrease in resis
tivi"ty. However, when quenched alloys are irradi
ated at -128°C, it is found that, although a portion 
of the' quenched-in resistivity anneals out rapidly, 
the. remainder becomes stabilized. But, if the 
anne a I i ng is done in the reactor at 45°C, a II of 
the . quenched-in resistivity is annealed more 
rapidly than is the case for annealing out of the 
reactor at the same temperature. 

The effect of neutron irradiation on solution
annealed and quenched Ni-Be (15 at. % Be) is 

. shown to be qualitatively similar to the effect on 
quenched Cu-AI. Also, no re-solution of the 
precipitate is found to take place upon irradiation 
at 35°C of Ni-Be alloys in the aged condition. 

Experiments on Ni-Cu (28 at. % Cu} alloys indi
cate an increase in Curie temperature and a 
decrease in electrkal resistivity upon neutron 
irradiation at about 20°C. Also, a decrease in 
Curie temperature is obtained upon quenching from 
600 and 700°C. These observations suggest that 
the equi I ibri'um configuration at lower temperatures 

. involves some amount of segregation of copper 
and nickel atoms. The irradiation is thought to 
facilitate the attainment of this equilibrium. 

A torsion pendulum has been used to measure 
the damping capacity of a carburized alpha-iron 
wire in preparation for a study of the effect of 
radiation on .the precipitation of carbon in alpha
iron. 

The effect of neutron irradiation at 25'-30°C on 
the .martensitic transformations in 47.5 and 50 at.% 
ca~l;i-~m· Au-Cd ~ingle crystals has been observed. 

The crystallographic theory of cubic-tetragonal 
martensitic· phase changes has been generalized, 
and the expressionsthat result are used to establish 
criteria for the degeneracy of solutions. Further

more, a graphical method is used to investigate 
the. consequences of the assumption of a lattice 
invariant. shear on the close-packed planes of the 

cubic str.ucture. 

vi. 

SEMICONDUCTOR STUDIES 

Disordered Regions in Semiconductors 

A model for the potential well surrounding dis
ordered regions in neutron.·irradiated germanium 
and silicon is discussed. 

Fermi Level Spectrometry 

Thermal neutron irradiation of germanium alters 
the extrinsic carrier concentration by defect forma
tion as a result of recoi I following neutron ab
sorption and by the formation of chemical impurities 
resulting from transmutations. This process permits 
a form of nuclear doping that can alter the position 
of the Fermi energy level. Some preliminary 
experiments are described wherein this technique 
is utilized to examine the position and electrical 
role of reactor· and Co 60-gamma-ray-introduced 
energy levels. 

Nature of Bombardment· Damage and 
Energy Levels in Semiconductors 

The different effects of Co 60 -gamma-ray and 
fast-neutron bombardment on the electrical be
havior of germanium are discussed in terms of the 
distribution of lattice defects. 

Thermal Neutron Capture in 
Silicon .and Germanium 

The absorption cross section, .kinetic energy of 
recoi I, formation of donor and acceptor impurities, 
and effect on electrical properties are both esti
mated and compared with experiments . 

Radiation Effects on Carrier Recombination 
in Ger~an i um 

The effect of neutron and gamma irradiation upon 
minority carrier lifetime has been studied. The 
results of these studies are summarized. Annealing 
studies using lifetime measurements as a measure 
of the damage present are being initiated. 

Monoenergetic Neutron Irradiation of Germanium 

The effect of 14-Mev-neutron irradiation upon 
the electrical properties of germanium has been 
studied, using lifetime, Hall coefficient, and 
resistivity measurements to determine tbe nature 
of the radiation-produced defects. 

Thermoelectric Power in Germanium 

Measurements of an unirradiated,. n·type germa
nium crystal agree well with previous work on 
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impure polycrysta IIi ne material. Phenomena pre
viously attributed to experimental factors are still 
seen when these factors are removed. A dependency 
of thermoelectric power on /').T is observed. A 
preliminary study .has been made of the change in 
thermoelectric power of n-type germanium as a 
result of neutron irradiation. The measurements 
were made for the temperature range between -50 
and -70°C. A pronounced change in both the 
magnitude and the temperature dependence was 
observed. 

Annealing of Radiation Effects in Germanium 

Annealing of radiation-induced conductivity 
changes in n-type germanium was found to take 
place in the range between 77 and 273°K. The 
fractional recovery was about 6% in the samples 
studied, regardless ot the total amount of radi
ation-induced change or relative amount of induced 
change. The resolution of data for large, relative, 
induced changes indicates the possibility of a 
quantitative study of the annealing in this temper
ature range. 

Radiation Effects on Plastically 
Deformed Germanium 

The dislocation density of germanium can be 
altered by plastic deformation. Annealing results 
on Co 60 -gamma-ray-irrad iated german i urn have 
suggested preferential migration of interstitials. 
The effect of initial dislocation density on inter
stitial migration has been investigated. 

Hall Mobility of Irradiated Germanium 

The charge-center concentration as a func:rlon 
of temperature of high-purity, n-type germanium 
under fast-neutron irradiation is compared to 
similar data obtained for Co 60 gamma-ray irradi
ations. 

The Diffusion of Copper in Germanium 

The diffusivity, solid solubility, and acceptor 
behavior of copper in germanium is being investi
gated. Radiation studies using carrier concen
tration to ascertain the position of the energy 
levels introduced by the copper acceptor states 
are being initiated. 

Effect of Neutron Spectrum on Conductivity 

Change in Germanium 

Neutron tlux measurements were compared with 
conductivity changes in n-type germanium for a 

donut hole and a well-moderated hole. The marked 
influence of the low-energy flux indicates a satu
ration of the conductivity change vs neutron 
energy starting at about 0.2 Mev. 

Gamma Irradiation of n•Type Silicon 

Hall coefficient and Hall mobility have been 
measured as a function of temperature and Co 60 

gamma-ray irradiation on a number of n-type silicon 
samples. A trapping level located 0.17 ev below 
the conduction band is evident in all the samples. 
From the introduction rate of this level and the 
Fermi level in the material, it is tentatively con
cluded that the process of formation of the level 
may be affected by the density of donors in the 
original material. 

Magnetism of Interacting Donors 

The magnetic susceptibility of donor centers in 
semiconductors is calculated for the case of small 
interactions between closely adjacent donors. 
A hydrogenic model is assumed for th~ donor 
centers. The random distribution of the centers, 
as well as the variation of the energy of inter
action with separation distance of pairs of donors, 
is taken into consideration. A twofold modifi
cation to the Curie law (which is correct for 
independent donors) is predicted by the resulting 
expression, namely, a curvature as well as a 
decrease of the slope of the Curi_e p lo.t of the 
suscepti bi I ity vs inverse temperature. Both of 
these effects increase with the donor density, 
becoming appreciable in silicon with 10 17-10 18 

donors/cm 3 and in germanium in the range around 
1016 donors/cm 3• The theory is in good agreement 
with results of measurements. 

Magnetic Susceptibility of Aluminum Antimonide 

Preliminary measurements of the magnetic sus
ceptibility of AISb indicate more complicated 
behavior than has been observed in silicon and 
germanium. 

INSULATING CRYSTALS 

Fast•Neutron and Gamma Coloration in KCI 

Both types of radiation produce an optical ab-
o 

sorption band at 2140 A which bleaches with con-
tinued irradiation in the initial rapid rise in F-band 
coloration (stage 1). In stage II, the F-band and 
V-band growth rates are lower and constant. Any 
adjustment of reactor to Co 60 irradiation time 
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indicates a neutron effect for both F-band and 
V-band development. In stage Ill the growth rates 
are less than in stage II. Though neutron irradi
ation produces a coloration with a maximum at 
2140 A and gamma irradiation a maximum at 2080 
A, the difference between these spectra indicates 
a maximum at 2300 A. This maximum increases in 
intensity with irradiation. 

Vacuum Ultraviolet Absorption Studies of 
Irradiated Silica and Quartz 

·The most prominent optical absorption band 
developed in irradiated fused silica and crystal
! ine quartz in the spectral range below 2000 A 
has a maximum at 7.65. ev (1620 A). The effects 
of opt ica I and thermo I treatments indicate that 
this band is not complementary to a band at 5. 9 ev 

0 

(2100 A) as is normally assumed. Other ab-
s.orption bands appear at 8.05 and 8.20 ev. The 
results of optical and thermal treatments as well 
as curve fitting suggest other absorption bands at 
7.25, 7.40, 7.85, and 7.95 ev. 

Irradiation Effects and Short•Range Order 
in Silica and Quartz 

From a comparison of the envelope shape of an 
elec·tron spin resonance line observed in gamma
ray-irradiated silica with the envelope shape 
calcul<;~ted from the single-crystal parameters of 
this line, a degree of short-range order is suggested 
extending over a reg!on ~ 5 A in diameter. A 
further comparison. with the envelope shape ob
served in·. heavily· .neutron-irradiated s i I ica or 
quartz' ind)cates :an ~alteration of this order. An
nealing exper·iments show a recovery of this order 
prior to the density recovery. 

Irradiation Effects in Nonmetallic Crystals 

·Nonmetallic crystals with a variety of struc
tures and chemical compositions have been ex
posed to fission-spectrum neutrons in core 
positions of· the LITR and examined by ·x-ray 
diffraction techniques. Wherever possible, single 
crystals were employed, and the neutron dosages 
ranged between 10 1 5 and 1021 . neutrons/cm 2 at a 
temperature of approximately 85°C. In no case 
was a special technique ~sed for· examining radio
active materials, because the problem of heavy 
induced radioactivity wa~ greatly reduced by 
working with crystals weighing a milligram or 
less. Film and counter measurements were em
ployed. 

viii 

Some of the more importa.nt cone Ius ions reached 
as a .result of these investigations. are the fol
lowing: 

1. Crystals containing a high degree of covalent 
binding appear to be more susceptib~e to radiation 
effects than, say, ionic or metallic crystals. 

2. If the crysta I structure is an isotropic and if 
positive effects are produced by irradiation, then 
the effects are likely to be anisotropic as welL 

3. Where sever.al allotropic forms of a given 
substance can exist neutron irradiation sometimes 
stabilizes the high-temperature form, and this 
phase reversal may be stable up to temperatures 
approaching the melting point. 

4. Some crystals· which suffer volume changes 
as high as several per cent after irradiation still 
possess macroscopic integrity. 

5. The fact that a given crystal appears un
affected by some finite irradiation dosage does 
not preclude the possibility that damaging effects 
may be observed as a result of dosages which are 
larger by an order of magnitude or more. 

Fission Fragment Damage in Zirconia 

Fission fragments were observed to cause a 
phase transition of monodinic Zr0

2 
to the cubic 

form. The measurements indicated that each 
fission fragment affected "'106 at.oms in what is 
believed to be a "fission spike'~ mechanism. 
Pure monoclinic Zr0

2 
remains stable in fast

neutron fluxes as high as 3.6 x 102 0 nvt. 

Magnetic Susceptibility of PotassiL;m 
Rhenium Chloride 

The temperature dependence of the magnetic 
susceptibi I ity of K2ReCI

6 
has been measured 

between room temperature and 5°K. Above 60°K 
the data may be fitted by a Curie-Weiss law; how
ever, at low temperatures large deviations occur. 
There seems to be I ittle correlation between these 
deviations and specific heat anomalies, which 
occur above 75°K. 

POLYMERS AND CERAMICS 

The decrease in molecular weight of polymethyl 
methacrylate after irradiation has been followed 
for periods up to 500 hr. The magnitude and time 
dependence of the. molecular weight change was 
the same whether the samples had· been outgassed 
at room temperature or at 140°C, prior to irradi
ation. This indicated that the postirradiation 
change was caused by a reactive radiation product 
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rather than by unstable oxidation products. Two 
possible reaction mechanisms involving free radi
cals were applied to the data, but equations using 
react ion constants available from the I iterature 
were not satisfactory. For practical testing pur
poses it was noted that heating to 80°C for 1 hr, 
followed by aging for 24 hr at room temperature, in 
vacuo, brings the molecular weight to within 5% of 
the value reached after 500 hr of aging at room 
temperature. 

The irradiation of specimens of polystyrene of 
0.010 and 0.080 in. thickness indicates that the 
thin specimens undergo cross-linking at a greater 
rate than the thick specimens. This thickness 
effect is of the same order of magnitude as the 
acceleration of cross-linking by the orientation of 
the polymer molecules, but the dose dependence 
ot the two ettects is not the same. Exposure of 
irradiated specimens to air for various periods has 
revealed that postirradiation oxidation is not re
sponsible for the observed effect. 

Deuterated basic bery II ium acetate complex has 
been irradiated for doses up to 2.9 x 1022 ev/g 
(4.6 x 108 rods) at a thermal-neutron flux of 
6 x 10 11 neutrons •cm- 2 .sec- 1 to give neutron 
doses up to 1.6 x 10 18 neutrons/cm 2• The total 
gas evolution was 0.52 molecule per 100 ev of 
absorbed energy, and the evolution of gas n.ot 
condensed at -190°C was 0.41 molecule per 100 
ev. A decrease in melting point cis a consequence 
of irradiation was obse'rved. The change in melting 
point was linear with radiation dose, decreasing 
from the initial value of 287°C to 251°C at the 
maximum dose, 2.9 x 10 22 ev/g. Irradiation 
produced no change in the x-ray diffraction pattern 
of the samples. 

The effect of an exposure of 2 X 102 0 nvt 

(thermal) in the ORR on the thermal stability of 
Cassiar, Thetford, crocidol ite, and amosite as
bestos was studied. Since there was not much 
change, this study wi II be extended to higher 
exposures. Greater weight loss was observed for 
the Thetford and crocidolite materials. 

The energy absorbed in hydrogen and carbon 
from fast neutrons and gamma rays was calculated 
from calorimetric measurements made in Holes 19 
and 51 of the ORNL Graphite Reactor. Corrections 
from thermal-neutron reactions are described and 
are sma I lest ins ide the uranium converter in Hole 
51. Comparison with calculations from neutron 
flux measurements shows better agreement with 

the calorimetric value, for the case of the con
ver.ter, 

RELATIVE EFFICIENCIES OF NEUTRONS AND 

GAMMA RAYS IN POLYMER 

IRRADIATION EFFECTS 

Polymers were irradiated in a reactor and a 
cobalt gamma-ray source. The results, when com
pared with calorimetric measurements, determine 
the relative efficiencies for fast neutrons and 
gamma rays. The cleavage reactions in polymethyl 
methacrylate and polyisobutylene have lower 
efficiencies for fast neutrons than for gamma rays, 
and the gassing reactions in allyl diglycol carbon
ate, nylon, and polyethylene have higher effi
ciencies for fast neutrons. 

EVALUATION OF THE 

ORNL GRAPHITE REACTOR 

A stored energy evaluation of the ORNL Graphite 
Reactor indicated that no unduly hazardous con
dition existed. It was shown that less than 5% of 
the moderator volume was capable of undergoing 
a spontaneous energy release. 

CRYOSTAT FOR HOLE 50, 

ORNL GRAPHITE REACTOR 

A cryostat was installed in Hole 50 of the ORNL 
Graphite Reactor. Irradiations may be conducted 
at temperatures approaching that of I iquid nitrogen 
in a flux field of about 3 x 10 11 nvf and 7 x 10 11 

nvth at a reactor power at 3400 kw. Samples may 
be inserted and removed during reactor operation. 

HIGH-TEMPERATURE REACTOR FUELS 

An irradiation program is well under way to 
evaluate the stainless-steel-canned uo2 fuel ele
ment for the Experimental Gas-Cooled Reactor 
(EGCR). Postirradiation examinations include 
measurement of fission gas release and structural 
stability. Two additional experiments were con
structed in the ORR: one for instantaneous fission 
gas release studies and the other for studies of 
advanced fuel materials. 

A high-temperature oxidation-resistant cladding 
(SiC-Si) for graphite was studied for thermal and 
radiation stability. The thermocouple irradiation 
program was completed and calibration deviations 
established for Chromei-Aiumel and platinum vs 
platinum-10% rhodium couples. 
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BRITTLE FRACTURE OF METALS 

A new program to study irradiation embrittlement 
of metals was begun. The mechanical properties 
of high-purit.y iron and iron-carbon alloys will be 
determined as a function of material and test 
parameters in order to conduct later irradiation 
experiments, particularly at elevated temperatures, 
with stable materials. 

RADIATION METALLURGY 

Commercial carbon ste~ls irradiated at temper
atures up to 3.30°F exhibited a rise in notch-impact 
transition tempe.rature that is linear with the 
.logarithm of the fast-neutron dose from 10 18 to 

.x 

1020 nvt (>l Mev}: Greater change was obs~rved 
for a quenched and tempered a·lloy steel and lesser 
change for a high-purity iron-carbon alloy .. Data 
for three steels indicated that irradiation at 390°F 
is less damaging than at less than200°F. Other 
data indicates greater damage at 270 and 440°F 
than at less than 200°F. 
· Tube-burst tests on lnconel are continuing in 

the ORR. The rupture lives are similar to those 
observed in the last MTR experiment: a factor of 
3 to 5 lower than the out~of-pile rupture lives. It 
is suggested that the presence of boron and its 
nuclear transmutation products (helium and lithium} 
may be responsible for these results·; An in-pile 
stress-rupture program on beryllium has been 
iroitiated. 

v 
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THEORY OF RADIATION DAMAGE 

CLASSICAL SCATTERING THEORY FOR INTERATOMIC COLLISIONS 

D. K. Holmes G. Leibfried 1 0. S. Oen 

An adequate understanding of the effects of irradia'tion on solids must eventually be based upon the 

knowledge of the complete collision histories of the primary, secondary, etc., knock-ons. The collision 

histories are determined by the details of the single coli is ion process between a moving lattice atom 

and a stationary lattice atom. Finally, the collision process is determined by the interatomic potential. 

It is the fact that so little is known of the interatomic potential which has held up progress in the theo

retical understanding of radiation damage. This potential cannot at the present time be obtained prac

tically by direct calculation from the principles of quantum mechanics; further, experiments which could 

give information on the form of the potential ore just now beginning to be considered. 2 • 3 Some calcu

lations hove already been attempted on the basis of assumed forms of the potential, with the hope of 

interpreting preliminary experimental results. In particular, Nielsen 4 has considered a potential of 

the C/r2 form with special choices for C; and two of the present authors have considered 5 the form 

taken by Bohr, that is, 

where 

E -ria 
Be 

V(r) = --.,--
2r/a 

2Z 2 e 2 

a 

(1) 

(2) 

and a= the screening radius. Neither of these calculations is internally consistent since, for purposes 

of making the calculation feasible, an approximate angular distribution, ·namely, the "hard-core approxi

mation," was assumed and used along with the exact spatial dependence of the particular potential 

function. 

The present investigation was begun with the purpose of estimating the error introduced by the use 

of the approximate angular distribution and with some hope of discovering a more exact method of cal

culation. lt. is now felt, however, that the work has a greater importance for the broader problems. It 

seems clear that the scattering of atoms with energies in the 100- to 100,000-ev range by identical 

stationary atoms will continue to be a basic problem in radiation damage. It also seems certain that 

treatment by class i ca I mechanics, as used here, is sufficiently accurate. Thus, the experience gained 

10n leave from Teehnisehe Hochschule, Aachen, Germany. 
2R. A. Schmitt and R. A. Sharp, Phys. Rev. Lellers 1, 445 (1958). 
3M. I. Guseva, E. V. lnopin, and S. P. Tsytko, Soviet Phys. ]ETP 36(1), 1 (1959). 
4K. 0. Nielsen, in Electromagnetically Enriched Isotopes and Mass Spectrometry, Academic Press, Inc,, New 

York, and Butterworth, London, 1956. 
50. K. Holmes and G. Leibfried, "The Range of Radiation Induced Primary Knock Ons in the Hard Core Approxi

mation," to be published in]. Appl. Phys. See abstract, this report. 
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in this investigation can be of great value in utilizing the increased knowledge of the interatomic po

tential as it is gained. Further, certain results ccin be obtained which are applicable for a wide range. 

of potentials. The present discussion is only a preliminary report of the current study of this problem. 

The Classical Scattering Integral 

The collision between two like atoms 6 is.describable classically by the foll~wing equations: 7 

with the following definitions: 

® = Tr- 2p 

® 
T = E sin 2 -

2 

417 dp 
K(T} =- p-

. E sin® d® 

®=the scattering angle in the center-of-mass system. 

(3) 

(4) 

(5) 

V{r) =the interatomic potential as a function of atomic separation, u = 1/r. (Consideration is re

stricted here to monotonic potentials.) 

u0 is defined by 

E =the initial kinetic energy of the moving atom, 

p = the impact parameter. 

T = the: kinetic energy transferred to the struck atom. 

K(T)dT =the cross section for energy transfers in the range (T, T + dT). 

One other definition wi II be useful in the following discussion: 

R =the distance of closest approach is defined by 

E 
-= V{R) • 
2 

(6) 

(7) 

A few points with respect to this set of equations are worth noting. First, the description is precise 

within the framework of classical mechanics; and its applicability to the present problem depends on the 

knowledge of the potential function, V{r). Second, the integral of Eq. {3) can be explicitly performed in 

6Throughout the following. we will consider only coli isions between eq·ual masses, ·the most important case for 
elemental· solids, However, the results may be readily extended to ·cover encounters in which the masses are 
unequal. · · 

·7H. Goldstein, Classical Mechanics, p 73, Addison·Wesley, 1950. 
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terms of closed functions only in a few special cases, discussed later; and, in general, numerical tech

niques are required. Third, a very large value of the impact parameter corresponds to passage of the 

incident particle at a very large distance from the stationary atom, thus to a small angle of scattering 

and a small energy transfer. Conversely, a value of p near zero corresponds to a nearly head-on col

lision, thus to a scattering angle, ®, near rr, and a transfer of nearly all the kinetic energy of the moving 

atom to the struck atom. If the potential has a nonvanishing value for any separation less than infinity, 

no matter how large, the cross section K(T) diverges for Iorge impact parameter, that is, small T; and, 

further, the total cross section given by 

a= JE K(T) dT (8) 
0 

also diverges. That these divergences are not of physical importance may be regarded in two ways: (1) 

It may be that the actual interatomic potential (particularly in a lattice of atoms) essentially vanishes 

beyond a certain separation (e.g., in a lattice of atoms the lattice spacing itself serves as a natural 

limit for applicability of the interatomic potential); thus, the divergences in reality do not exist, and 

the proper representation of the potential is not the usual, continuous functional form, such as com

binations of powers of r and exponentials, but rather the latter with some "cutoff" radius. (2) The 

divergence may be such that the collision history of an atom is not effectively different from that which 

would be predicted from the appropriate "cutoff" potentiar; thus, both histories would consist of many 

collisions of nearly zero energy transfer and a few of significant energy transfers. More quantitatively, 

it might be considered that the divergences of K(T) and a are unimportant if 

is finite. 8 

E f T K(T) dT 
0 

The Elementary Cases 

It may be worth while at this point to present the results of the use of potentials whose forms are 

such that the integral in Eq. (3) may be readily performed. 9 These cases are: (1) a constant potential, 

V(r) = V 0 , (9) 

corresponding to no scattering; (2) the "hard-core" potential, 

{

0, 
V(r) = 

oo, 
( 1 0) 

---··----------------------
8 The correct ions for small-angle deflections introduced by quantum mechanics serve to keep the properly cal cu

lated cross section finite. However, these corrections are important only far energy transfers even smaller than 
those excluded by a realistic cutoff of the potential, 

9 Nate that we are restricting our considerations to repulsive potentials, which is expected to be appropriate to 
atomic scattering problems, 
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corresponding to the scattering from an impenetrable sphere; (3) the Coulomb potential, 

z2 e2 
V(r)=--, 

r 

corresponding to the scattering of charged particles; and (4) the inverse r-squared potential, 

c 
V(r) =-, 

,2 

which does not correspond to any known phys[cal system. The result's are summarized in Table 1. 

( 11) 

( 12) 

The ratio tabulated in line 5 of Table 1 is of interest from the following viewpoint. The hard-core 

potentia I provides a mathematically simple form for the scattering law, thus suggesting the attractive 

possibility that the true potential may· in some sense be replaced by the hard-core potential as a good 

approximation. As a first guess we try using for the approximating hard-core radius, R.(E), the distance 

of closest approach in a head-on collision, as given in Eq. (7). Then the ratio given in line 5 of Table 1 

can be used to determine in what ranges, if any, the approximation is useful. Graphs of these three 

ratios are given in Fig. 1 (along with other curves, to be discussed later). Note that all three of these 

ratios. depend only on T/E, the ratio of the transferred energy to the initial energy, and not onE alone. 

This is, ofcourse, not true in.general. 

Line 9 of Table 1 gives the ratio of energy transferred per unit path length for the given potent'ial to 

t~at for the hard-core potential, used as previously described. Note that the Coulomb potential is special 

among inverse-power-law potentials in giving a divergent resul.t for this integral. This indicates-that, to 

be realistic,. the Coulomb potential must be modified or cut off in actual application. 

Some General' Properties of the Scattering Integral 

The Cross Section Near the Limit of Maximum Energy Transfer. - In the limit of v~nishing impact 

parameter, for which case the total en~rgy, E, is transferred 'to the struck atom, it may be shown by 

consideration of the limit of Eq .. (3)that the scattering angle approaches 11 .in such a way that 

where I i is the following integral: 

R is defined by: 

.4 

E 
V(R) =-. 

2 

( 13) 

( 14) 

.. 

i 
!: r 



2. R{E)a 

3. 0(p) 

E K(T) 
5-

• r.R 2(E) 

E K(E) 
6.-

irR2(E) 

7. Small angle approximation 

to the ratio of ·I ine sd 

8. Momentum approximation 

to line 5 

Il TK(T) dT 

9. 2 
(E/2) r. R (E) 

aFrom Eq. (7). 

Constant 

Potent iol 

b 

0 

0 

b 

.b 

b 

b 

b 

Table 1. The Elementary Cases 

Hard-Core Potential 

{ :. 

e 

e 

1. 

Coulomb Potential 

E 

1 p E ( 
2 2)-112 

2 sin- 1 + z4e4 

4 

(Diverges lcgadthmically as the 

lower limit of ihe integral ap

proaches zero) 

bThe constant potential case is unrealistic and is cited only For comparison. 

cThe form given applies onl~· in the range 0 5 T .$E. 
<!This is from the form of Eq. (17) - -

eThe approximation scheme is not applicable to the hard-core potential. 

Inverse r-S.quared Potential 

c 
2 

T 

[ ( 2 ·)-1/2] 
r. 1- 1 + E:2. 

2 

4 

7 

2 

TT 

8(T/E) J/2 

"'1.6 

( 
2 . _1 Vf\4c 

1 --s1n -: l2 
r. c IE 

( 
2 .. -1 

~ -;Sin 

2 . -1 
--51:"1 

11 

/'T.) V£ 
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UNCLASSIFIED 
ORNL-LR-OWG 41099 

5·0 ~-.---....... ~ -.-\-,-l-,-1----.1-,-----1-,-1----.l-,----,1 

i --- HARD CORE CROSS SECTION 

\ 1' i ----EXACT CALCULATION FOR THE 

4 _0 1---\C.,,:-:J.--J-1~~ + BOHR POTENTIAL(R;o = 1.05) _ I\\ '\ -------- APPROXIMATE RESULT USING 
' ' ~\ , CUT -OFF POTENTIAL 

',, \\\ ---EXACT RESULT FOR THE 
', \\\ COULOMB POTENTIAL 

3.0 1----1-----l-"'' '<""•·~ ~\ --EXACT flESULT FOR THE 
INVERSE r-SOUARED 

~ ~ ' 

-

. kiN ~· POTENTIAL 

1\ ',, ' 
2,.0 1----1-----l--t~~rl"',.-1-----ll--l--+--+---l 

\~ ,, ' '•, 

~ '• 
~~!:--- '·-,,, 
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TIE 

Fig. 1. Comparison of the Differential Scattering 

Cross Section as Calculated Exactly for the Coulomb, 

Inverse r-Squared, and Bohr Potentials, and as Approxi· 

mated by the Cutoff Potential of Eq. (43). 

This result gives the values shown in line 6 of Table L Also, 

E K'(E) = _ (~ _ 4/2) 
K(E) 3 /3 

1 

where 

-/2 = il/R _du_ [-u2 + V _d (-u2 )] 
0 V l _ (2V/E) 2 du dV/du 

( 15) 

( 16) 

The Cross Section for Low Energy Transfers. - In the limit of very large impact parameter, for which 

case the energy transfer becomes vanishingly small, it may be shown by direct manipulation of the in

tegral of Eq. (3) that a first approximation is given by 10 

In the integrand of Eq. (17) 

"'2 ®=-
E 

dV 
V'=

dr 

( 11) 

( 18) 

10The mathematical treatment. assumes that the potential is continuous and has a continuous first derivative 
over the infinite range. 
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and is to be taken as a function of u = llr . . For any specified potential, then, the cross section as a 

function of energy transferred may be obtained from Eqs. (4) and (5). The limits of validity of the "small

angle approximations" as given in Eq. (17) have not been properly examined. The terms neglected in

volve powers of the quantity alp higher than 2, in comparison with the term retained, which is just of 

the second power in alp. (Here a is some typical length for the potential.) However, the coefficients 

of the higher power of alp have not been evaluated, so that one can only say that the approximation 

becomes better for larger impact parameter; and one cannot yet estimate the error in the approximation 

at any given value of alp. 

The "small-angle approximation" of Eq. ( 17) has an interesting relation to the "momentum approxi

mation" commonly used in the limit of large impact parameter. This approximation is obtained by 

calculating the.energy transferred to the moving atom (in the center-of-mass system) under the assumption 

that it moves in a straight line past the center of force at a distance p. Thus, the momentum transfer is 

computed from the knowledge of the impulse of the force perpendicular to the ·line of motion, with the 

effect of the deflection neglected. The result is an approximation for the energy transferred as a function 

. of the impact parameter, 

/2 
. 3 

T(p) =-, 
E 

where 13 is as defined in Eq. (17). From the general relationship of Eq. (3), 

0 13 (p) 
sin-=--

2 E 

( 19) 

(20) 

Thus, the two approximations [that of Eq. (17) and that of Eq. (20)] are not strictly identical; however, 

since both apply only in the range of small 8, where sin (812) ··v 812, the differences are not important 

in the range of applicability. Unfortunately, the momentum approximation also does not afford an es

timate of the error involved in its use. The approximating forms for both cases, for the cross sections 

using the two simple power potentials, are given in Table 1, lines 7 and 8. It is interesting to note 

that the momentum approximation [Eq. (20), used with Eq. (5)] is identical with the exact result for the 

Coulomb potential. For the inverse r-squared potential, the momentum approximation is again somewhat 

closer. to the exact result than the small-angle approximation. In this case, however, the two approxi

mations bracket the exact result, with the small-angle approximation giving the highest values for the 

cross section. 

7 
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An Alternative Fo~m for the Scattering Integral. 11 
- With the help of· Eq. (6) and a change of variable, 

the integral-of Eq. (3) may be put in an alternative form: 

l uo--~1==2d=Vu=(u=)===2-2iYu;_· __ ~~======dx==~~====== 
-

2_ [V(uo)- V2(uo - x2)] 
----.-- u + 2u

0
- x 2 

P2 Ep2 2 Ep X 

The advantage of the second form is particularly great in numerical integration, which is necessary for 

more. complex forms of the potentia I function. The second form avoids· the difficulty of the divergence 

of the integrand at one limit, which is shown in the first form and .which may be inconvenient for nu

merical work. 

Some R~sults for Inverse Power Potentials 

It seems worthwhile to investigate inverse power potentials more closely. The reason is that one 

can approximate any potential rather well by a power potentia I, at least over a limited range. The 

approximation is· made as follows. The approximate potential, V , is chosen to agree in absolute 
a pp 

value and in slope at the distance of closest approach, R, as defined by Eq. (7). Therefore, one has: 

V (r) = V(R) -· (R)n 
a PP . r 

and 

V, V(R) 
(R) =- n - = V '(R) 

. app R 

The last equality, then, determines the power, n, 

RV'(R) 
n=----

V(R) 

For a potential of the Bohr type [Eq. (1)], one obtains 

R 
n =·1 +

a 

(22) 

(23) 

(24) 

(25) 

This approximation matches the true potential near the distance of closest approach and should give, 

therefore, dependable information about near head-on coli is ions and thus about transferred energies near 

E. Now n is a measure of the steepn~ss of a potential for any given incident energy. The condition 

for hard-core scattering is essential-ly. 

n > > 1 . (26) 

Thus, one can anticipate a close resemblance to the hard~core behavior for large n. 

11 0riginally suggested by H. C. Schweinler. 

8· 
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. For power potentials, the integrals 11 and 1
2 

of Eqs. (14) and (16) can be easily calculated. The 

results are: 

<n> 1 r (~ )r (~) 
11 

= nR ( 1 . 1) . r -+-
. 2 n 

(27) 

and 

(28) 

Thus, the ratio of K (E) to the hard-core value is given by n 

(29) ---=---= 
rrR2 (1, R)2 

For large n one gets the exparis ion 

E Kn (E) 4 In 2 "" 2.8 
---=1---= 1-- (30) 

n n 

which shows that really K (E) approaches the hard-core value only rather slowly with increasing n. The 
tl 

behavior of this ratio with n is shown in Fig. 2. 

U.l:! 
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e EXACT RESULT FOR K!E) 
FOR THE BOHR POTENTIAL -
PLOTTED AT A VALUE OF n 
GIVEN BY EO. 30 

I I I 
IV 

n 

Fig. 2. The Comparison of the Cross Section fo~ 

Maximum Energy Transfer in an Inverse Power Potential 

with the Corresponding Ha.rd-Core Value as a Function 

of the Power of r ·in the Potential. 
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Also included in Fig. 2 are some corresponding values obtained from the numerical work (to be de

scribed in the next section) for the Bohr potential. Using the known values of Ria obtained from the 

chosen values of E, using Eqs. (1) and (7), the appropriate value of n at which the ratio of the cross 

seCtions is to be plotted may be obtained from Eq. (25). 

Since the limit of the expression 

a1 (~)r (+) 
· ( 1 a) n1 -+-
. 2 n 

for large n is unity, one can easily see that the limiting value of 12 is 1/[6(nR)3] and that the limiting 

value of 11 is 1/nR. Thus, according to Eq. (15), K~(E) tends toward zero with increasing n, showing 

the resemblance to the hard-core approximation. Table 2 gives. some specific values forE K'(E)/K (E). . . n n 

'As may be seen, even for n = 10, the slope is still appreciable. 

Though the study of the momentum approximation for power potentials is of little value for the 

present problem·; since it· is felt that· .the. Bohr.·potential .of.Eq.· (1)· is. a .better. representation of-the true· 

potential for the ene~gy range of interest and .th'at power.·potential.s cannot fit well with· an exponentially 

decr.easing potential except over· a· .short. range, some·:rtlsults in· the. momentum·.a·pproximation are ·given. 

here for comparison with the hard-cor.e ·approximation. The integral I j of Eq. (17) can be evaluated 

for any function, V(r) = constlrn; and, using Eq. (19), we obtain 

~with .. 

\ 

10 

(E)l/n 
p2 = R2 _ ·. c21n 

. 4T · · n 

. Table 2. The Slape af the Crass Section at Maximum 

Energy Transfer for Inverse Power·Potentials 

n = Inverse Power of r 

2 

3 

4 

5 

10 

2; 

1.47 

1.16 

0.93 

0.72. 

0.57 

(31)' 

(32) 

·-

v 

! 
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This gives for the differential cross section, using Eqs. (4) and (5): 

E K~TTmRo m2 ) ( T) = ( TE) 1 + ( 1/ n) ~C-~-/-:-n-
(41/")n 

(33) 

One would expect that the hard-core approximation for large n would be rather good for values ofT 

larger than T 'given by 

[] K(mom) (T ') 
n 

1 , (34) 

or, from Eq. (33), 

T' 
c2/(n+l) 

n 
-------- (35) 

It is easy to see th~t T 'IE for large n is essentially determined by the term nn!(n+ 1 ) ""n in the de

nominator, and, thus, for large n it is seen that the energy range where the hard-core approximation may 

be~useful is rather large. 

Numerical Results Using the Bohr Potential 

The screened Coulomb potential, as given in Eq. (1), is especially interesting for the present class 

of prob I ems since there is rea son to suppose that over some of the energy range the actua I interatomic 

potential may be well represented by that form. This potential and the choice of the screening parameter 

have been previously discussed. 5 The point of interest here is the exact calculation of K(T) for this 

potential. In the previous discussion 5 the form K(T} was taken to be that of the hard-core approximation 

with the appropriate radius; thus, as a suggested approximation, 

(36) 

with R(E) defined by 

2 2 Ria 
(37) 

The use of this approximate form is attractive because its simplicity allows for explicit evaluation of 

certain averages over the collision history of the moving atom; however, it is, of course, important to 

try to evaluate the validity of this approximation. 

The calculation of K(T) from Eqs. (1)-(5) for the Bohr potent.ial form was performed numerically on 

the Oracle a·i· ORNL. The results for the specifically interesting ratio, E K(T)ITT R2 (E), are shown in 

Fig. 3. The result, of course, depends on the value of E chosen; the various choices made ore indi

cated in Fig. 3 by the appropriate value of Ria as obtained from Eq. (37) once E has been specified. 

11 
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0 L------L----~------~----~------L------L----~------~----_L ______ L_ ____ ~ ____ _J 

0 O.t 0.2 0.3 0.4 0.5 0.6 

TIE 
. 0.7 0.8 0.9 1.0 t.t 1.2 

Fig. 3. The Ratio of the Cross Section per Unit Energy Range to the Hard-Core Cross Section for the Bohr 

Potential far Various Energies as a Function of Transferred Energy. 

A typical one of these curves is included in Fig. 1 and compared with the K's for the Coulomb and in· 

verse r-squared potentials. It is to be noted that the ratio chosen [namely, ·to TTR 21E, where R is 

calculated from Eq. (7). for each potential] is independent of E for the two elementary potentials. 12 

For the cases Ria = 3.4 and Ria = 5.25, the curves shown include all the values calculated to date. 

With respect to the original problem of the. error involved in the hard-core approximation an~ also 

with respect to the larger problem of using the true cross-sectional form in a more exact calculation, 

no firm conclusions h0 ve been achieved at this time. The cross-section curves for low energies 

12As a help in interpreting Fig. 3, it. may be mentioned that for copper, E8 "-' 105 ev, so that Ria"-' 0.35 cor· 

responds to E "-' 2 X .10 5 ev; Ria "-' 1 corresponds to E "-' 30,000 ev; Ria "-' 3.4 corresponds to E "-' 1000 ev; ahd 

Ria"-' 5.25 corresponds toE"-' 100 ev. 

12 
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(R i a = 3.4 and 5.25, for example) do not lie as closely to the hard-core form as had been hoped before 

the calculation was performed. On the other hand, the significance of the error is not known. 

It is of interest to compare the exact results with the momentum approximation. For the Bohr po

tential form, the integral / 3 of Eq. (17) is related to the hyperbolic Bessel function K 1, as shown by 

Brinkman; 13 the precise result corresponding to Eq. (19) for the potential of Eq. (1) is: 

The cross section may be calculated from Eqs. (4) and (5), with the result : 

where 

E K(T) 4E 2 pi a 
--- = ----

E 2 F(pl a) 
B 

K~ (x) 
F (x) - K

1 
(x) K

0
(x) +--

x 

(38) 

(39) 

(40) 

In Fig. 4, the ratio calculated from Eq. (39) 14 is shown in comparison with the same ratio as numerically 

evaluated for the same choices of E8 1 E . It is clear from Fig. 4 that, while the momentum approximation 

is better for small values of T I E , it is not possible to make a general statement as to the error. It 

appears that it is not even possible to be sure whether the approximation is greater or smaller than the 

exact value, since both cases are found for different values of E and sometimes both cases can be 

found in different ranges of T I E for a single value of E . It does seem that the approximation is poorer 

for the low energies (R ia> 1),where it was hoped that the approximation could be used to supplement 

the numerical wo.rk. The small-angle approximation is generally not quite as good as the momentum 

approximation, over the range in which the two differ. 

Some Aspeds of Scattering Using Cutoff Potentials and Matching Potentials 

It has been pointed out previously in this report that perhaps a more realistic scattering potential 

for interacting atoms is one which goes to zero at some finite distance of separation. The point of view 

taken is to investigate these cutoff potentials in order to try to get more information about the real 

scattering, which is presumably well represented by the Bohr potential. For instance, this procedure 

should be more accurate than the hard-core approximation to the Bohr potential. 

13J. Brinkman,]. Appl. Phys. 25, 961 (1954). 
14

The actual values of the Bessel functions were used for the results of Fig. 4, using Besse l Fun ctions, Part [, 
Cambridge University Press, New York, 1958. The asymptotic forms for the Bessel functions, using only the first 
terms, arP. not s ufficiently accurate over the range of intere~t. 

13 
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Fig. 4. The Momentum Approximation to the Cross Section in Comparison with the Calculated Values fo r the 

Bohr Potential Form. The numbers beside the curves give the R/ a value s . 
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With a cutoff potential of the form 

V = {V(r) 
. 0 , 

(41) 

I'> '1 , 

the scattering integral [Eq. (4)] becomes. 

11- 2 sin-i pu
1 

- 2p 

(42) 

0 , p > '1 , 

where u
1 

= 1/r
1

• It is seen that the integral in Eq. (42) is the same as in Eq. (3), except that the lower 

limit is now u 1 rather than zero. Thus, one is still faced with intractable integrals, except for· a few 

::.irnpl~:: pott=ntial function::.. 

To date, preliminary work has been done using two different cutoff potentials 15 in which the integral 

[Eq. (42)] can be done analytically. With a potential of the form 

(43) 

the differential cross section is 

(44) 

where the positive square root is taken if TIE< ~and the negative square root when TIE::>~- It is 

15A third potenti~l has not yet been investigated but seems to provide a close fit to the Bohr. potential; this 

p~tential has for the first part of Eq. (41), V(r) = (c 1/r
2)- (c 2/r). 

15 



SOLID S,TATE PROGRESS REPORT 

seen 'that in the limit of small energy transfers, T-> 0, the above cross section becomes 

and thus remains finite. The parameters C 3, r 1 can be determined by matching this potential and its 

first derivative with the Bohr potential at the distance of closest approach. This has been done for 

the case when the ratio R/a of the Bohr parameters is 1.05, and the resulting scattering cross section 

is shown in Fig. 1. 

It is interesting to apply the momentum approximation ·to determine the scattering from the above 

pot~ritial. It is expected that the momentum approximation wi II be good for small deflections corre

sponding to p '"" r 1• However, it is found that the limit of 8approx/8exact b~comes 1 + C 3 r~ as the 

deflection angle approaches zero. It is seen, therefore, that the momentum approximation breaks down 

even in the limit of zero scattering angle u~less C 3 r~ is zero. However, the case of C 3 r~ = 0 is un

realistic since it corresponds. to zero. scattering potential; and, moreover, from. the matching of the 

above potential with the ·Bohr· potentia I at ·the ·distance· of- closest approach,· it can be· shown that. C 3 rl 
is always greater than unity·; It is concluded that it is necessary· to exercise caution when· applying 

t~e momentum approxim~tion, at least when dealing with cutoff .potential. fields. 

· ·Another cutoff potential which is currently being studied is 

(45) 

The scattering integral [Eq. (42)] can also be done analytically, using the above potential. The above 

function has three parameters; therefore, it is possible to match the potential, with its first and second 

derivatives, with the corresponding quantities of the Bohr potential. Thus, one should get a scattering 

cross -section which agrees more closely with the. Bohr scattering than that from Eq. (44), which has 

only two parameters. 

The matching of potenfials at the distance of closest approach, where this distance is that occurring 

in a head-on ~ollision, has .been discussed in a previous section of this report. An alternative way of 

matching potentials is to match them at the minimum orbital distance of approach, where this distance 

depends on the impact parameter and reduces to the distance of closest approach for the case of head-on 

collisions. 

To illustrate the method, the scattering from a C 2/r
2 potential has been ~~proximated by that of 

a C /r potential, where C 1 is a parameter adjusted to match the potentials at the point of closest 

approach in the orbit corresponding to a particular impact parameter. 

16 
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For a Coulomb potential, the relationship between the impact parameter and the transferred energy 

is 

(46) 

and the scattering cross section is 

. df.J2 rrC~ 17 (E _ T) dC~ 17 (E _ T) dC~ 
K 1(T) =-77- = --- -- -- = K2(T)-- -- --

dT ET2 E2 T dT E'- T dT 
(47) 

hi Eq. (47) the first term in K 1(T) has been recognized as the form of the differential scattering cross 

section for the pure Coulomb case and called K 2("1'), for convenience·. The relationship between C 1 and 

C 2 is found by matching potentials at the point r0 ; thus, 

(48) 

where r 0 is defined by 

(49) 

Equations (48) and (49) give 

p 2 =~'(-l•J!r). (50) 

and for the differential cross section 

(51) 

while the exact cross section for the c2/r
2 potential is 

4C
2 

(1 - ~ sin-
1 

yT!E) 

K ( T) = -- -;::-----;---:::--------:-.,:;...,-------

E2 [1 - (1 - ~ sin- 1 yT/£) ] yT/E y'1 -(TIE) 

. (52) 

Comparing the ratio of the approximations to the exact scattering for two I imiting cases of energy trans

fers, one gets 

K1(T) 2 
lim -----7-
T-+0 K(T) 7T I 

K 1(T) 7T2 

lim -----7-
T-+T K(T) 16 

n 
(53) 

K2(T) 4 
lim -----7-
T-+0 K(T) 7T I 

K2(T) 7T2 
lim -·- -----7-, 

T-+T K(T) 16 
n 

17 
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and the· ratio of stopping power of the approximations to the exact gives 

------ = 0.63 1 

E 1 T K(T) dt 
0 

------ = 0.88 . (54) 

It is seen that this method is fairly good, at least for the two limiting cases of energy transfers arid, 

also, for the stopping power. It is a.lso seen that the function K 2 seems to be better than K 1 in approxi-· 

·mating K. The reason for this is not clear; in fact, it is difficult to interpret the physics involved in the 

approximation K 2. 

CROSS SECTIONS FOR ATOMIC 

·DISPLACEMENTS IN SOLIDS BY GAMMA RAYS 

0. S. Oen D. K. Holmes 

During the past year we have calculated cross 
sections for· atomic di·splacements in solids by 

gamma . rays. Some of this work appears in the 
journal of Applied Physics, and an abstract is 
given below. Besides the published information we 
haye calculated the displacement cross sections 
for atomic numbers 6, 13, 22, 40, 50, and 74; 
graph~ of these are avo i lab le from the authors 
upon request. 

Cross Sections for Atomic Displacements in Solids 
16 by -Ga~ma Rays. . O •. S. Oen and D. K. Holmes. -

Cross sections for the displacement of lattice atoms 

by gom,;,a rays for energies up to ·s Mev have been 

co 'leu Ia ted. The pr inc i pa I contribution is found to come 

from. t~e Compton effect, in ~hich the atoms are dis

placed by electrons produced by the incident gamma 

rays. The calculations have been based on the as

s·~mption of a sharp threshold energy for displacement, 

but cross sections have been computed as a function 

of the assumed threshold energy. Thus, from _the present 

.work it is relatively easy to obtain cross sections 

based upon other displacement functions. 

16 '• 
0. S. ·Den and D. K. Holmes, ]. Appl. Phys. 30, 

1289 (1959). 

18 

THE RANGE OF RADIATION-INDUCED PRIMARY 

KNOCK-ONS IN THE HARD-CORE 

APPROXIMATION 

D. K. Holmes G. Leibfried 17 

The following is an abstract of a paper to be 
published in the journal of Applied Physics. 

The Range of Radiation-Induced Primary Knock-Ons 

in the Hard-Core Approximation. D. K. Holmes and 

G. Leibfried. - The slowing down of a. primary dis

placed atom of high energy in a solid i's investigated 

in detail. Physically interesting quantities, such as 

the total distance traveled and the vector distance 

to the end of the. path, are discussed in terms of certain 

averages for hard-core potentials with general de

pendence of the core radius on energy. These averages 

a.re explicitly calculated for .a screened Coulomb po

tentia I for the purpose of comparison with exper.imenta I 

ranges observed in different metals_. Theoretical values 

for the range can be derived. Comparison with the ex

perimental data· gives a value for the screening radius 

of the interact ion which is about twice the value 

originally suggested by Bohr. 

170n leave from Technische Hachschule, Aachen, 
Germany. 
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SMALL AMPLITUDE MOTIONS OF DISLOCATION LOOPS 

G. Leibfried 18 

1. Introduction 

It is well known that dislocations m solids contribute to the elastic moduli and to the internal 

friction. 19 It is generally thought that this is due to the motion of small dislocation loops induced by 

external stresses. These effects can be suppressed by pinning of the dislocation loops either by im

purities 19 or irradiation, 20 because by pinning the avo i lab le loop lengths become smaller, and thus the 

dislocations cannot move as far as without the pinning. The amplitudes so far used in the experiments 

are. very small, which means that the theoretical treatment can be based on a small amplitude approxi

mation. 

The usual theory of these motions starts with the assumption of a line energy. The theoretical 

treatment is very simple and leads to a differential equation of second order for the amplitudes. Recently, 

deWit and Koehler 21 investigated the influence of the dependence of the line energy on the direction of 

the line, that is, the dependence on edge or screw character of the dislocation loop. The theoretical 

treatment again is simple. The result can be described by giving an effective line energy which depends 

on whether the loop is edge or screw type. The results are very interesting and important because the 

effective line energies can differ very much between edge and screw type loops. Thus, the contribution 

of loops to the elastic data and internal friction can depend very sensitively on the dislocation character 

of the loop in question. 

It seems worthwhile to investigate the behavior of such loops more closely not assuming the ex

istence of a line energy, because the effective line energies are very sensitive to details and the line 

energy model is only an approximation. In this more general case, where the elastic field of the dis

location is taken fully into account, the equation for the amp I itudes is a complicated integra-differential 

equation. Solutions can be approximated by using a variational principle. By comparison with the line 

energy model effective line energies can be calculated. Since all results eventually are always compared 

with the results of the line energy model, we will present a short review of this model in Sec 2. In Sec 3 

the general case will be treated and will be compared with the results of Sec. 2. In the line energy 

description, two neighbored loops act independent of each other. This is not true for the exact treatment, 

because these loops interact due to their stress fields. This behavior wi II be investigated in Sec 4, 

where it is shown that the loop interaction tends to decrease the effective line energy so as to make 

pinning somewhat less effective. Finally, in Sec 5 the kinetic energy is discussed. This quantity shows 

180n leave from .Technische Hochschule, Aachen, Germany, 
19 

J. S. Koehler, in Imperfections in Nearly Perfect Crystals, p 197, W.iley, New York, 1952. 
20 . . 

D. 0. Thompson and D. K. Holmes,]. Appl. Phys. 27, 713 (1956); Phys. and Chern. Solids 1, 275 (1957). 
21

G. deWit and J. S. Koehler, The Influence of Elastic Anisotropy on the Dislocation Contribution to the Elastic 
Constants, Technical Report No. 5 to the Office of Naval Research, University of Ill., Dept. of Physics, Urbana, 
May 1958. 
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only a weak dependence on the· character of the dislocation. For the sake of simplicity, .only elastically 

isotropic niedia ore treated. 

2. The Line Energy Model 

For certain problems in dislocation theory, one can define an energy, E, per unit length ofdislocation 

line. The usual values taken·for isotropic materials are 

Gb 2 1 R 
E =----ln-

e 47T ·1 - v R 
( 1a) 

c 

for edge dislocations and 

Gb 2 R 
E =--In-

s · 47T R 
c. 

( 1b) 

for screw dislocations, where G is the shear modulus, v is Poisson's ratio, b is the absolute value of 

the Burgers vector, Rc is an effective core radius (in the· order of b), and R is an effective external 

radius. ·The value of R depends on the kind .of problem. 22 For. a circular dislocation ring, R is about the 

radius of the circle; for a random distribution of lines, R can be approximated by the average distance 

between lines of -opposite sign; for a straight line in a finite body, R is in the order of the smallest 

distance from the line to the surface; etc. ·Typically, R/Rc is about 10 4 and the logarithm therefore is 

in the order of 10. Since E is only logarithmically dependent on R/R , the exact value of R/R is usually c c 

thought to be of minor importance. 

Equations (1) give essentially the elastic energy. The core energies are given approximately by 

. E11s. (1). also, if the logarithm is dropped. 23 Thus, in a first approximation the core energy· can be in

cluded by an appropriate value of R • 
c 

. In the line energy model, a line segment ds of a dislocation line has on energy E ds with 24 

b2 b2 .. 
.1 II 

E = E -.- + E - = E ( 1 - cos 2 e) + E cos 2 e . e 
2 

s 
2 

e s 
b b . . 

(2) 

-+ 
Here, b.l and b

11 
are the components of the Burgers vector b perpendicular and parallel to the segment, 

22
P. Haasen and G. Leibfried, Fortschr. Physik 2, 73 (1955). 

23 1n the model of Peierls applied to a simple cubic crystal and dislocations with 100 slip planes, exactly these 

vol.ues ore obtained for the interaction energy between the two lattice planes which hove to be treated otomisticolly 

in Peierls' model, The core energy moy be slightly la~ger, since it contains presumably somewhat more than only 

·this plane interocti~n. G~nerolly, the separation between core and elastic energy is not well defined. Further, it 

m>Jst. be kept in mind that in the same case the R values for screws and edges ore all><.> slightly different, The 
c 

value for edge dislocations. is· smaller by a factor 1 - V, These details con and will be changed appreciably for 

other crystals and other slip systems, 
24 1n isotropic materials, edge and screw disloc.otions do not interact with each other. Thus, the energy of o 

straight dislocation line is given by a formula like (2). It is assumed that the some relation holds.for small line 
segments. 

20 
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.... .... 
an~ e is the angle between b and ds (Fig. 5). An equivalent formulation of (2) is 

(2a) 

with 

E -E e s 
a=----

E e 

For isotropy one has a= v according to (1). But it can be shown that for dislocations with 110 Burgers 

vectors in face-centered cubic lattices .(2a) can be used as an approximation. 21 •25 In this case the 

analoga toG and v in (1) have to be calculated using the anisotropic elastic data of the crystal. 

In the line energy model the energies for arbitrary dislocation lines can now be easily calculated. 

In the following we will always refer to a straight dislocation line along the x axis as the original and 

stable position. The line motion is governed by the change in energy ¢ caused by deviations from the 

straight line. The slip plane is taken as the xy plane and the dislocation line is defined by y = f(x) 

(Fig. 6). Then by using (2a) the following is obtained: 

(3) 

Here f' is the derivative of/, e- ®' = e is the angle between the line segment and Burgers vector, and 

the meaning of® and ®'is explained in· Fig. 6. Introducing tg e '= f' we obtain 

[1- a' (cos 2 ®+2sin®cos®/'+sin 2 ®/' 2)]-(1-acos 2 ®)} 
1 + /'2 

(3a) 

25 A. J. E. Foreman, Acta Met. 4, 322 (1955). 
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.... 
Fig. 5. () is the Angle Between Burger's Vector b ... 

and Dislocation Line Element ds. 
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Fig. 6. Arbitrary Dislocation Line f(x) in the xy Slip 

Plane. 
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If the interest is only in small deviations l(x)" from the original straight line, the integrand of (3i:z) 

can be expanded in powers of I keeping only the lowest nonvanishing powers. If one. keeps terms up to 

the second power in I the result is given by 

. . [ .· 1' 2 
] 

¢ = J dx Ee (1 +a cos 2 El- 2a sin 2 El) 2 - 2a sin El cos Elf' (3b) 

If I vanishes in infinity or if, as in loop· problems, I vanishes at the boundaries, the term containing f' 
drop~ out and one haseventually . 

'• (4) 

Here 

(5) 

is an effective line tension which depends on the orientation El of the Burgers vector to the original line. 

The extremal values of Eeff are 

(Sa) 

for edge dislocations and 

(Sb) 

for screw dislocations. 

If some points of the dislocation line are pinned on the x axis, one has to require that I vanishes at 

these points~ In the line energy model there is no interaction between different intervals, and each single 

loop can be treated independently. In the following a loop of length L wi II be treated. The loop energy 

¢ is obtained by (3) or (4) when one confines there the integration to the interval L in question. 
-> 

If Tis the resolved shear stress in the glide (xy) plane and b direction, and if we take T for the sake 

of simplicity as constant, then the work done by the external forces ¢r is given by 

¢ = 7bA = Tb J . l(x) dx , 
T (L) 

(6) 

where A denotes the area under the loop. The equilibrium condition for the line segment L can be ob

tained from a variational principle, namely, that the total energy in the field of the external forces 

W = ¢- ¢r be an extremal. The equilibriom condition is then 

(7) 

or 

of 1(/',f)dx=of (Eeff/'2 

-Tbl) dx=O. 
(L) (L) 2 

(?a) 

The variation is here restricted by the usual boundary condition of vanishing variation at the boundaries. 
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In (7a) the value -(4) has been introduced for ¢, which essentially means small T, For more general 

cases one would have to use (3a) instead of (4). 

The variational principle (7a) yields the Euler equations 

d a1 a1 
-~--=0 
dx at' at . I 

(8) 

or 

(Sa) 

The solution of (Sa) is a simple parabola. If the loop is taken as symmetrical to x = 0 extending from 

-L/2 to L/2 (Fig. 7), then 

(9) 

with the maximum amplitude 

TbL 2 
a=--

8Eeff 
(9a) 

The boundary condition t(±L/2) = 0 is obviously fulfilled. The small amplitude approximation· requires 

lf'l << l; the maximum value of the derivative is 4a/L at the boundaries of th~ loop. Therefore, the 

small amplitude approximation is justified for 4a/L = TbL/2Eeff << l, a condition which usually is met 

in experiments on dislocation contributions to elastic data and internal friction. 

y 

0 
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-L/2 L/2 

Fig. 7. Form o.f a Loop of Length L Under Applied 

External Stress. The amp I itude a is proportional to the 

stress, 
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The same result can be obtained if (9) is used as a trial solution and a is determined by minimizing 

W according to (7). From 

2TbLa 

3 

one gets the minimum value of W for the same value of a as given by (9a). 

The contribution of one loop to the resolved elastic shear strain is proportional to the area 

2La TbL 3 
A=-=--.· 

3 12Eeff 

For N such loops per unit volume the dislocation contribution to the shear strain would be NbA. If the 

loop were pinned in. the middle, thus producing two loops L/2 out of one loop L, the area of one loop 

L/2 would decrease by a factor of 8 because A is proportional to the. third power of the loop length. The 

total area under the two L/2 loops would then be ~ of the area of tbe L loop. Thus, by decreasing the 

pinning distance L by a factor of 2 the contribution to the shear strain decreases by a factor of 4. This 

i~ roughly the idea used to describe the reduction of the.elastic strain by dislocation pinning. 

The effective line tension. is the essential quantity which determines the amplitude and thereby the 

dis location contribution to the elastic behavior. In isotropic materials the two limiting values for £
8 

ff 

are, according to (5), Ee(1 - 2v) and Ee(1 + v) for edge· and screw loops, respectively. The elastic 

stability 26 of the material requires that -1 < v < r2• This results in E
8

u(El) > 0. Vanishing line energies 

would occur just for v = Y
2 

and v = -1. In the first case, Eeff would vanish for edge loops, in the second 

. for screw loops. Generally, for v > 0 edge dislocations have a smaller E ff than screws (here E > E ); 
. e e s 

for v < 0 this behavior is reversed. Usually on.e has v > 0, so that edge dislocaticms have a larger line 

·energy and edge loops therefore move easier under external stresses. To get an idea of the order of 

magnitude, let us assume a value of v = Jr3, which is typical for polycrystalline cubic metals. The ratio 

of edge to screw amplitudes is given by 

a 
E! 1+a 1 + v 

a 1 - 2a 1 -' 2r; 
s 

For v = ~'this ratio is 4 •. deWit and Koehler 21 have given values for AI (a= 0.406), Cu (a= 0.424), and 

Pb (a= 0.494), which take into account the elastic anisotropy.. The amplitude ratios are then, respec

tively, 7.5, 9.3, and 114 (!). These values presumably refer to room temperature. 

26 1f the Lame constants (H. B. Huntington, Solid State Physics, val 7, p 214, Academic Press, New York, 1958), 

A and p., are used, then .elastic stability requires for the bulk modulus A+ 2p./3 > 0 and for the shear modulus p. > 0. 

Poisson's ratio is given by V = A/(2(A + p.)]. From the conditions of elastica! stability it can now be easily seen 

that vis bracketed between -1 and 
112• The condition for the bulk modulus yields -2p./3 <A< oo and the correspond

ing values for V are 112 for A= oo and -1 for A= -2p./3. 
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High values of the amplitude ratio suggest a strong temperature dependence, since if (1 + a)/(1- 2a) 

is large already, small changes in a induce large changes of this ratio. Taking the isotropic values for 

AI, it is indicated that a increases with temperature, which effects an increase of the amplitude ratio.27 

These results, first discussed by deWit and Koehler, 21 are of great importance for the dislocation 

contribution to the elastic behavior of crystals. Thus, in general, edge loops are of much larger influence 

to the elastic strain than screws under otherwise equal conditions. This difference must show up even 

more in internal friction meqsurements, because the decrement is inversely proportional to the square of 

E
9

ff(ref19). 

The difference between edge and screw loops is presumably much more pronounced in small amplitude 

oscillations than in large amplitude problems. As an example, one can calculate the critical shear stress 

Tc for a. loop to act as a Frank-Read source. To give an idea of the magnitude of Tc the variational 

properties of the problem can be used, because an exact solution may be difficult. If one uses a sym

metrical triangular trial solution of amplitude a for which lf'l = 2a/L, then .the calculation is easy. W(a) 

can be calculated using (3) and (6). In this case the critical value T corresponds to a= oo and for 
c 

T> T a stable equilibrium cannot be maintained. The result is for edge loops 
c . 

T (8=:)= 4bEs 
c \ 2 L ' 

and for screws 

4bE e 
T (8 = 0) =--

c L 

The result is physically obvious, because for edge loops new segments of screw type have to be created, 

and vice versa. This result shows that there are no singularities to be expected forT • Of course, this 
. c 

calculation is not exact. For example, the exact value for a= 0 (E = /] ) would beT = 2bE /L. But, s e c e 

for the ratios, the result should be approximately valid, 

In the pinning effects introduced by neutron irradiation, the dependence of Eeff on orientation can be 

rather essential. To indicate the order of magnitude involved, it will be assumed that the distribution of 

8 is random and that pinning and friction are independent of 8. Then the previous theories with angular 

independent line tension E can be used where E is defined by an appropriate average over the angles. 

Consequently, one gets for the modulus: 

f 
217 

__ d_e __ 
0 27TEeff(8) E [(1 +a)(1-2a)] 112 

e 

(';;:2/Ee for Cu) , 

27 Aluminum is not for from isotropy. If one takes for 11';;; c 12/(c 11 + c 12) where C 11 and c 12 ore the elastic 

moduli in Voigt's notation (H. B. Huntington, Solid State Physics, vol 7, p 214, Academic Press, New York, 1958), 

then 11 changes from 0.363 at absolute zero to 0.385 at 800°K, and the amplitude ratio changes from about 5 to 6.1. 

The above relation for 11 would only be exact for isotropy. These numbers have been given to get an Idea what 

changes are to be expected, For lead, the changes are expected to be much larger, 
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and for the internal friction 

2-a 
- = --= ----------

This means that different average line tensions are found for the two effects (for Cu with a= 0.424: 

EM = Ee/2 and E11 = Ee/2.74). These values give only an order of magnitude. For more realistic cal

culations one has to take into regard the distribution of e, which may not be constan,t, a~d th~ dependence 

of the number of pinning points per unit length on e, the character of the dislocation (which presumably 

is a more important effect), and further, a possible dependence of friction on e. 
These results of Koehler and deWit show a large sensitivity on the orientation dependence of the I ine 

energy.. Now the line energy model is an approximation. It is not even known whether the use of the 

same value of R for both edges and screws is justified. As a matter of fact, calculations using the c 

Peierls model show that Rc depends on the character of the dislocation line~ Now, near the instability 

region, where Eeff is small, slight changes in the values given in(1) can result in a large effect. It may 

even be possible that Ee is somewhat larger than the value in (1) and that, therefore, an edge loop can 

be unstable for values of v comp~tible with the elastic stability of the crystal .. Further, one knows that, 

so to say, small pieces of dislocation lines interact by a ]/distance law, and thus one can wonder 

whether.a line energy mo.del with sharply localized energy may be valid (]t'aii.:Corisequently, it seems 

worth while to investigate the question of loop energies more in detail and .to ,se:e. to what degree of 

accuracy the line energy approximation is expected to hold. This will be done i~ ~he following section. 

3. The Elastic Energy ·· .. 

In the following only elastically isotropic media will be treated. for this case'Stroh 28 has derived a 

formu Ia for the energy ¢'of a dis location I ine in a glide plane (xy plane) containing the Bu~gers vector b: 

, _ gb 2 f. J d; • A d; 
¢.--

87T T 

( 1 0) 

This integral is a double line integral. The symbol r stands for the distance behv~eri two points (x,y) 
-> -> 

and (~ , 71) on the dislocation line. The quantities d s = (dx,dy) and da = (d~,d71) are infiriites·imal vectors 

parallel to the line in (x,y) and (~,.,), respectively. The symbol A stands for.a.symmetrical, two-di-
-> 

mensional tensor of rank 2 which operates on the vector da. 
-> 

Stroh 2 8 has given A forb parallel to-the· x axis: 

A= 
{

Axx 

A yx 

Axy } = _1 { 1 - V 0

1 

} • 

A 1- v 0 
yy 

28 A. N, Stroh, Proc. Phys. Soc. (London) 867,. 427 (1954). 
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-+ 
It is easy to give the general expression for arbitrary b at angle e to the X axis, 

1 { 1- v cos
2 

e 
A=--

l ....: v -v sin e cos e 

-v sine cos e} 

1- v sin 2 e 

which is obtained by using a rotated coordinate system in evaluating (10). 

( lla) 

The integral (10) would diverge logarithmically for small distances r. Within the framework of elastic 

theory a cutoff radius R, the "eore radius," has to be introduced, 29 which means·that the integration c 

in (10) is subject to the condition r ~ Rc. This condition is taken care of by multiplying the integrand of 

(10) with a cutoff function C(r 2 - R:): 

This gives 

{ 

1 for TJ ~ 0 , 
C(TJ) = 

0 for TJ ;£ 0 

l: A.kds.dakC 
, - Gb2ff i,k=x,y z z 

¢--
877 T 

(lOa) 

The dislocation again wi II be given as in Fig. 6 by f(x). Then f'(x) dx and('(~) d~ can be sub

stituted in (lOa) for dy and dTJ, and the following is obtained: 

(1 Oh) 

This expression can be expanded in powers of(. If all powers higher than the second are neglected, the 

result for the energy change is given by 

+ A,y[/'(x) + /'(()] C + Ayy f'(x) /'(() C) (12) 

The o function stems from the expansion of C because C '(TJ) = o(TJ). The other terms are obvious. The 

argument of C has not been written out explicitly; it is naturally (x - ~) 2 - R~, which means that the 

integration is limited now by lx- ~~ ~ Rc. 

The A term can be dropped. Mathematically, this means that, for·e~ample, (d~/lx- e1 should not xy 
depend on x; then (f'(x) dx gives zero for f vanishing in infinity. For a straight dislocation line in an 

29
For the lack of better information, R is assumed to be constant. There exist other procedures to calculate 

r. 
dislocation energies which correspond to slight changes in the cutoff rules for r ~ R • But these changes do not 

c 
give important deviations from the procedure assumf'!d he.e. 
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infinite crystal this term can really be neglected, though the integral diverges logarithmically. ·This can 

·also be expressed by saying that a straight line should be in (stable or unstable) equilibrium, which 

requires the vanishing of terms linear in f. Altogether, one has then for small amplitudes 

Gb2 oo ·( {o[{x-~}2-R2j C } f'(x)/'(~) ,~..=-If dx dl: A [f(x)- {(1:)]2 . . .c - +A 
'~-' 877 "' xx "' R 3 YY. \x- ~~ 

. -oo . c \x- ~~ 
{ 12a) 

Even iff IS confined to an interval L as discussed in Sec 2, cP contains contributions from outside 

the loop (e.g., \xi ~ L/2 and I~~~. L/2), showing sort of an interaction of the loop with the rest of the 

line. Also there would be an interaction between two loops, which simply is an expression of the fact 

that. the energy is not as concentrated as the line energy model assumes. 

Nevertheless, the result (12a} has a close resemblance to the line energy picture. Suppose that the 

o term can b~ dropped and that/(~) can. be replaced by /(x} + /'{x} ((- x} in the A term and{'{~) by 
XX 

f'(x) in the A term on acc~unt of the denominators, and if the integration can be confined to one loop in-
. yy . 

terval L, then the result is 

Gb2 J L/2 f'(x}2 J L/2 d~ 
c/J "'- dx(2A -A )-- --- C = 8 yy XX 2 ' I /:1 77 -L/2 · -L/2 X-<, 

If the logarithmical dependence on x is neglected in the integral over~, 

I L/2. d~ [{L/2)- x]({L/2} + x) 
· C = In "-2 

-L/2 \x- ~~ R2 = 
c 

L 
ln--

2R I 

c 

tlien c/J has exactly the some form as in (4), with 

Gb 2 L 1 
E. ff =--In -----(1 + v cos 2 0- 2v'sin 2 0) 

e 477 2R 1 - 11 
c· 

using the values (lla). The agreement with the line energy model (Eqs; 5 and 1a) is complete if the 

value·L/2 is chosen for the external effective radius R of Eqs. (1). 

4. The Effective Line Energy for One Loop 

For an E;!Xact treatment .one would have to derive an equation for f(x) by means of the variational 

principle (7). The resulting equation would be a quite complicated integra-differential equation. Rather 

than make an attempt at solving this equation, we will try to make use of (7) directly. For this purpose 

a trial solution of the form (9) is assumed and the value of a is determined by variation. Then c/J.,. is 

given according to Sec 2 by 2TbLa/3, and c/J has. to be calculated by inserting {9) into (12a). Because 

there ·is an interaction over a distance, we hove to make on assumption about f outside the loop. We -

assume vanishing f outside, which means a straight line outside the loop·interval. 
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A comparison with the results of the line energy model of Sec 2 is presumably best made by giving 

an apparent effective line energy. This is done by comparing the result 

( 13) 

of Sec 2 with the-value calculated by (12a) and (9). If it is not desired to use a solution of the same form 

as in the line energy model, one better gives an equivalent definition of an apparent I ine energy, namely, 

by comparing the loop areas A for given Tand L: Eeff"" TbL 3/12/\. 

The apparent effective line tension defined this way is an upper limit, as can be seen from the 

variational principle. In other words, the contribution to the elastic strain by trial solutions is always 

an underestimate. This can be seen in the following way. Since ¢ is quadratic and ¢-r is linear in/, 

the equilibrium value of W is either.-¢ or -¢-r/2. For the exact solution the value of W is negative and 

lower than that for trial solutions. Consequently, the approximate value of¢ or the area is smaller than 

the correct one. 

To¢ there will be two contributions: 

( 14) 

Here ¢z means loop energy and contains that part of the integral (12a) where x and ~both are in the loop 

interval (lxl, 1~1 ;::;; L/2). The term ¢zo is kind of an interaction with the rest of the line (lxl;;; L/2, 

1~1 ~ L/2 and lxl ~ L/2, 1.;1;::;; L/2). The integrations are elementary and give the result: 

4Gb 2 
2 

Axx 
¢z =---a--

0 37TL 2 

[
A (ln~-2_)- Axx In(~-~)] • 

yy R 3 . 2 R 6 
c c 

(1.5a) 

(15b) 

(15c) 

The expressions occurring in (14) contain powers of R /L. These terms have been neglected because c 

only cases where L >> Rc (typically L ~ 104Rc) will be investigated. The neglected terms play a role 

only for L ~ lOORc. 

be 

The errors are in the order of R /L; for example, the correct factor Of A would c yy 

L 7 3Rc 2R; 
In---+-----

Rc 3 L 3L2 

where obviously the R terms can be dropped for R /L ~ 104 • If one neglects such terms, the 8 function 
C · C· -

in (12a) cqntributes only to ¢z[note that {f(x)- /(~)} 2 8 ~ f'(x) 2 R;8] in a form as in the line energy 

model. This yields the 1 in the factor of A · in (1.5a). 
XX · 
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By comparison with (13) the following is obtained: 

Gb2 [ . ( L 7) E =-- 2A In--- -A 
e ff . 477 yy R 3 xx 

c 
(
. L 11)1 
In Rc -6 .J (16) 

With respect to this result it is necessary to make some remarks. First of all, it. is obvious that for large 

In L/Rc one gets exactly the line energy model taking R in (1) as L. But there are. devia.tions coming 

about by the fact that the factors of 2A and A are not quite equal. If the factors were equal, one . yy XX . . . .. 

again would get the line energy description by redefining R or R • Equation (16) has quite inconvenient 
. c . 

properties .from the point of view of stability. If we write (16) in the following way: 

b 2 [ · A ]. G L 7/3 XX 
E 11 =- (2A -A ) ln-e --

e 477 yy xx R 2 
. c 

( 16a) 

it is seen that Eeff becomes zero if 

L Axx/2 
ln-e713 <---~-

R =2A -A 
C yy XX 

Or, in other words, the line becomes unstable if L is smaller than the value given by the equality sign. 

(This instability may be connected with the general instabilities for distribution of singularities of linear 

field equations.) This value. may well be within the range of the validity of th.ese formulas, particularly 

if 2A - A is very sma II (v ~ %
2 

or v ~ -1 ), and the loop would be very nearly unstable in the· I ine' yy XX 

energy picture. This value of L can be absolutely large, ~hi.ch means that the formulas apply. 

On the other hand, the assumption of keeping the line ~traight outside the loop is physically not very 

sensible. It can be ea.sily seen that the interaction ¢ 10 between the loop and the rest of the line is 

rather important for the stability. If ¢ 10 _is neglected, then the last term -Axx/2 in (16a) would change 

in sign to +A /2. Then E 11 would never· go to zero, and just in the instability region where 2A -A 
XX . e . yy XX 

is· small there would be large differences in comparison· to the line energy model. This shows that the 

course of the line near the loop may play an important rbl~ for the numerical value of £
811 

if the log

arithmic term is small. 

Taking· into regard a genuine core· energy would also infl~ence the result. 

pendent core energy E = (Gh 2/477) E is assumed, then the result is c c 

Gb2 [ . L 7/3 Axx l 
E =-- (2A -A ) ln-e ---+ E 

e If 477 yy xx R 2 c 
. c . 

If an orientation-inde-

(16b) 

Values of E in. the order of 1 to 2 ore not unreasonable, and since A = (1- v cos 2 E>)/(1- v) is 
C XX 

bracketed between r2 and 2, the expression (16h) would always be positive for Ec > 1.. The orientation 

d·ependence ·of E is not known;--nor ·is there at present sufficient· information on how to separate elastic 
. . c 

and core energies. ·This could be done by closer investigation of models (e.g., Peierl·s• model) for 

arbitrary dislocation contour where the energies are well defined and a cutoff procedure is .not required. 
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That is, the influence of the lattice structure on the dislocation structure has to be investigated in more 

detail. Both magnitude and orientation dependence of E are very important here. In extended dis
c 

locations, as is the case in copper, the orientation behavior of the extension would also have to be con

sidered. 

It may be mentioned that other choices of the c~toff procedure do not change the qualitative behavior 

of Eeff' Small changes of this procedure for distances r"' Rc always give contributions of the same form 

as the line energy model. Thus, the only change is in the numerical factor of 2A -A in (16)- not 
yy XX 

the qualitative behnvior. For instance, if C/r in (lOa) is replaced by C/r + (1- C)/R , which means that 
c 

for r < R there is a constant value 1/R in the integrand rather than zero assumed in the cutoff (lOa), c c 

then this only reploces the foc:tor e7/J in (16h) by P. 41 3• 

The whole purpose of this discussion is to show that for small Eefl the values given by the line 

energy model are not dependable, because then all the other unknown effects play an important role. If, 

as an example, the case 1.1 ~ Y2 is treated, and if the logarithm in (16b) is of the order of 10, then the 

bracket in (16b) is about 30 for screw loops and E - 1 for edge loops. For screw loops the logarithmic 
c 

term is large; for edge loops it vanishes. In the latter case the core energy and other small influences 

determine Eeff Consequently, just in the interesting case of small line energies, according to the line 

energy description, the value of Eeff is undependable. If the core energy were given by Ec ~ 2, this 

would give an upper limit of.ae/a
5 
~ 30. The general trend of the line energy picture is kept, but quan

titative datn can only be obtained by properly taking into regard the core energy, 

As discussed above, the interaction of the loop with the rest of the line can be quite impo.rtant for 

small Eeff' Therefore, deviations which are due to the course of the rest of the line must be expected. 

Usually one has not to do with straight lines, but the lines will show kinks at the natural pinning points 

in the dislocation network, with the effect that the starting configuration would not be a straight line, 

not to speak of the internal stresses effected by the whole network. Then it should be kept in mind that 

the calculated Eeff is an underestimate. But it is felt that the deviations due to these influences are not 

really serious. Altogether, the general behavior of the line energy model remains, namely, that edge 

loops usually have considerably less effective line energy than screw loops (for v > 0), though the 

quantitative results are doubtful to some extent. 

5. The Interaction Between Two Loops 

To decide the question of loop interaction we consider the same L interval as before but introduce a 

new pinning point at x = 0 (Fig. 8). In the line energy model the two loops (-L/2,0) and (O,L/2) are 

completely independent. As discussed in Sec 2, the contribution to the elastic strain of the two loops 

decreases by a factor ~as compared with one loop L under equal external stress. 
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-L/2 

Fig. 8. Dislocation Loop with 3 Pinning Points at 

x = ±L/2 and X = 0. 

Again the solution of the line energy model, 

8 ( 2 2) a L lxi-Lx. for lxl ~ L/2 , 

f(x) = 

for lxl;;; L/2 ; 

(17) 

is used as a trial solution and· the amplitude. a is determined·by.variation~ .By·comparison with the results 

of the line energy description· for this case, 

8Eeff 
~=2--a2 

'I' 3L/2 I 

an effective apparent line en·ergy can again be defined. 

By inserting (17) into (12a) one can calCulate¢, which now contains three ten;;s: 

cp = c/J/+ ·cp 10 + cp i I • 

( 18) 

(19) 

Here ¢1 is the loop energy, ¢10 the interaction with the re~t of the line, and ¢ 11 the interaction between 

the two loops. Every term correspondsto certain)n.tegration limits in (12a). 
. . . . . ... ;i.~ . ;fl.'' .. . . '.-: :' . . . ·. : . . 

More specifically, ¢/ is the conthbution··froni (l2a')-where X and e are both in the same loop interval. \ 

Since both loops: must give the same contribution~· we have 
. ' -

q,1 ~ 2 ff dx de 1 
O~x 

§~L,/2 

(20) 

where /(x,e) means the integrand in (12a). This integral has been evaluated already in Sec 4. The result 

is obviously twice the value of (·1~) when one substitutes thereL/2 for L: 

[ A ( ) ( )] 
. 4Gb 2 . 2 XX L 11 L 7 
¢ 1 = 2 __ . _a - 1 - In - +- +A · In 

2
Rc --

3 37TL/2 2 · 2R 6 yy . c 

(20a) 

.~. 
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Becau~e of the x~sy,mmetry of the integrand and the symmetry of /(x) itself, the following is obtained: 

ff 
o;;;x~L/2 

f ~L/2 

dx d~ I+ 4 JJ dx d~ I 
O~x~L/2 

f.~-L/2 

(21) 

The second integral can be neglected because it is smaller by about a factor of }
20 

than the first one. 

The first integral is just the value of (15b) replacing L by L/2: 

, 4Gb 2 
2 

Axx 

'Plo =- 3TTL/2 a -2-

. The interaction between the two loops is given by 

¢u = 2 

The resu It of this integration is 

ff 
O~x~L/2 

-L/2.[;f ~0 

dx d~ I . 

4Gb
2 

[Axx . ] ¢ 11 =- 2-- -(19 In 2- 13) +A (1- In 2) 
3TTL/2 2 YY · 

(21a) 

(22) 

(22a) 

The effective line energy for this problem is then obtained by comparing the result for¢ with (17), 

. (L) Gb2 [ E ff - =-- 2A 
e 2 47T yy ( 

L 7 ) . ( L 17 1 )] In- -_,-·1 +In 2 -A In---+ 191n 2-13+-
2R 3 XX 2R 6 2 , 

c c. 

(23a) ··:· -.:-;1. 

or 

(L) Gb 2 ~- (. L 10) .( L 17 )] E - = - 2A In -- - - A In -- -
e ff 2 47T yy R 3 xx R 6 1 

- c . c 

(23b) 

since 18 In 2- 13 ~- }
2

• Comparing this with (16), it is seen that the effect.is just to replace L by L/e. 

Consequently, when pinning at x = 0, one has to deal with a slightly decreased apparent line energy. 

The decrease is somewhat larger than just the expected replacement of L by L/2. 

If E eff(L/2) is written in the form (16a), one has 

( ) 
· Gb2 [ A l L L 10/3 XX 

E ff - =-- (2A -A ) ln-e ---
e 2 47T YY xx R 2 

. c 

(23c) 

For In L/Rc ;:; 10, the logarithmic term therefore changes by about 15%, which is not very much and may 

be neglected in a first approximation. Or in other words, the assumption of an essentially L·independent 

effective line energy is valid approximately, though the pinning is somewhat less effective. 

If the sign of one of the loops is reversed, then one has a situation as in the first excited oscillation 

of th~ loop. The energy for this state is larger than ¢according to (19), (20-22) because in this situation 

the integrals required stay the same except for ¢ 11, which changes its sign. Consequently, the effective 

33 



SOLID STATE PROGRESS REPORT 

line energy for this oscillation is larger than Eeff according to (23b). It rather increases somewhat over 

the value in (16). But here also this change can approximately be neglected. 

This interaction between two loops will also show up in large amplitude problems. A reduction of 

the critical shear stress as compared with the line energy mode.l for loops with an additional pinning point 

should be anticipated • 

. What has be~n said in the discussion about possible contribution of core energies applies here also 

and will not be repeated. But it should be remarked that a discussion of (23c) without a core energy 

would show large variations of Eeff passing from one to two loops, if one is near. the condition of elas

tica I instabi I ity. 

Altogether it can be concluded that the line energy model may be used approximately here also, if 

one does not forget about the limTtation of the amplitude ratio or Eeff by the influence of the core. 

6. Kinetic Energies 

For the treatment of dynamic processes the kinetic energy of motion ¢kin for given f(x,t) is needed. 

The variational principle is then 

8 J w dt = 0 1 

. where W =¢-¢.,.-¢kin' In the elastic theory the kinetic energy is given by 

J 
p ._:2 

¢k. = - u dx dy dz , 
In 2 (24) 

where u(x,t) is the displacement field, u its time derivative, and p the mass density of the material. The 

field u has to be calculated for given f and the integration in (24) must then contain a cutoff factor which 

drops contributions inside a distance Rc of the dislocation line, because u be~omes singular in the line 

itself. 30 

In this formulation the friction is not contained. This can be added later. The kine.tic energy es

sentially dete~mines the resonance frequency of a loop. In the line ene~gy model the kinetic energy 

would be defined in the following way: 

_ f E[j(x,t)]2 
¢k. - dx ' 

•n 2 
.2C · 

(25) 

where Ev 2/2C2 is the kinetic energy per unit length of a dislocation line moving with velocity v, Be· 

cause the kinetic energy is already quadratic'in /,the quantities E and Crefer to the original straight 

30Th is cutoff con·dit ion .is not qu'ite the sa~e as .thot used in· Sec 3. One could use for ¢ the same cond,ition as 
here, integrating over the energy density, but the previous· condition is. easier tci.·handle in the calculation of¢, 
Anyhow, one would not expect different cutoff conditions on I y to give very d'ifferent results, Whether both the values 
of R are the same will be discussed later, · · · 

c 

34 
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line. The general expression would depend on 8 only in the form 

(2~) 

The velocities C and C can be determined by investigating the motion of a straight edge or screw s e 

dislocation, and the result is 

c2 = c2 (26) s . t 

for screw disloc;:ations, 31 where C
1 

is the velocity of sound of transversal waves. For edge dislocations 

a similar result is obtained: 

c 2 = c 2 __ 4_( 1_-_1'_) -

"' 
1 

5 - 12v + 8v 2 

The equation of motion would be .. 
Ef /" b 
-2=Eeff -r 
c 

Here r can depend on time. The ground wave forT= 0 is given by 

7Tx 
/(x,t) = a(t) cos- , 

L 

where a{t) is harmonic according to (27). The frequency(.() then is given by 

(26a) 

(27) 

(28) 

This, then, is the first resonance frequency in the line energy model. In this model Eeff can become very 

small if ti ~ }
2

, whereas E and C2 always stay positive. Thus a variation in Eeff due to orientation of 

loops can give considerable spread out of resonance frequencies. 

·Again this simple determination of the kinetic energy may be doubtful and more refined methods for 

calculations are needed. If the dislocation line is given by f(x,t) and if 1 is small, the displacement 

~(;) can be expanded in powers off: 

~ """ ~ (0) + ~ ( 1) + . • • , (29) 

wh.ere ~ <0 >, the displacement field of the straight line, does not contain f and: ( 1 l is proportional to f. 
Consequently, the result is 

. . ... ... 
u = u<ll +... (29a) 

31 J. D. Eshelby, P;oc. Roy. Soc. (London) Al97, 396 (1949). 
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Because only terms which are quadratic in fare taken into regard, the kinetic energy is 

I 
p ..: 2 

¢ . = - ( u ( 1)] dx dy dz • 
kon 2 . (24a) 

The cutoff condition here refers to the original straight line because taking into regard the condition 

referring to the real loop would introduce higher than quadratic terms in/. 

The displacement field of a dislocation is generally given by32 

.... .... 
.... .... .... -+ da J .... .... da 

477 u(x) = b !1 + b X-+ grad (b X r) •- , 
T 2( 1 - v) T · 

(30) 

-+ -+ -+ -+ -+ 

Here it is: T =X- ~. d a= d~, and n the solid angle under which the dislocation appears from the p~int 

;, The integrals or~ line integrals along ·the dislocation line. The solid angle can also be expressed by 

a I ine integral. 32 
.... 

The expansion of u can be carried out exactly as in Sec 3. If the Burgers vector 

b = (b , b , 0) has no z component, the result of this expansion is 
X y . 

(31a) 

[
- byzf + 1 _!_ (byzyf _ bxzf')] 
. 7 3 2(1-v)(}y 

7
3 r 

(31 b) 

(1) -J [(bxf' byyf) 1 a (byzyf bxzf')] 
47Tu - d~ ----- + · - ----- •· 

. Z T 7J 2(1 - V) (}z 
7

3 T 

(31 c) 

. . 

Here r is. [(x- ~) 2 + y 2 + z 2 ] 112• The first term in (31a, b) is the expansion of the solid angle, which 
. . . 

is quite obvious, The other terms are the. expansions of the line integrals occurring in (30) •. The ex-

. pressions (31) contain terms proportional to b and b : 
X y 

47Tu( > = d~ b -- - - -·- + b --1 J { [ zf 1 a zf' J 1 · a zyf } 
· X . . X 73 2(1 - V) ax '. y 2(_1 - V) ax 73 .· 

1 (32a) 

47TuC >= d~ -b --+b --+ -1 J { 1 a zf' [ zf 1 a zyfl} 
y X 2(1 - J/) iJy T y 

7
3 2(1 - V) ay 

7
3 . 

1 
(32b) 

32M. Peach and J. S. Koehler, Phys. Rev. 80, 436 (1950), 
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47Tu ( l = d~ b -- -- - b -1 J { ['' l az('] [yf 
z X T 2( l - V) az T y 73 

_l a zyf]} 
2(1 - v) az ,3 

{32c) 

If we split f (x,t) into a time-dependent amp I i tude a(t) and an x-dependent shape of the curve f(x, t) = 
a(t)G(x), then we have i = aG = ~(/a and also i' = ~('/a. Therefore it is 

~2 fp 2 
¢k. =- _;(l) dxdydz, 

on a2 2 
(33) 

where the integration is limited by l + z 2 ~ R;. It is now easy to see that in ¢kin the terms cont~ining 
b and b are separated. Or, in other words, the kinetic energy 

" y 

b2 b2 
X y 

¢k. =- ¢ k. +- ¢ k. on 2 s, on 2 P., on 
b b 

(33a) 

is separated in independent screw and edge contributions, which is analogous to Eq. {2) referring to the 

separations of line energies. Use of this separation h?s already been made in (25a). This separation is 

due to the fact that the bx and by terms have different symmetry with respect to rotations around the x 

axis; for example, in (32a) the b term is proportional to z and the b term to zy. Mixed terms in {33) 
X y 

would be proportional to z 2y and would not contribute to (33). 

It does not at first seem that the results {25) and {26) wi II hold, because evidently¢ k" contains s, 1n 

v, whereas E /C 2 in {25) according to (26) does not. This alone suggests a closer investigation of ,+,.k .. · s s . 'f' on 

The displacement ;< 1) is the displacement field of a small dislocation ring along the loop and the x 

axis taking only first powers off into account. The sign of the expression can be checked because ;< 1) 

must be a solution of the elastic equations. 

It must be kept in mind that this calculation, as well as the whole concept of kinetic energy, is only 

valid for velocities small as compared with the characteristic velocities of sound. In all oscillation 

measurements carried· out so far this condition is well satisfied. 

To avoid divergence difficulties one con replace ('by ("a/ax by partial integration. Then ;< 1l is 

expressed by f(~) alone: 

47f U :: f ( q) dg - b - + Y - - + b Y - - 1 
( 11 J [ ( z a

2
· z) a zy l 

· . X X 
7

3 . . ax2 T y ax 
7

3 
(34a) 

47Tu = f(~)d~ -by----b--y--. , < 0 J [ a 
2 

z ( z . a zy)] 
y X ay ax T y 

7
3 ay 

7
3 

(34b) 

47Tu = f(~)d~ b --- y ---- b -- y-- , < 1l J [ ( a 1 a 
2 

z) ( y a zy) ] 
z X ax T az ax T y 

7
3 az 

7
3 

(34c) 
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where y = 1/[2(1 -'- v)]. Then the kinetic energy can be written as a doubl~ integral over~ and ~:for 

example, 33 

(35) 

where F(~,~') has the dimension of a reciprocal length. Furthermore, it can be easily seen that F de

pends only on the absolute value of~- ~': F(l~- g'j) = F(I~J), with~=~- g'. For~ :10 the cor

responding integrals converge. -.yithout any cutoff condition; here F s presumably has the form 

which is analogous to the expressions occurring in¢. Therefore F sand Fe will be calculated ·for~ if. 0 

and the cutoff condition wi II be replaced by 1~1 ~ R as in Sec 3, where now both R have the same - c ' c 

meaning. This procedure is chosen because the integrations are becoming too c~mplicated. The general 

trend, however, is not changed by using another cutoff· condition.· 

'The integrations can easily 34 be carried out, and the results ore; for screw d(slocati'ons, 

(35a) 

and for edge dislocations, 

2TT 2 . 2TT 5 - 12 V+ 8 v 2 · 
F (M = - (2 - 2 y + y ) = - ---· ---

s I ~ I I ~I 4( 1 - v) 2 
(35b) 

-Here again, terms proportional to Rc have been omitted. Thus the ratio of kinetic energies for sere.;., and 

edge dislocations is the same as one would get for the motion of straight lines .. This ratio does not de

pend very much on v. The .factor in '(35b) has a mi~imum at v = 72 with the value 1. For.v = 0 it would 

b~ ;, and, for the other extreme case at v ;, -1 it is 25; 16. Consequ~ntly~ the variance of resonance 

frequencies with orientation of loops is essentially due to the effective line energy. 

This result can be used to derive a dependable value for the kinetic energy. As earlier, we use 

Eq. (9) with time-dependent amplitude to describe the loop motion. Then the following is obtained ap

proximately: 

."' '2 pb2 L 
¢ , =a -. L ln.--

s,-kon . 167T Rce 
(36a) 

33 1n (35), I(.;) I (t ') a2 / a 2 can as well be replaced genera II y by j (t ,t) j (t ',t), ->-> 

34The integrations ore most easily done by using the Fourier transform of 1/r = J ik eik•x/27T2k 2 and of z/r = 
->-> ' 

-J ik~ eik•x ik/7T2k 4• 
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(3~b) 

Again, terms proportional to R have been omitted. Further, the exact result would contain factors which c 

differ from (36) only by some per cent, which is spurious for the present application. 

If the same solution is used in (25), the result is 

~2£ 
¢k. =-L 

'" 2 3C 
(37) 

By comparison with (36) one obt.ains the value of E!C 2, which can be used for determining the resonance 

frequencies according to (28). Since p = G/c;, one can write (36a) as 

"" • 2 Gb
2 

L L 
¢ k" = a ----In--. 

s, '" 47T 2 R e 4C
1 

c 

(36a ') 

By comparison with (25a) it is· seen that the value of £
5 

in the kinetic energy for screw dislocatiol)s, 

taking cs =ct. 

"" Gb
2 3 L 

E =--In--
s 47T 4 R e 

c 

is typically of the order of usual line energies. For edge dislocations, a slightly different, ~dependent, 

result is obtained. The value of E!C 2 for either case is about the same, which shows that a variance in 

the resonance frequencies is practically due only to changes in Eeff 

For v = 0, screws and edges are energetically equivalent, but the kinetic behavior is nevertheless 

different. The reason for this is that they introduce quite different kinds of elastic fields containing 

different amounts of longitudinal and transversal fields. And longitudinal velocities deviate from trans

versal velocities in the whole stability range of elastic data. 

7. Conclusions 

The kinetic energy for motions of dislocation loops is a relatively well-defined quantity within the 

frame of elastic theory of dislocations. The potential energy, however, is sensitive to the behavior of 

the core and the vicinity of the loop in question. For small energetic differences between edge and screw 

dislocations (v ~ 0) in isotr~pic materials, it is shown that the line energy model is correct. For large 

differences (v ~ Y2; v ~ -1) the core behavior can be essential and determine the effective line energy. 

A more thorough investigation, taking into regard the details of'the core structure, would be very valuable. 
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STUDIES ON THE STRUCTURE-OF RADIATION·INDUCED DISPLACEMENT CASCADES 

G. Leibfried 35 

Introduction· 

In the irradiation of solids with high-energy particles the main contribution to structural damage is 

caused by collisions with the atoms of the solid. Prima'ry knock-~ns of sufficient energy can leave their 

lattice sites and eventually produce ·a cascade of interstitials and vacancies by subsequent coflisions 

with other atoms of the lattice. The number of defects contained in a cascade should b'e roughly pro· 

portional to the primary energy. The spectral distribution of primary energies depends on the kind of 

radiation •. Generally, the average energy transfer is much larger for neutron irradiation than for charged

particle irradiation. Consequently, for neutron irradiation the investigation of the structure of cascades 

effected by high-energy primaries is of particular interest. 

For a theoretical treatment of the atomic collisions it is necessary to start with the repulsive inter

action potentiai between the atoms of the solid. Th~_ theory of these interaction potentials is extremely 

complicated and the present state of theory does not allow the derivation of a dependable potential. But 

if. a reasonable forr:n for the potential is assumed,_ the: parameters involved can be. determined by com

parison with experimen-tal data. In metals, for "low" energies a Born-Mayer potential is generally 

assumed which depends exponentially on the distance and describes essentially the atomic core repulsion 

due to exchange forces. The parameters can be determined by comparison with the elastic data. 36 

Further, other low-energy phenomena, such as the Wigner energy of the crystal, can be used to adapt the 

potentia·J values.~6,J7 ·For "high" energies Bohr 38 has suggested a screened Coulomb potential.which 

particularly describes the Coulomb interaction between nuclear charges screened by the surrounding 

electrons. The screening radius can be· determined by using recent experimental values 39•40 of primary 

ranges in metals. In this way expressions for the potentia·! in the high- and low-energy region can be 

obtained. 

In ·the following the discussion ·wi II essentially refer to copper;· though· the general treatment also 

would apply to other metals, because for copper the experimental data on the potential are most depend

able. Here the limit between "low" and "high" energies should be on the order of 1000 ev. ("Low" 

energies refer to distances on the order of atomic distances, "high" energies. to distances of the order of 

the scr~ening radius which for Cu is about one-tenth of the ato'!lic distance.) Fortunately the low- and 

the high-energy expressions for the interaction potential in copper do. riot perturb each other~ which· means 

that in the low-energy region the Boh·r potential is small compared with the Born-Mayer potential and 

35on le<:~ve from Technische Hochschule, Aachen, Germany. 
36 H. B. Huntington, Phys. Rev. 93, 1414 (1954). 
37 G. Leibfried, f· Appl. Phys. 30, 1388 (1959). 
38 N. Bohr, Kgl. Danske Videnskab. Selskab, Mat.·fys. Medd. 18, No.8 (1948). 
39 R. A. Schmitt and R. A. Sharp, Phys. Rev; Letters 1, 445 (1958). 
40 0. K. Holmes and G. Leibfried, 1· Appl. Phys. (to.be published). See abstract, "The Range of Radiation

Induced Primary Knock·Ons in the Hard-Core Approximation," this report. 
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vice versa. Thus in this case the sum of both potentials can be used as a reasonable expression for the 

whole energy region, which fits the experimental data at both sides well. 

In the energy range of interest here the atomic collisions can be treated as hard-core collisions with 

energy-dependent hard-c.--re radius. For hard-core collisions averages can be calculated 40 which give an 

idea of the interstitial distribution and the size of a cascade. The expressions for these averages could 

be evaluated numerically. Instead of this, approximate expressions, accurate to about 30%, are used 

since the uncertainty in the potential valves does not seem to justify a numerical evaluation. 

The results are discussed particularly with respect to copper. It is s~own that the density of defects 

in the cascade depends on the primary energy, showing a maximum density of about 5 at.% for primary 

energies of about 1000 ev. 

Averages in the Hard-Core Approximation 

If a primary knock-on is produced by irradiation, it is slowed down by collisions with other atoms of 

the lattice. Figure 9 shows the collision history of the primary. It starts in direction u
0 

with energy E
0

• 

At the first collision point (1) after having traversed the distance l 0, direction and energy are changed 

to Z:1 and E 1• Out of this collision a secondary knock-on with u{ and E{ emerges. The distribution of 

directions, energies, and collision points depends on the interaction potential. If the energy left after 

the first collision is larger than the displacement energy Ed of the solid, the primary can travel further 

and displace other atoms by subsequent collisions; the same holds true for the secondary knock-ons. In 

this way a cascade of interstitials and vacancies can be produced. The number of interstitials and 

UNCLASSIFIED 
ORNL-LR-UWG jHj2U 

(4) 

X 

Fig. 9. Collision Series of a Primary Knock-On 

Starting at (0). The broken I ines denote secondary and 

tert iory knock-on s. 
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vacancies v contained in a cascade is about4 1 ,42 

(1) 

This is an average value, but it can be shown 43 that the variance of v is small for large v •. Thus the 

number of defects in a cascade is in general a well-defined value. A typical value for Ed in most metals 

is about 25 ev. 

To get an. idea of the spatial structure of the cascade,, the collision history_ of the primary knock-on 

as well as that of the secondary, tertiary, etc., knock-ons has to be investigated in more detail. It would 

be most valuable to calculate the whole distribution function W(r1, ••• , r.,) dt1 ••• dz, which means 

the probability for finding the eventual positionS f11 o o o 1 TV of the, V interstitials in the respective 

intervals. This is much too complicated, however, and we must be content to colculate.overages over 

the distribution function, which already give an idea of the size and the structure of the· cascade •. 

If the potential of two atoms at distance r is ¢(r), the distance of closest approach R is reloted to the 

collision energy E by 

E 
¢(R) = 2. (2) 

Generally, one has to use in (2) the energy of relative motion for the two colliding atoms in question. 

But because we deal only with collision processes between equal partners where one atom has the energy 

E and the other is at rest, the energy of relative motion is given by £/2. 

In the energy range of interest here' the potential falls off with distance so rapidly that the collision 

can be described as a collision between two hard cores. That is, the potential'can be replaced by a 

hard-core potential with energy-dependent core radius R(£) given by (2). This replacement of ¢ by a 

hard-core potential simplifies the treatment very much because hard-core scattering has very simple and 

symmetric properti'es. Let us, for instance, investigate the first collision in Fig. 9 more in detail. The 

scattering law determines the distribution of the quantities i11, E 1, iJ,.', E; after the first hit. These 

quantities are correlated by conservation of momentum and energy 

42 

0 1 

, 41 G.· H. Kinchin and R. S. Pease,]. Nuclear Energy 1, 200 (1955). 
42 F. Seitz and J. S. Koehler, Solid State Physics, vol 2, p 305, Academic Press~ New York, 1956. 
43 G. Leibfried, Nukleonik 1, 57 (1958). 
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but the distribution itself is completely symmetric with respect to interchanging the quantities referring to 

the primary and the secondary knock-on. The probability for finding the energies in the intervals 

(E 1, dE 1) and (E ~, dE;) and the directions in the solid angle elements dD 1, dD.~ would be 40 

(

-> _, kl ) dE1 d!ll 
8 u •u - --

1 ° E 27TE 0 0 

for one particle alone. This shows that the distribution w(t} dr of the eventual position of the primary 

and the distribution w(r"') dr' of the secondary are exactly the same. The distribution w can be obtained 

by integrating the complete distribut.ion W over all coordinates except the one of interest. The same 

reasoning can be applied to any interstitial produced. Conseque~tly, the distribution for any interstitial 

is the same. It has been shown 40 that averages over the distribution w(T} can be easily calculated for 

arbitrary energy dependence ·of the hard-core radius. Particularly, expressions for the following averages 

have been given: 

dE 
A(E) ---=== 

VEE;' 
(3) 

2 f £ 0 dE JE 
dE + A(E) -- A(E') 

0 E3 /2 0 

dE' 
(4) 

E ,] /2 

l z2 
~ 2y 

= --
3 3 

and 
~ 4y 

x2 =-+-
3 3 

(5) 

with 

X(Eo) .\(E) l 1 JE dE JE 
+ dE + -- 0 A(E} - A(E') 

El /2 El /2 4E3/4 3/4 0 
0 0 0 E 

dE' 
(Sa) 

E'l /2 

The only quantity which has to be known to evaluate the averages· is the mean free path A, given by 

.\(E) (6) 

where R is the hard-core radius defined by (2) and n is the number of atoms per unit volume. These 

formulas refer to a primary starting with energy E
0 

in x direction at the origin of a rectangular x, y, 

z coordinate system. Since y = z = 0, .the approximate width of the distribution perpendicular to the 
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x axis is };tand the corresponding width in x direction is the square root of the variance, .j-;'1- x2• 

To get an idea of·the meaning of these quantities, let us a·ssume that the distribution is Gaussian, which 

for a large number of hits is presumcibly quite a good approximation. Then the widths defined above or~ 

approximately the half-widths of this distribution, and the probability of finding an interstitial near the 

center is about twice that for finding it in the vicinity of the surrounding ellipsoid in Fig. 10. The 

probability for finding an interstitial inside the ellipsoid would be about 0.2. Thus the average density 

p near the center of·the cascade should be the ratio of the number v/5 contained in the ellipsoid and the 

volume 47Tz2 J x 2 - xi;3: 

0.05 x v(E
0

) 

p(Eo) "'----------

z2 (Eo) l x2 (Eo) - x2 (Eo) 11 /2 
(7) 

This value 44 may be somewhat misleading because the interstitial distribution is more ~oncentrated than 

(7) shows. Ail the interstitials originate from the collision point (1) in Fig. 9. The distance of this 

point to the origin is on the overage .>..(!= 0 ) and the variance is A. 2 (E 0 ) according to the usual mean free 

path distribution. Thus~ more reliable extenSion of the interstitial cascade can be calculated by dis

regarding. the first path. The extensions in y and z directions and, of course, the center stay unchanged, 

whereas the variance in x direction decreases by >.. 2 (E
0

). Consequently, 

0.05 XV 
(?a) 

The extension in x direction becomes smaller compared with that in Fig. 10; As· a matter of fact, the 

44The maximum density far a Gaussian distribution is right in the center. Here the v'alue 0.05 has to be re

placed by 1/(271)3 12 = 0.065. The factor would ·be about 0.045 for an ellipsoid w.ith axes of# etc., which 

contains nearly 50% of the interstitials, 

44 

z 

UNCLASSIFIED 
ORNL-LR-OWG 38321 

X 

Fig. 10. Di stri but ion of lntersti ti al s in a Cascade. 

The center x and the half-widths ore ·shown in the 

figure. 

/ 
' 



-· 

PERIOD. ENDING AUGUST 31, 1959 

shape of this distribution for ·large v becomes rather spherical:than ellipsoidal. The distributed w(t) is 

a· superposition of such spherical ·structures denoted by the broken-circle in Fig. 10 distributed along the 

x axis according to the distribution of the first collision point, which obviously must g.ive an ellipsoidal 

shape~ Of course these considerations are only true for the structure of the interstitial cloud, but for 

large v the first two vacancies may be disregarded. 

Again the densities according to (?a) may be too small if there are internal correlations in the cas

cade. The two cascade branches originating in the first collision point contain on the average just v/2 

. interstitials. If now in every branch the interstitials are relatively close to each.other, then.the cascade 

contains two structures of relatively large density, the superposition of which gives the impression of a 

less densely packed spherical region. This behavior can be discussed when the energy dependence of 

the structural data is known in more detail, This point will be discussed later. 

Evaluation of the Averages 

For a given potential the mean free path can be obtained by Eqs. (2) and (6). Even for simple po· 

tentials such as a Bohr potential and a Born-Mayer.potential the integrals for the averages are in general 

not elementary and would require numerical work. We will therefore use an approximation leading to 

simple analytical expressions whkh can easily be discussed, For the above mentioned potentials it will 

be shown that th.e dev jot ions are of the order of .1 Q%. 

If the potential were a simple power potential,_ 

A 
¢(r) =- , 

,Jl. 

all the integrals could easily be worked out, because according to (2) 

(
2A)l/f-L 

R(E) = E 

and 

,\(E) = _1 (!!_)2/J.l. ·. 
nTT 2A 

If 11 is larger than zero, all the integrals in (3-5) converge and are elementary. 

The method will be illust.rated for a potential of Bohr type, 

(8) 

(8a) 

(8b) 

EB a 
¢(r) = - -e-r/a (9) 

2 r 

where E 
8 

is a characteristic energy and a is .the screening radius, The hard-core radius is defined by 

a 
-Ria 

e • (9a) 
R 

'fhe approximation will be made in the following way. If we calculate the averages tor a given energy 
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E = E
0 

we use an approximate power potential which has the same value· and the same slope a.t r= R(E). 

Thus a different potential is used for every initial energy E. Figure 11 shows some of these approximate 

potentials. Thus every calculation starts with the exact mean free path for the initia·_l energy:and the 

mean free paths for the subsequent collisions ore determined by the approximate potentia __ ! curv.e. 45 The 

approximate power potential is always larger than the exact value. Consequently, for. given E the ap

proximate hard-core radius is larger than the exact value and the approximate mean free path is under

estimated. Thus the approximate averages ore underestimated, too, because the effect ~f higher order 

c·ollisions is suppressed somewhat. But sinc-e the mean free path decreases with energy, the influence o·f 

the higher order collisions is not very. important. 

Thus we use an approximate potential 

with 

(
R .)JJ-

¢(R) ---;_- . 

p.¢(R) 

.R 

( 1 0) 

45An approximation based on the use of a single approximation curv-e, for instorice th'at fitted-to Ria= 1, would 
give completely wrong results for other energies, because already the initial value of A may· be off by an order of 
magnitude. If R(E)Ia is about 3, Fig. 11 shows that the approximate R-valu'e would be about 4.5 X a. Thus. even 
the approximate X value would be too small by a factor of 2. The deviations become worse for smaller energies. 
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or 

p.(R) = p.(E) = - d In ¢ I 
dr r= R 

The validity of the hard-core assumption is approximately given 40 by p. ,2: 2. 

potential (9), the result is 

R 
fJ.= 1 +-. 

a 

( 1 Oa) 

For the screened Coulomb 

( 11) 

Thus the hard-core law can be applied for R/ a ,2: 1. For the energy dependence of the mean free path, 

(
. EE )2/J.L 

,\(E) = ,\(E) _ 

is obtained and the averages are calculated to (Fig. 12) 

' . 4 + 311-
:X(/::') = A(E) --

4+p. 

4 + 3, 
,\2 (E) r 

2 

16 (2 + p.) 2 

y(E) = ,\ 2 (E) 
(16 + 3p.) (4 + p.) 

(12) 

(3 .) 

(4 ') 

(Sa') 

An idea of the error introduced by the approximation is obtained by comparing these values with the 

exact results for the Bohr potential. As discussed in another paper, 40 the deviations should be m~st 
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ond posit ion of the cascade center. 

serious for small energies (R/a >> 1 or 11 >> 1), because here the subsequent collisions play a more 

important role. In this case the following equations result for the Bohr potential: 

x(E) :;;;- .\(E)·2 , (3 II) 

~(E) ,\ (E) -+-"' 2 ( 7 2R) 
2 a · 

(4 II) 

The deviations for large 11 are about 25% in r2 and 30% in x. The error is much less for smaller 11, as is 

to be expected. For instance, the ratio of approximate to exact value fo~ 11 = 2 is 0.96 for x and r2 • Thus 

the deviations· are only significant in the. low-energy range (!1 >> 1 ). Here the widths of the distribution 

are essentially determined by~ alone (Fig. 12). Consequently, the widths are at most about 10%too 

small. For a pur.e exponential potential the approximation should be slightly better because this potential 

·does not decrease as rapidly as the Bohr potential and the approximate potential gives a better fit. Alto

gether, we think that this approximation is good enough to give a·n ideo of the cascade structure • 
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Of course, better approximations can be attempted by the following procedure. The above approxi

mation can also .be obtained by a power law for A( E) fitting A(E) and A '(E) at the initial energy. Now 

a better fit can be obtained by a superposition of two power laws to king into regard higher derivatives 

where still the required integrals can be easily evaluated. But on account of the uncertainty in the 

potential parameters the accuracy of the simple approximation is considered to be sufficient. It may be 

mentioned that this approximation is relatively bad for the average total traversed path L, where. L is the 

su111 of all the distances !
0 

+ ! 1 + !2 + ••• .in Fig. 9 •. The exact value is given by 

- (3 R .) ( 1 . .) 
L =A 2 + -;;, = A 2 + 11 I 

whereas the approximate value is A(l + 11/2). This is due to the tact that in L the subsequent collisions 

are much more significant than in the widths. 

The dependence of the interesting averages on the quantity 11 has been plotted in Figs. 12a and 12b. 

For a Bohr potential 11 is given by (11) as an implicit function of the initial energy. Since the formulae 

ore more simply expressed by R(E) than by E itself, everything will be discussed in terms of R, keeping 

in mind that for every potential decreasing with distance 'large R means low energy and vice versa. The 

relation between R and E depends on the assumed potential. The Bohr potentia I was only given as on 

illustrative example. The extension of the interstitial cascade is given in Fig. 13 for "high" energy 

{0) 

{0) 

{a) 

~ 

(b) 
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Fig. ·13. Extension of the Interstitial Cascade (a) for 

11 "' 2, (b) for 11 = 5. The meaning of the contours is the 

same as in Fig. 10. 
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(p. = 2) and for "low" energy (p. = 5). For low energies the effect of the first coli is ion path is much more 

suppressed. 

The validity 40 of the hard-core approximation can be expressed by the condition p. ~ 2. Consequently, 

all the discussions based on hard-core scattering are conclusive only below an energy limit given by this 

con.dition. For larger energies the collision pr~cess has to be investigated more closely. In the case of 

a. screened Coulomb potential, there is for R << a essentially Coulomb scattering where low energy 

losses during the collision are preferred and where the primary and ·the secondaries can well be dis-

. criminated. 

Choice of a Potential for Copper 

For "low" energies Huntington 36 has ·determined the parameters for a Born-Ma'yer potential in copper: 

-r/aBM 
Ae ¢aM (r) 

'" 
(13) 

with 

A 2.1 x 104 ev and 
D 

a =-
BM 13 

(13a) 

0 

Here D is the interatomic distance (D = 2.56 A). This potential checks with the elastic data;.which 

correspond. to r values of about D. Further, it gives a displacement energy of the right order ·of magnitude 

c~rresponding37 to values of r in the vicinity of D/2. 

For "high" energies we will use a Bohr potential: 

(14) 

The range measurements in copper can be used3 9• 4 0 for an approximate determination of the screening 

:radius a
8

• It turns oyt that a8 should be chosen slightly less than D/10. For the sake of simplicity we 

w.ill take the same radius as that occurring in (13). Then the parameters in (14) have the values 4 0 

D o 
a= a8 = a8 M = l3 = 0.197 A and (14a) 

This radius is about 1.6 times larger than the value originally suggested by Bohr •. That about the same 

radii can be taken for both potentials is merely accidental and only applies for copper. 

In the low-energy region (D/2 ~ r ~ D) the Bohr potential is about three times smaller than the Born

Mayer potential, and ih the high-energy reg.ion (r ~ a
8

) is about three times larger. Thus it does not 

seem unrea.sonable to use the sum of the two potentials (13) and (14) as a first approximation for the 

interaction potential which fits the experimental data for high and low energies. Therefore we use as 

interaction potential 

¢(r) (15) 
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( 15a) 

Following (15a) the potential (15) has in the elastic region the same value as (13), and the deviations of 

the first and second derivatives which have to be used to calculate the elastic constants ore off by about 

5%. According to (15a), 

A 1 ~ 1.6 x 1 04 ev • 

For the following discussion the potential is written as 

with 

EB ( a) ¢(r) = -
2
- K + -; -ria 

P. I 

E 8 = 12.8 x 104 ev , 
D o 

a = - = 0. 197 A , 
13 

The relation for the hard-core radius R(E) is then 

Equation (10) shows the power /l(E) of the approximate potential to be 

R 
----+-. 

R a 
+ K-

a 

2A 1 

K =- = 0.25 
E 
·B 

(15b) 

(16) 

(16a) 

(17) 

(18) 

The potential (16) is es!\entially fitted to the elastic data, But it also applies well to intermediate 

and high energies. The displacement energy for thi!\ potential is about 27 ev. (The displacement energy 
0 

can be evaluated by taking37 R ~ D//3.) The observed 39 •40 range in copper is 160 A for an energy of 

4.1 x 104 ev. The theoretical r~nge 40 can be approximated by P and is calculated following (4 ')to 
0 

200 A. Thus thP. agreement with experimental data for low and high energies is not too bad. Figure 14 

shows a plot of R and 11 vs energy. 

Interstitial Densities 

The interstitial density p now can be calculated as a function of initial energy E. By using (1) and 

(7 a), one gets 

5.10- 2 E 
p(E) 
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of the Approximation Potential as Functions of Energy . 

. The energy marks refer to the displa.cement energy 

(27 ev) and to the energy used in the range measure· 

ments (4.1 X 104 ev) for Cu. 

Introducing (17) an·d (6)'results in 

p(E) 

Here the constant C is given by 

c 
5.10.- 2 E

8 

2Ed.\~. 

( 19) 

where ,\a 

Cis 

1/rma2 is the mean free.path for R =a. "' 0 For copper,,\ = 100 A and the numerical value of a 

(19a) 

If it is desired to refer p to· the atomic density, C has to be multiplied by the atomic volume D3/y2: 

(19b) 

Further[' is an abbreviation for 

(19c) 

which depends only on 11· 

The result is plotted in Fig. 15. The interstitial density shows a maximum of about 5 at.% for 

energies near 1300 ev where R ~ 4a. Such a cascade would contain 24 interstitials and about the same 
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Fig. 15. Interstitial Density as a Function of Energy. 

number of vacancies. This is a very high density from an atomistic point of view; it corresponds to an 

average distance between interstitials of about 2.5 interatomic distances, The linear dimensions of this 

cascade are 8 atomic distances and the affected volume with such a high density would contain about 

100 atoms. The absolute extension _of this cascade would be considerably larger. As an idea of the 

dimensions of the cascade, it may be assumed that the distribution is homogeneous within a rotation 

ellipsoid around the x axis c.entered at x. Then the axes of the ellipsoid are given by Js (x2 - x2 ) 

and jS:f, This model would lead to a factor of 0.02 in Eq. (7) and roughly decrease the densities by a 

factor of 2. But this assumption presumably leads to an underestimate of the maximum densities occurring 

in a cascade. The affected volume in this model would be about 103 atomic volumes for the energy in 

question. 

At first it seems surprising that the density shows a maximum. For an initial energy above the 

maximum, it is known that the cascade can be resolved into a superposition of smaller subcascades 

belonging to smaller energies. These subcascades have partly higher densities than those resulting 

for the total cascade. But the subcascades have a distribution which altogether gives an average density 

for the total cascade which is less than that for the subcascades themselves, (This behavior is quite 

analogous to the small average density of a gas consisting of drops with relatively high density.) If, on 

the other hand, the initial energy is at or below the maximum, the subcascades have smaller densities 

than that calculated for the total cascade. In this case there must be an essential overlap between the 

subcascades in order to increase the total density above the smaller densities of the subcascades, This 

behavior is sketched in Fig. 16 for various initial energies. Here it is assumed that the primary causes 

two subcascades, each possessing half the primary energy. The elliptical content of the subcascades 

has been taken us·ing the homogeneous elliptical distribution. The numerical values have been chosen 

such that the volume of all ellipsoids is the same. It has to be imagined that this distribution rotates 

about the primary direction and that the origin of the production of the subcascades is distributed along 

the primary direction according to a mean free path law •. This a !together would then give the corre

sponding elliptical distribution of the total cascade. 
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Fig. 16. Overlap Between Subsequent Cascades. 

According to Fig. 16 the overlap increases with decreasing energy. For the energy corresponding 

to the maximum in the density the overlap just begins to re·ach the central regions. But also for relatively 

high energies the overlap is not negligible. Altogether one gets the impression that the subcascades 

cannot be treated as more or less independent, that is, not overlapping, structures. It might be possible 

for higher energies where the central regions are not affected but would certainly be a bad approxi_mation 

for energies less than 1300 ev. 

It must be mentioned that the introducti_on of the Born-Mayer potential is rather essential with regard 

fo the numerical values. The Bohr potential alone would qualitatively show the same behavior of density 

with energy, but the maximum density would be smaller by a factor of about 5 and the corresponding 

energy would be lower by a factor of about 2. The introduction of the additive Born-Mayer potential 

makes· the mean free path smaller than that of the Bohr potential itself, and this effect is more pronounced 

at lower energies, giving a mean free path on the order of the atomic spacing for energies near Ed. Of 

course the calculations do not apply for energies below some hundred ev for two reasons: first, the 

equations would have to be. replaced by a more refined theory including energy-dep.ehdent displacement 

probabilities; second, the mean free path assumption breaks down because of the influence of lattice 

structure. 

Correlation in the Cascade 

It is easy to calculate another average which elucidates the correlation between the interstitials, 
~ . ~ 

namely, for /j. =-; -1', where 1and 1'refer to any two particles in the cascade. The average value of /j. 
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is evidently zero. The quadratic average gives an idea about the average distances between interstitials 

in the cascade, If the particles were distributed independently, then 

--;;'2 · =? - r'2 - 2ri' = 2(r2 - x2) (20) -;nd 

where it is assumed that the initial direction is parallel to the x axis. If 1}. 2 is smaller than the value 

given by (20), then the parti.cles have a tendency to be nearer to _each other than would correspond to the 

average density, as in a gas consisting of drops or in a gas with attractive forces, If t::. 2 is larger, then 

the particles tend to avoid each other as the electrons in metals or the particles of a gas with repulsive 

forces. 

We have seen already by subtracting the first collision path that t::. 2 should be smaller than!}.~ d' 
'" 

·Now we shall make th.is argument quantitative. The value of t::.2(E) is defined by 

t::.2(E) (21) 

Here 1 iand ;k are the final positions of the v(E) interstitials, the sum extends over all different pairs of 

interstitials, and the factor v(v- 1)/2 gives the proper normalization. For the sake of simplicity we 

neglect unity in comparison with v so that the treatment is only correct for large v. The contribution 

in the sum (21) can be split up following the cascade process after the first collision. The interstitials 

belong either to the subcascade due to the scattered primary with energy E 
1 

or to the knocked-on 

secondary with energy E; (Fig. 9). The numbers contained in the subcascades are v(E 1 ) and v(E;). The 

distribution of the energies is 

according to the second section of this paper. The contribution to (21) by one pair not belonging to the 

same subcas.cade is for given energies just r2 (E 
1

) + 7(E;) because the average vectors ore perpen

dicular to each other. This has to be multiplied by v(E 1)v(E{) to get the contribution of all pairs. The 

contributions of pairs belonging to the same subca~cade are then ~ (E 1) t::. 2 (E 1 )/2 and v2 (E ;) t::. 2 (E ;}/2. 

Consequently, summing the variou-s contributions and integrating over the energy d istri but ion resu Its in 

an integral equation for t::.2.(E) which can be simplified due to the symmetry of the energy distribution 

(22) 

or introducing (1) 

!}. 2 (E) (22a} 
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The inhomogeneity can be calculated by .the approximation of the third section of this paper, fitting 

the power 11 to the in itia I energy 

The solution of the. integral equation is relatively simple, and the following is obtained: 

2p.2 
~2 {E) ==~(E) .....,..-,-c--:----:

{2 + 11)(4 + /1) 

{23) 

{24) 

It is easily seen that {24) solves the integra I equation {/1 depends only on in itia I energy E). The solution 

of the homogeneous equation w,o~ld b~ proportio~al to 1 IE a~d must be excluded on physical grounds. 46 

Thi~ value has to be compared with ~~ d {E)· according to {20); which is calculated by the same approxi-
'" ' 

motion. Typical values are listed below; they· show that for large energies the~e is some tendency for 

cluster formation, whereas f<>r somewhat lower energies the distribution is not far fr~m being independent: 

11 15.2 I~~ 
-1nd 

2 0.37 

3 0.55 

4 0,67 

5 0.75 

6 o.a 
7 0.85 

The fi.rst summand In {22a), abbreviated by eP; is the contribution to~ from the particles belonging 

to different branches after the first coli is ion; the second term, 2o'2, is twice the contribution from any 

one. of the branches. The ratio o 2/o' 2 also gives an idea of the overlap _between the subcascades. Using 

--{2J)and {24), one-gets o 2/o'-L= 1 + 4/11. For small 11·(p. ~ 2) the average-distances between the sub

cascades are somewhat larger than the corresponding distances in the cascades; for larger values of 11 

they are almost equal. This also shows the increase of overlap with decreasing initial energy. But 

since the ratio o 2/o' 2 is always of order of magnitude 1 for the energy range of interest, the ov'erlap 

is always appreciable. 47 

46 2"' 2 2 2 . For large 11 values, ~ = 2r and also ~ind = 2r because x co~ be 11e_glected. This is a case. where A-is 

nearly constant and a large number of collisions ore involved; then one knows that :the :distributions ore almost 

independent and Gaussian . 

. 47 For very high energies R <a the situation would change. Here Coulomb scattering with preferred low energy 
transfer would be prevalent. Consequently,,the subcascades ore relatively small and presumably separated enough 
for them to be treated as independent. The hard-core approximatio'n wou'ld 110t apply; Further, ionization effects 
must be. taken into cons iderotion. 
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Conclusions 

According to the foregoing the overlap does not seem to be neglectable, Consequently, an attempt to 

treat o single primary event as a cascade consisting of subcascades does not seem promising, A better 

theoretical treatment would have to regard the event as a whole, for instance assuming a homogeneous 

elliptical distribution. For every primary event of energy E there are a certain number vof interstitials 

·and vacancies and a cascade volume Vc' Figure 17 shows a plot of Vc (in atomic volumes)vs,energy. 

The use of the approximation underestimates the volume, especially for low energies, In the very low 

energy region the values would not be very dependable because the lattice structure has an essentia I . 
influence there. 

So far the vacancies have not been discussed, and only the interstitial distribution has been treated. 

But for cascades with large v the vacancy distribution should be similar to that of the interstitia Is, and 

the error when assuming the same distribution should not be great. 

The high defect densities, especially for intermediate energies, should result in an interaction be

tween those defects produced by one primary. It is possible that the structure can be c~anged by low

energy effects, such as crowdion motions 37 •48 which tend to shoot out interstitials over distances larger 

than the dimensions of the cascade. This would show up especially for intermediate primary energies 

for which the linear dimensions of the cascade are on the order of 10 atomic distances, This could lead 

to cascades with an excess of vacancies, and would es~entially lead to Brinkman's description of a 

cascade. 49 

It is by no means clear that the cascade structure discussed above is a stable structure for inter

mediate and high energies. The primary energy which is set free in the cascade volume and the close 

distance between defects may well lead to an appreciable self-annealing, drastically reducing the damage 

48 A. Seeger, Second United Nations International Conference on the Peaceful Uses of Atomic Energy (Geneva, 
1958), paper No. 998. 

49 J. A. Brinkmon, Am. ]. Phys. 24, 246 (1956). 
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Fig. 17. Volume of the Cascade Vc (In Atomic Vol

umes) and Number of Pairs v(E) vs Energy. 
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expected on account of the simple theory. But it should be remembered that the time for the development 

of the. cascade is very short. This means that the cascade as pictured here con be token as a first step, 

whereas annealing effects require much longer times and con be treqted separately, with the picture 

developed here token as initial configuration. 

The foregoing cokulations were based on the approximation of the scattering process by hard-core 

scattering. The deviations introduced by this approximation ore difficult to treat. 50 The general trend 

is the following. The differential cross section for energy transfer is smaller than the corresponding 

hard-core cross section for large ·ene~gy transfers and is larger for low energy transfers. As on example, 

for a Bohr potential and R/a = l (or 11 = 2) the high energy limit is about 50% smaller. This deviation 

becomes smaller with decreasing energy, being still of the order of 20% for 11 ;;;- 10. In the classical 

scattering theory the cross section diverges for smoll.energy transfers whenever the potential extends to 

infinity •. Physically this divergence does not cause trouble because there ore several reasons for a 

natural cutoff at low energies. as· determined by either o maximum impact parameter of about half the 

atomic distance or by ·taking .into regard quantum mechanical corrections. Generally the stopping power 

or the energy loss per unit length is larger· for the real potential than for the corresponding hard-core low. 

But even .for 11 ;;;- 2 the deviation is only 50% and this deviation decreases with decreasing energy. Alto

·gether the deviations from the assumed. hard-core law are not considered to be serious -for /12:4, so that 

the. foregoing results should be qualitatively correct. For larger energies (/1 ;2) the results should still_ 

be qualitatively correct, but here one should account for the fact that a fraction of the interstitiols 

produced are formed as .small clusters of vacancy-interstitial pairs, especially along the first part of the 

collision history of the primary until it undergoes o collision with large a_ngle deflection. 

The high densities obtained for copper ore to o large extent due to the influence of. the Born-Mayer 

potential which describes the closed-shell repulsion. This implies that for a material such as germanium, 

where the closed-shell repulsion is not important and where the Bohr potential is approximately the 

same, the densities are substantially less (by about a factor .of 5, as mentioned earlier}. 

APPROXIMATE TREATMENT OF ANNEALING WITH A SPECTRUM OF 

.ACTIVATION ENERGIES AND FIRST-ORDER KINETICS 

D. K. Holmes H. C. Schweinler 

Some recent experimental work in the annealing of radiation domoge51 •52 has indicated that the 

annealing process is not simply activated. The purpose of this po.per is to present in a convenient form 

o simple approximation to the problem of the annealing of defects having a spectrum of activation energies. 

·~ss 

5 °For a detailed discussion, see "Classical Scattering Theory for Interatomic Collisions," this report. 
51 T. H. Blewitt et al., p 603 in Dislocations and Mechanical Properties of Crystals, Wiley, New York, 1957. 
52 G. D. Magnuson, W. Palmer, and J, S. Koehler, Phys. Rev. 109, 1990 (1958). 



PERIOD ENDING AUGUST 31, 1959 

While the work presented here was independently performed by the authors, several other similar treat

ments have been published. 52 -54 

·The physical model to be considered is that of a number of defects which ore introduced in some way 

into a solid and which are found to anneal out in some elevated temperature range. The defects ore 

assumed to be independent and to display a range of apparent activation energies for_ annealing. (The 

energy may be a trapping energy or on energy of motion.) Specifically, let 

n(E,t) dE (1) 

be the total number of defects at time, t, whose apparent activation energies lie in ·the energy range 

E toE+ dE and assume the following rote equation to hold: 

an(E t) 
- ' = K{E,T) n(E,t) 

at 
(2) 

For convenience the spectrum of (1) is normalized to unity at timet= 0; then 

J
0
oo n(E,O) dE= 1 • (3) 

The experimentally important quantity is usually the fraction of the defects remaining at any time t, 

given by 

f(t) = J
0
oo n(E,t) dE • (4) 

This general model can be applied to the specific case, usually of greatest interest, for which the temper

ature is taken to be independent of the time, that is, isothermal annealing. Then 

f(t)"' fooo n(E,Q) e-K(E, T)t dE (5) 

This form is also applicable to pulse-annealing experiments, with the zero of time then referring to the 

beginning of a given pulse. Further, for the present discussion, which is supposed to be applicable to 

atomistic processes, we take the rate constant to be of the form 

K(E,T) = ve-EikT • (6) 

In Eq. (6) vis a frequency factor and k is the Boltzmann constant. 

If ·the original distribution n{E,O) is strongly peaked, Eq. (5) gives the usual first-order, singly acti

vated exponential behavior in time. Thus, for 

n(E,O) = o(E- E 1) , (7) 

-B 1!kT. 
f(t) = e-vte (8) 

53 w. Primak, Phys. Rev. 100, 1677 (1955). 
54 A. M. Freudenthal and H. Geiringer, p 228, esp p 276, in Handbuch der Physik, vol VI (S. Fli.igge, ed.), 

Springer- Veri ag, 1958. 
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However, the cases of greatest interest here are those for whi.ch n{E,O) is ."spread out" over an e~er~y-;, . 

range much larger than kT. There is then the difficult problem of extracting some information about 

n(E,O) from a k.nowledge of the behavior of f(t), that is, an integral over n{E.O} with a time~dependent 
kernel, . e-Kt. Essentially the same problem has been met in the classical treatment of relaxation 

s'pectra; 54 . and approximate methods have been devised for obtaining the spectrum based on the use of 

derivatives of the experimental data for {(l). In the present case it is not f~lt that consideration of higher 

derivatives than the first would be justified, in view of normal experimental errors. However, it is neces

sary to go to at least the first derivative since the kernel in Eq. (5), that is; e-K(E, T)t, regarded as a 

function of E, is not peaked, while the kernel in the integrand of the derivative with respect to the 

logarithm of the time is peaked. Thus, 

(9) 

_the bracketed expression has a maximum in energy at an energy E0, given by 

E 0 = kT In 11t , ( 10) 

and it might be guessed that a first estimate for the value· of the integral would involve some factors 

multi plying· n(E 0, 0)~ 

Proceeding more carefully, Eq. {9) may be written.· 

where· 

- _!j_ = 11l J
0
oo e-P. (E) dE 

d In t 

E 
F(E) = kT + 11te- ElkT- In n{E,O} 

Expanding F{E} in a Taylor series about E 0, 

and defining E0 by the requirement 

·p'(E ) = 0 ' 0 . I 

it may be shown that 

df . -EolkT -EolkT n(Eo,O) VIii 
- --"" Jlle e- vte ----:--;:.====================-:-dIn l = 

(1 
- e 0!kT)

2 

- 11le Ill - e 0!kT 
--- e + ---,..-----
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with 

(16) 

The approximation of Eqs. (15) and (16) is obtained by using only the terms shown explicitly in Eq. (13) 

in the expansion of F(E). In Eqs. (15) and (16) 

, _ [dn(£,0)] n (E 0,0) = , 

dE E-E - 0 

(17) 

If the spectrum n(E,'O) is flat in the region of E0 , it may be acceptable to introduce the approximations 

n'(£
0
,0) 

kT « 1 I 

n(£ 0,0) 

which lead to a first-order approximation to Eqs. (15) and (16), 

df 
- -- ~ kT n(£ 0, 0) 

d In t -

E 0 -;:;; kT In vt , 

(18) 

( 19) 

(20) 

corresponding to the guess made in Eq. (10). 55 In the following, consideration will be given to some of 

the features of the approximation (19) and (20) but not to the possibilities of a better treatment through 

Eqs. (15) and (16). 

Equations (19) and (20) provide a method for obtaining an approximate spectrum over a certain energy 

range [as determined from the range of experimental times through Eq. (20)] by taking the deri.vative of 

the experimental data with respect to the logarithm of the time. This also suggests that the experimental 

results be plotted as a function of the logarithm of time, since linear behavior on such a plot indicates 

a flat region of the spectrum. Two simple tests of this approximation are illustrated in Figs. 18 and 19. 

In Fig. 18 the true annealing is assumed to be uniquely activated, that is, the true n(£ 0,0) is a delta 

function, in this co se assumed to be centered at E /kT ,; 30. Thus, the true ann eo I ing foil ows the form 

of Eq. (8), and -df/d In t can be accurately obtained. From Eqs. (19) and (20) an approximate form for 

n(E 0, 0) can be obtained; this is shown in Fig. 18. It may be seen that the approximate spectrum is 

spread out by something like 2kT in energy. This is further illustrated by a second example. Assuming 

55 Actually, the treatment outlined gives a factor of J2ii";e, where e = 2.7183, on the right-hand side of Eq. (19); 

but this has been dropped since the spectrum would not be properly normalized if this factor is included. Even so, 

the distribution n(£
0

,0) of Eq. (19) is not quite properly normalized. Direct integrciti.on shows that a normalizing 

factor of /(1/v) is needed on the right-hand side of Eq. (19). However, this must be very near unity for all cases 

of i ntcrc ~t. 

,.1 
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(21) 

the function -df(t)/d In t may be calculated directly from Eq. (9): 

d f · ( - E 2 1 k T - E 1; k T - E 4 ; k T - E 3; k T) 
_ --·= ckT e- vte _ e- vte + e- vte _ e- vte 
· d In t 

(22) 

From Eq. (22), -dfld In t may be calculated for all times (given a choice for v and for kT); then, from 

Eq. (19) an approximate spectrum may be. computed at all energies, as obtained from the times through 

Eq. (20). The agreement between exact and calculated spectra, as shown in Fig. 18, seems quite good 

for such a crude approximation, especially when it is remembered that [from Eq. (18)] the approximate 

form is expected to be "fuzzed ·out" over a range of one to two kT, which, for the .case of Fig. 19, is 

0.03 to 0.06 ev. 
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Figure 20 shows a direct application of this approximation to experimental data. Three isothermal 

annealing curves for resistivity quenched into copper-aluminum alloy taken by Wechsler and Kernohan 56 

have been treated by this method, with approximate resulting spectra shown in Fig. 20. This is only 

_presented here to iII u strate how the pre sent method may be used. Note that for the system investigated 

by Wechsler and Kernahan the temperatures listed in Fig. 20 correspond to greatly different annealing 

rates; for example, at 45.1°( the system requires 10,000 min to reach a stage achieved at 90.0°C in about 

500 min. The point to be made here is that from this type of analysis a clue to the underlying physical 

process may be obtained. If the approximate spectra of Fig. 20, for example, are regarded as sufficiently 

similar, it may be argued that the assumptions of the present model are met in this system, that is, inde

pendent defects annealing in first order. In this particular case it would seem that perhaps there are just 

two distinct species (taking into account the "fuzzing out" as illustrated in Fig. 18), the one of apparent 

activation energy around 1.1 ev occurring in somewhat greater numbers than the one of apparent acti

vation energy around 1.2 ev. Of course, this is only a preliminary suggestion, and further data may 

reveal that the similarity of the spectra of Fig. 20 is accidental or may be explained in some other manner. 

As a last point it should be mentioned that, if a physical process exists corresponding to this model 

in which the true spectrum is actually slowly varying over a significant energy range, during the annealing 

process the apparent activation energy will rise with time. For example, in an isothermal anneal of a 

56M. S. Wechsler and R. H. Kernahan, "lattice Defects in a Copper-Aluminum Alloy," to be published in 
Acta Met. 
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flat spectrum, the apparent octivoti9n energy. will (over the time range corresponding to the flat region 

of the spectrum) just increase logarithmically in time, as .shown by Eq. (20)~ Although the analysis of 

other annealing methods, and particularly of the "slope method,"52 on the basis of this model is too : . . . . 

complicated to present here, it is true that the model predicts that any method of determini~g the acti

vation energy at any stage of the annealing will tend to show 0 progression of. energies following a low 

representing a generali~otion of Eq. (20). 
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DISLOCATION INTERACTIONS 

EFFECT OF FAST NEUTRON BOMBARDMENT 

AT VARIOUS TEMPERATURES UPON THE 

YOUNG'S MODULUS AND INTERNAL 

FRICTION OF COPPER 

D. 0. Thompson V. K. Pare' 

It has been shown in previous work 1• 2 that the 

dislocation contribution to the elastic modulus 

and internal friction of copper crystals is ex

tremely sensitive to radiation-produced defects, 

and that the variation of these quantities during 

irradiation at room temperature is well described 

by o simple theory of pinning. Since measure· 

ments ore mode on samples having relatively low 

dislocation densities ("" 107 per cm 2), the de

fects must migrate on appreciable distance to 

reach the dislocations. Furthermore, the amplitude 

of sample vibration is kept very small, so that 

motion of the dislocations during the measurement 

is completely negligible. Consequently, it was 

felt that the dislocations would act as o station· 

ory, highly sensitive detecting· network for de

fects which migrate by diffusion or other processes. 

Therefore, a series of bombardments at various 

temperatures was begun during the post year 

with the hope that the damage rates measured at 

the various temperatures would provide informo· 

tion concerning the spectrum of defects and their 

activation energies for mobility. Even though 

the experiments hove not been completed, several 

interesting results have been discovered and will 

be discussed briefly. A more complete description 

of these experiments will appear shortly in ·the 

open I i teroture. 3 

In Fig. 21 are shown the results of different 

constant-temperature neutron bombardments upon 

the Young's modulus, The bombardment tempera· 

tures are noted in the figure. The symbol E in 

the ordinate is the measured modulus at time t, 

E0 is the measured modulus at zero time, and Ee 
is the elastic or "saturated" modulus (with the 

dislocations completely pinned by defects). 

1 D. 0. Thompson ond D. K. Holmes, ]. Appl. Phys. 
27, 713 ( 1956). 

2H. Dieckamp and A. Sosin, ] •. Appl. Phys. 27, 
1416 (1956) . 

• 3D. 0. Thompson and V. K. Par,, to be published. 

These ore all measured at the bombardment tern· 

perature. Since it has been established that the 

dislocation contribution to the measured modulus 

is o function of temperature, at least at this 

measurement frequency, the ordinate in this 

figure has been chosen to represent a normalized 

fractional completion of the modulus change as a 

function of time (or integrated neutron flux) at 

several different temperatures. Consequently, 

each of the curves in the figure would approach 

unity if the bombardments at the various tempera· 

tures hod been extended sufficiently long. Con· 

versely, for a given bombardment time, the frac· 

tionol completion value gives a relative measure 

of the governing defect rate constant as a func· 

tion of temperature. It should be noted that the 

internal friction data obtained in these runs ore 

entirely consistent with the observed modulus 

results. 

It has been shown previously 1 that radiation· 

induced changes in the modulus and decrement 

can be described quite well by the equations 
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and 

0 -0 0 e 
o(t} = oe + --

(1 + yt) 2 
(2) 

in which E(t) and o(t) are the measured modulus 
and decrement values at time t, E and o are the · e e 
fino I, or "saturated," values of the some quanti-
ties, and E and o

0 
ore the ·values at zero time. 0 

.. " f . d' The quantity y is the rote constant o tmme t· 
'ate interest, for it is proportional to the number of 
defeCts which migrate to the dislocations at the 
bombardment temperature. Hence a plot of y vs 
temp.e~ature .is essentially a plot of the intt:tgrol 
of the defect spectrum from T = 0 to the neighbor
hood of the bombardment temperature. 

·1n ord~r to obtain y as a function of temperature, 
.the data of Fig. 21 have been plotted according to 
Eq. (1) in Fig. 22. It is assumed, of course, that. 
Eq. (1) is valid over the whole temperature ran.ge 
covered, as well as at room temperature. The 
symbols used in this plot have the same meanings 
as· those used· previously. If Eq. (1) were obeyed 
exactly, the lines in Fig. 22 would be straight 
with slope y. As can be seen from the plot, the 
lines actually show appreciable curvature in the 
early part of the bombardment and later become 
·straight. It can be shown 3 that the curvature can 
be accounted for very reasonably by assuming that 

3.0 

2.8 

2.6 

2.4 

2.2 

J 
I 

~ 
£,·£~-'!, 

E, 2.0 
£~-c.o 
~ . 

1.8 

1.6 

I 
I 

II ~ .. 
1.4 

1.2 

/3p8·K 

UNCLASSIFIED 
ORNL-LR-OWG 36770R 

1/ . 6AMPL[ SC ANNCALED 

I 
1/ 

~~ ~ . 82 

~ lr'o4 ---"""'1' 21 

~r-:- ,. ,-·- ,. 'T ... 
97--t' I ~ 

I.O 0 20 40 60 . 80 100 120 140 160 \80 2DO 

BOMBARDMENT TIME (hr) 

Fig. 22. { [(Ee- £)/£]I [(Ee-- £ 0)/£0 ] rYl =y-Ylas 

a Function of Bombardment Time at Various Temper· 

atures. The symbols have the same meanings as in 

Fig. 21. 

66 

two or more different types of dislocations ore 
being pinned, and further, that the initial slope is 
the average of the .values of y for the different 
types of dislocations weighted ac~ording to their 
contributions to the modulus change. This weighted 
value of y was felt to be the most suitable one for 
representing the temperature dependence o'f y. 

The averaged values of y are plotted as a 
function .of bombardment tempe-rature in Fig. 23. 
There is included a point previously ·obtained4. 

in .the Hole 12 cryostat at 20°K. A logarithmic 
scale has been chosen so as to display the most 
significant feature of the plot - the extremely 
Iorge variation of y over the temperature range 

4 0. 0. Thompson, T. H. Blewitt, ·and .D. K. Holmes, 
]. Appl. Phys. 28, 742 (1957). 
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·covered, This variation is by a factor of about 

40,000 between bombardments at 20 and 308°K. 

Even at l00°K the number of pinning defects is 

lower by a factor of about 40 than at 308°K. 

Presumably, the most important factors de

termining the pinning rate constant displayed in 

Fig. 23 are the values of activation energy required 

for migration of the defects to the dislocations 

and the reI ati ve number of each kind produced in 

the bombardment. As will be discussed more 

fully elsewhere, 3 it is possible to conclude from 

the present data that a continuous activation 

energy distribution is consistent with the data 

within the temperature interval covered by these 

experiments. It is also possible to conclude that, 

in terms of the number of defects which migrate 

at room temperature, only 2 to 3% of the defects 

are thermally mobile at l00°K. No evidence for a 

unique activation energy has been uncovered in 

the temperature intervals measured to date. 

It is proposed that during the next year constant

temperature bombardments will be made in two 

very important temperature intervals. The first is 

from 20 to about 78°K, and the second is from 

about 250 to 320°K. Significant "annealing" 

stages have been observed in the modulus in 

these ranges 3•4 , 5 as well as in resistivity 

measurements. It is felt that if unique activation 

energies are to be observed, it will be in these 

temperature regions. 

Another series of measurements has been begun 

recently which appears quite interesting. Hosiguti 6 

has found two internal friction peaks in deformed 

copper which are claimed to be due to trivacancies 

and divacancies produced by the deformation, ond 

which anneal out readily at room temperature. 

Techniques have recently been developed at 

ORNL so that the sample is deformed in torsion 

ot liquid nitrogen temperature in the internal 

friction apparatus and never allowed to warm to 

room temperature. Only preliminary measurements 

hove been made using this scheme, but it oppeors, 

ot least qualitatively, that the results do not 

5 A. Sosin and L. L. Bienvenue, Fl1Jll. Am. Phys. 

Soc. [2)4, 169 (1959). 
6 R. R. Hasiguti, AEC Conference on Radiation 

Damage held at Atomics International, Canoga Park, 
Cal if., Oct. 15 and 16, 1958. 
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agree entirely with Hasiguti's. It is hoped, of 

course, thot experiments of this kind might provide 

a link with radiation damage studies, ond they 

will therefore be continued during the coming 

year. 

DISLOCATION CONTRIBUTION TO 

THE TEMPERATURE DEPENDENCE 

0 F T'H E IN T E RNA L F R I C T I 0 N AN D Y 0 UN G' S 

MODULUS OF COPPER 

D. 0. Thompson D. K. Holmes 

Studies of the Bordoni internal friction peaks 

and the associated internal friction background in 

copper due to dislocations have been completed. 

These studies hove proved of value in subsequent 

measurements of neutron damage rates ot various 

low temperatures. An abstract of the published 

paper follows: 

Dislocation Contribution to the Temperature De· 

pendence of the Internal Friction ond Young's Modulus 

of Copper. 7 D. 0. Thompson and D. K. Holmes. - A 

study of the amplitude·independent internal friction and 

Young's modulus in copper from 14°K to room tempera

ture, both before and after neutron irradiation, indicates 

that there are two dislocation components in these 

quantities. These have been tentatively identified as 

a relaxation component, studied in detail theoretically 

by Seeger, and a background component which appears 

to be characteristic of Koehler's bowing mechanism. 

It is felt that these two components are probably quite 

intimately related, for the background internal friction 

rises at just slightly higher temperatures than the 

maximum of the individual relaxation processes, and 

the activation energy of the back!jround process is 

about twice the kink energy obtained from Seeger's 

theory. Moreover, the Bordoni, or relaxation, spectrum 

is shown to be considerably more complex than has 

been previously indicated, in that there appear to be 

at least four principal relaxations. As a result of the 

analysis attempted in the present work, it appears 

that the more obvious difficulties of Seeger's theo

retical treatment are alleviated. 

7 D. 0. Thompson and D. K. Holmes,]. Appl. Phys. 
30, 525-41 (1959). 
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ELASTIC CONSTANT-INTERNAL FRI.CTION 

SPECTROMETER 

D. 0. Thompson 

A spectrometer for the continuous measurement 

of the Young's modulus and internal friction of a 

metal sample has been developed. Detai Is of the 

apparatus have been published, and an abstract 

follows: 

Bo. Q; Thompson and F. M. Gloss, Rev. Sci. lnstr. 
29, 1034-40 (1958). 
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Elastic Constant-Internal Friction Spectrometer. 8 

D. 0. Thompson and F. M. Gloss. An elastic 

constont_:internol friction spectrometer has been 

developed which has proved to be very· useful . in 

measurements which must lost over extended periods 

of' time as well as in measurements which require a 

high degree of resolution. The essential feature of the 

spectrometer is the fact that it holds the sample in 

oscillotio~ at its resononc_e frequency o_t a preset 

strain amplitude and. measures the internal friction of 

the sample through a measurement of the driving force 

necessary to maintain the preset amplitude. 
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LOW-TEMPERATURE IRRADIATION STUDIES 

ANNEALING KINETICS OF NEUTRON· 

IRRADIATED ALUMINUM AND COPPER 

T. H. Blewitt R. R. Coltmon 
C. E. Klabunde 

Introduction 

The earliest concepts of radiation damage in 
metals assumed that fast neutrons interacted 
with atoms in their equilibrium position, resulting 
in their displacement and the formation of vacant 
lattice sites and interstitial atoms. Since theo· 
reticol considerations indicated interstitiols might 
hove a significant mobility at low temperatures, 1 

considerable effort has been spent both here and 
at other laboratories in the study of metals bom· 
borded at low temperatures. As a function of 
time the bombardment temperatures have been 
getting progressively lower, and at present the 
lowesf reported bombardment temperature is 3.8°K. 
These experiments hove shown that some defect 
is indeed mobile at low temperatures, and in the 
case of aluminum and copper a significant on· 
neoling peak has been observed in the temperature 
interval from 30 to 50°K. The earliest interpre· 
totions assumed that this annealing peak was 
associated with a migration of interstitial atoms 
to vacant lattice sites. One of the most difficult 
problems arising in this interpretation lies in 
the fact that only about half the defects appear 
to be onnihi loted. Since equal numbers of Vo· 
concies and interstitiols ore created, it is dif
ficult to imagine why only half of them would 
disappear if the above hypothesis were valid. 
The experiment discussed here was devoted to 
a study of the annealing kinetics in the region 
below 50°K. In particular, the experiments ore 
designed to test the validity of interstitial mi
gration and onnihi lotion in this temperature in· 
tervo I. 

Experimental Techniques 

Bombardments were mode in the Hole 12 cryostat 
of the ORNL Graphite Reactor. This facility, 
which incorporated a liq1.1efier attachment, has 
been previously described. 2 •3 Bombardment tem· 
perotures were in the region between 3.8 and 
4.2°K. Annealing was performed by locating 
the samples in a vacuum-tight con, together with 
a resistance heater. To pulse the samples, the 

sample con was isolated from the wall of the 
cryostat and the heater uti I ized to heat the 
samples. The relatively low heat capacity at 
this temperature mode it possible to raise the 
temperature of the samples as much as 30°K in 
a matter of a few seconds. The samples were 
rapidly quenched by injecting helium exchange 
gas into the space between the sample con and 
the cryostat wall. The time required to quench 
the sample 10 or 15°K was only a few seconds. 
By this technique both isothermal and isochronal 
annea Is were mode. 

Isochronal anneals were made in the region 
from 4.2 to 40°K. It might be noted that the 
temperature was measured by means of a copper· 
constantan thermocouple. It is estimated that 
the temperature can be measured to about 0.5°K. 
Some difficulty is encountered in the mea.sure· 
ments due to the presence of Thomson emf. 

Results 

The results of the isochronal annealing are 
shown in Figs. 24 and 25. Here we have plotted 
the resistivity recovery as a function of pulse 
temperature. . The measurements were all at the 
base temperature of 3.8°K. It will be noted that 
in the first run (3-min pulses) for both aluminum 
and copper there was a dip at approximately 17°K, 
somewhat suggestive of the type reported by 
Walker and co-workers. 4 The fact that both metals 
show the same dip makes it questionable that 
this is a real effect and, indeed, the subsequent 
measurements fai I to show any such dip. Run 3 
for both aluminum and copper (10-min pulses) 
is representative of the fi:1al points obtained 
during the study of isothermal annealing. 

Isothermal annealing curves were obtained in 
approximately 2° intervals in the range from 
9 to 20°K. The primary purpose of these experi
ments was to determine the activation energy 
utilizing the change in slope method suggested 

1H. B. Huntington, Phys. Rev. 91, 1092 (1953). 
2R. R. Coltman, T. H. Blewitt, and T. S. Noggle, 

Rev. Sci. lnstr. 28, 375 ( 1957). 
3J. T. Howe, R. R. Coltman, and T. H. Blewitt, 

Proc. 1957 Cryogenic Eng. Conf., p 173, 1957. 
4J. W. Co~bett and R. M. Walker, Phys. Rev. 110, 

767 (1958). 
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by Overhauser. At each temperature four points 
were determined. A typical plot of the isothermal 
annealing curves is shown in Fig. 26. It is esti
mated that the change in slope can be determined 
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3. 9° K Reactor Bombardment, 
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to within a factor of 2. · The computation of the 
activation energies from these data is shown 
in Table 3. The activation energies in the region 
between 30 and 50°K w~re also determined by 
the same method. The change in slope resulting 
when the. temperature is raised from 36.2 to 38.9° 
is shown in Fig. 27. The activation energy in 
this temperature range was· also determined 
utilizing the relaxation time method. This is 
done by measuring the time required ·to anneal 
out a given fraction of the ·resistance at two 
different temperatures. The results obtained to 
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Fig, .26. Isothermal Annealing of Copper ot 13.5° K •. 

Table 3. Apparent Activation Energy for Cu and AI 

Temperature. AI Cu 
Range 

E (ev) Emln (ev) E (ev) Emin (ev) fK) 

8.5-11.2 0.020 0.020 0.022 0.019 

11.2-13.5 0.032 0.032 0.035 0.031 

13.5-14.5 0.054 0.049 0.040 0.039 .. 

1.4.5-15.7 0.049. 0.049 0.065 0.065 

15.7-16.75 0.081 0.069 0.080 0.068. 

16.75-17.8 0.077 0.070 0.095 0.088 

-.!. 
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and Aluminum, 

determine the activation energy by this method 
:ue shown in Fig. 28. The activation energies 
determined by both these techniques are shown 
in Table4. 

Discussion 

The determination of the activation energies and 
of the isochronal annealing curves points out 
several interesting facts. First, it should be 
noted that anne a I i ng occurs at temperatures as 
low as 7.2uK. It would seem very difficult to 
ascribe this annealing to the same simple defect 
which is moved in the 30 to 50°K range. Some 
difficulty would, therefore, be expected in ex· 
plaining the whole low-temperature annealing as 
the result of the motion of a simple defect. 
Second, it should be noted that the activation 
energies increase monotonically as a function 
of temperature. The discrete steps found by 
other investigators do not appear to be present 
here. 4 It would thus seem difficult to apply 
the theory that close vacancy-interstitial pairs 
with discrete activation energies were prese~t 
to account for low-temperature annealing. Finally, 
the magnitude of the activation energies seems 
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Table 4. Apparent Activation Energy for Recovery 

of AI ond Cu at 36.2 and 38.9~ 

Time at 38.~K Time at 36.2°K 
Metal (min) (min) E (ov) 

Cu 0.47 20.5 0.171 

0.97 59.7 0.186 

1.64 104 0.187 

0.164* 

AI 0.408 11.4 0.150 

0.701 22.0 0.156 

1.32 43.5 0.158 

3.80 106.0 0.150 

0.153·• 

*From change in slope. 
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much too high to allow a simple process to be 
occurring. This is particularly noted when one 
calculates the number of jumps required for 
annihilation for any of the activation energies 
which . have been determined. The results of 
such computations are shown in Table 5. For 
example, the activation energy of 0.187 ev found 
at 37°K for copper would require 10-lO jump. 

It is readily seen· that this result is absurd, and 
one is. forced to conclude that the rate equation 
cannot be applied to these results. At the moment 
the most feasible explanation· would seem to lie 
in the fact that the activation energy is a spec
trum, and the usual methods of determination of 
the activation energy of uniquely activated proc
esses are not"applicable. 

IRRADIATION ANNEALING STUDIES OF 

VARIOUS METALS 

R. R. Coltman T. H. Blewitt 
C. E. Klabunde 

In addition to the extensive low-temperature 
radi-ation-damage studies mad·e on copper and 
aluminum, some annealing data has been obtained 
for a number of other metal·s. This data is-in the 
form of isochronal annealing studi'es made after a 
bombardment of 4 x 1017 nvt at about 4°K, and 
the method used for temperature pulsing was the 

Table 5. Average Number af Jumps Occuring Before 

Annihilation in the Case of Cu and AI* 

Temperature· 
Number of Jumps, n 

E (ev) 
(oK) Cu AI 

9.8 0.02 5 X 104 5 X 104 

12.4 0.032 102 102 

14.0 0.040 4 4 X 10-S 

15.1 0.065 5 X 10-6 5 X 10-2 

16.2 0.080-0.068 1 X 10-9 1 X 10-10 

17.2 0.095-0.088 2 X 10-12 3 X 10-B 

37.4 0.180 2 X 10-10 2 X 10-6 

*The values have been determined from the experi
mental activation energy and the rate equation; n is 

. b -E/kT h . th 0 f Ohol 0 

g1ven y tve . , w ere t IS e t1me or ann1 1 at1on, 

taken as 102 sec here, and v is the atomic frequency 

factor, assumed to be 10 13 • 
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same as that described in the section "Annealing 
Kinetics of Neutron-Irradiated Aluminum and 
Copper.", 

Figure 29 shows the isochronal annealing of 
high-purity zinc. Since the first point was ob
tained at 14~, further study of zinc must be made 
to determine whether an annealing peak exists 
between 4 and 14°K or whether this recovery is 
the continuous type found in copper and aluminum 

, in this temperature region. It may be noted that 
at about 50°K the beginning of a large recovery 
peak may be seen. This peak recovery had been 
observed earlier on specimens bombarded at 15°K. 

Figure 30 shows the isochronal annealing of 
high-purity platinum. The large annealing peak 
shows about the same fractional recovery as that 
found in copper, but the peak is centered at about 
20~, whereas that of copper is at about 40°K. 

Figure 31 shows the i sochrona I annea I ing of the 
noble metals. Silver behaves in much· the same 
manner as copper except for a shift in the annealing 
to lower temperatures, the peak being centered at 
about 289<. The similarity in recovery data 
between copper, aluminum, silver, and platinum 
is interesting with regard to both magnitude and 
genera I shape of the recovery curves. Although 
by no means conclusive, this similarity suggests 
that the distribution of defects after a low-temper
ature bombardment· is somewhat the same in these. 
four metals. 

0. 75 L..L_L..LLL.L.L.L.L.L.J....L.L...Ll...L.J...L.JL.LL.LLL.LL.LL.l...L.L.!...L.Ll 
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TEMPERATURE (°K) 

BOMBARDMENT TEMPERATURE 4.06°K 
FLUX 4 x 1017 nvf 

3-min PULSES 

Po= 4.55 x 10-9 n em 

6 p = 31.9~6 X 10"9 ncm 
RUN H.L.-4 . 

Fig. 29. Isochronal Annealing of Zinc. 
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It can be seen in Fig. 31 that the .isochronal 
annealing results for gold ore completely anoma
lous with regard to the four meta Is I i sted in the 
pr~vious paragraph. Although a small annealing 
peak may ue present at 18"K, in genera I gold 
shows only continuous or "gorboge"-type an
nealing. In view of the similarity of gold to 
copper and silver, this result is most surprising 
and is not under stood at present. 

In the previous progress report the fast-neutron 
damage rates (calculated from measured changes 
in residuql resistivity at 4°K in the ORNL Graphite 
Reactor) of severo I meta Is were I i sted. During 
the post year additional measurements on other 
moteri a Is hove been mode. These re suIts ore 
shown in Table 6. 
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The total bombardment time over which measure
ments were mode was about 150 hr in each case 
except for those materials listed in run HL-6, 
which lasted 65 hr. A 150-hr bombardment corre
sponds .to on integrated fast flux of 4 x 10 17 nut. 

None of the damage-production curves obtained 
for these materials showed indications of satura
tion. In the case of tin, it was possible to lower 
the sample te;nperoture ·below the superconducting 

tron s iti on temperature of 3. 73'1< before and after 
bombardment when the reactor was off. During the 
experiment the tin wo s in the norma I state. There 
wo s no change greater than a few tenths of a 
degree in the superconducting transition temper
ature. The same is true for lead and vanadi urn, 

which were bombarded ·in the superconducting 
state. In view of the relatively small bombard
ments used in these experiments and the known 

sensitivity of superconducting transition temper
ature to impurities, these results ore not too 
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Table 6. Rates of Damage to Various Metals by Fast Neutrons at a Flux of 6 X 10
11 neutron.s•i:~- 2 -sec- 1 

in Hole 12 of the Graphite Reactor 

Residual Resistivity 

Specimen Before Bombardment 

Po (ohm-em) 

Copper 6.2 X 10- 10 

Copper (cold worked) 4.8 X 10-8 

Gold 3.5 X 10-8 

Tin 5.4 X 10-8 

Silver 2.0 X 10-9 

Platinum 1.4 X 10-7 

Aluminum 4.0 X 10-9 

Nickel 2.2 X 10-8 

Iron 8.6 X 10-7 

Zinc 4.5 X 10-9 

Magnesium 3.9 X 10- 8 

Bismuth 1.7 X 10-S 

*Single crystal. 

surprtsmg. It may be noted in Table 6 that for 
many materials the damage-induced change in 
resistivity after 150 hr is greater than the initial 
residuql resistivity. The damage rates listed in 
Table' :6 are. arranged in increasing order, and it 
can b~ seen that. high-purity bisn1Uth is da~aged 
104 dmes as ifai;'t as copper. Since bismuth has 
a ver.y low . carrier concentration, this result 
clearl~; point.s out the importance of this parameter 
in cor;elating neutron damage rates in different 
materi~ Is. 

THE !=.FF,ECT OF ANNEALING IN OXYGEN ON 

THE.RESIDUAL RESISTIVITY OF COPPER 

J. K. Re,dman 
t. H. Blewitt 

R. R. Coltman 
C. E. K:!~.bunde 

· .. During. the past year work was cont'tnued on the 
study of' the effects of annealing 'i'n oxygen on 
the residual resistivity of nominally .high-purity 
(ASR 99~999%) copper. Earlier work r·eported by 
the group5 • 6 has shown that the residual resis
tivity of· ~~pper. can be reduced by as much as a 
factor of 20 by····~:mnealing in a poor vacuum (20 p. 

air) at 900°C. · Mo~e recent quantitative data 
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Damage Rate 

dp/dt 

(ohm-cm/hr) 

2.46 X 10- 11 

3.35 X 10- 11 

3.02 X 10- 11 

"'4.4 X 10- 11 * 

5.15x 10- 11 

6.60x1o- 11 

8.43 X 10- 11 

1.33 X 10..;. 10 

""1.6 X 10- 10 

2.13x1o- 10 

2.55 X 10- 10 

2.28 X 10- 7 

Bombard.ment 

Temperature 

(~) 

4.17 

4.17 

4.06 

4.06 

4.06 

4.17 

3.9 

4.2 

4.3 

4.11'· 

4.2 

. 4;2·:' 

Run 

HL-2 

HL-2 

HL-4 

HL-4 

HL-4 

HL-2 

HL-5 

HL-6 

HL-1 

HL-2 

HL-6 

· . HL-6 

shows the decay of residual· resistivity· as a. 
function of annealing time in air. All electrical 
measurements have been made on. c~pper single 
crystals in a bath of liquid helium (4;2°K) fol
lowing pulse anneals for various times i.n a poor 
vacuum of about 30 p. of air; Figure 32 sh~ws the 
decay of resistivity of a specimen whose initial 
residual resistivity was somewhat high. The 
annealing conditions were 700°C and ~0 p. of air. 
For this specimen the residual re.sistivity de
creased by a factor of 50. Figure 33 shows the 
decay curves of two other samples.with different 
values of initial res.idual resi sti~ity. The initial 
resistivity of sample 4T6-:A wa~ 4 X 10- 9 ohm-em, 
saturating at 9 x 10- 10 ohm-em, and the initial 
value of sample 475-F was 2 .. 1 x 10- 9 ohm-em, 
saturating at 4.8 x 10- 10 ohm-em. . 

It has been found that there is no effect when 
specimens are annealed in a poor vacuum of pure 
nitrogen, hence it is ·cert'ain that oxygen causes 

5T. H .. Blewitt et a/., Solid State Ann. Prog. Rep. 
Aug. 31. 1958, ORNL-2614,· p 65. 

6 J. K. Redman et a!., Bull.· Am. Phys. Soc. 4, 150 
(1959). 



2.8 

2.6 

2.4 

2.2 

2.0 

] 1.8 
0 

.,;!- 1.6 

"' u 
::;1.4 ,_ 
Ul 

~ 1.2 
Q: 

1.0 

0.8 

0.6 

0.4 

0.2 

·--....., 

0 
I 

UNCLASSIFIED 
ORNL LR DWG 36762 - -

I I I 
INITIAL RESISTIVITY 8.2 x 10-8 ohm-em --i'\ FINAL RESISTIVITY t.Sxi0-9 ohm-em 

\ 
\ 
\ 

\ 

1\ 
\ 
\ .\ 

-........ - ............ 
1-· 

10 

TIME (min) 

Fig, 32. The Effect of Annealing at 700°C in 30 
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the changes. It has also been found that annealing 
in chlorine will reduce the residual resistivity. 
For example, a 15-min anneal at 980°C in 10 11 
of Cl 2 reduced the resistivity of a copper crystal 
by a factor of 5. Furthermore, annealing at high 
temperatures in reducing atmospheres (hard vacuum 
with the specimen in contact with graphite, hydro· 
gen, or carbon monoxide) can restore the residual· 
resistivity of an air-annealed specimen to near 
its original value. The process seems to be com
pletely reversible but requires somewhat higher 
temperatures for a reducing treatment than for an 
oxidizing treatment. 

The precise mechanism by which the resistivity 
is lowered upon annealing in oxygen is not under· 
stood. Because of the small amount of impurity 
present in the copper, it seems difficult to believe 
that precipitation is induced by the oxidizing 
treatment. It does seem possible that the simple 
oxidation of impurities might decrease their 
scattering cross section. This might be particularly 
true of iron as an impurity; it is known to have an 
anomalously high scattering cross section in the 
metallic state in copper. 

It has also been found that an oxidizing or 
reducing heat treatment of high-purity copper also 
affects the temperature dependence of resistivity 
in the region of 2-20°K. This is discussed in 
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more detail in the section "The Resistance Mini
mum and Resistivity of Copper _at Low Temper· 
atures." 

STORED ENERGY OF IRRADIATED COPPER 

T. H. Blewitt R. R. Coltman 
C. E. Klabunde 

A redetermination of the stored-energy release 
in reactor-irradiated copper between 30 and 50'1<. 
was made under much more favorable conditions 
with new refinements of the nuclear-heating calo
rimetry method. The result, 0.19 col/mole for 
4 x 1017 nvl, confirms earlier figures with a·much 
higher certainty. This reconfirms the difficulty 
of explaining the 30-50°K peak in annealing of 
radiation-induced resistivity on the basis of 
simple interstitial-vacancy recombination. A more 
detailed report has been published.7 

7T. H. Blewitt, R. R. Coltman, and C. E. Klabunde, . 
Phys. Rev, Letters 3, 132 ( 1959). 
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DESIGN OF A NEW LOW-TEMPERATURE 

IN-PILE FACILITY WITH A 

NEUTRON CONVERTER 

J. Diehl 8 T. H. Blewitt 
R. R. Coltman 

So for all experime!lts concerning radiation 
damage due to neutron irradiation at very low 
temperatures have been carried out in the he I ium 
cryostat, 9 located in Hole 12 of the Graphite 
Reactor. At present a new low~temperoture foci I ity, 
which will be placed in Hole 10 of the same 
reactor; is under construction. In principle the 
new cryostat is similar to the Hole 12 cryostat; 
however, it will incorporate a tube of a uranium
aluminum alloy highly enriched with u235 , which 
wi II convert the majority of the thermal neutrons 
into high-energy fission neutrons. A low-temper
ature foci lity with a neutron spectrum changed in 
such a manner seemed to be desirable for two 
reasons: (1) since the radiation damage in metals 
is primarily due. to fast neutrons, a converter 
enhan.ces the rate of damage considerably and 
therefore allows investigations involving higher 
total changes in the physical properties of the 
samples during comparable irradiation times; 
(2) comparative studies in foci lities with and 
without a converter should provide some valuable 
information about the influence of the neutron 
spectrum on the detai Is of rodi ati on-damage effects. 
In the following, the design of the converter and 
the cryostat wi II be described briefly. 

The water-cooled converter and the cryostat are 
built up essentially of six coaxial.aluminum tubes, 
about 22 ft long (see Fig. '34). At the outside, 
tube No. 2 is conne"cted at its lower end with. the 
converter tube, which is an aluminum-clad cylinder 
of a uranium-aluminum alloy. containing 43 wt % 
of highly enriched uranium. .The U-AI core is 1 ft 
lcmg with a wall thickness of t32 in. The cooling 
water flo~s through the annuli between tubes 
Nos. i and 2 and between Nos. 2 and 3. It carries 
away the heat developed by the fission process in 
the converter, which has been calculated to be at 
most about 1.8 kw. The water intake and outlet 

BVisitor from Max Planck lnstitut fuer Metallforschung, 
Stuttgart, Germany. 

9R. R. Coltman, T. H. Blewitt, and T. S. Noggle, 
Rev. Sci. Instr. 28, 375 ( 1957). 
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lines will be connected to an existing demineral
ized-water circuit which is used for the cooling 
of the Hole 51 converter. 

The main part of the cryostat itself consists of 
the three inner tubes (Nos. 4, 5, and 6). Its design 
is somewhat different from that of the Hole 12 
cryostat, and is essentially simplified, partly 
because of the stronger limitations in space due 
to the converter tube, and partly as a consequence 
of the experiments made with the old cryostat. 
The main difference is that the new cryostat does 
not contain a special heat exchanger around the 
sample tube. The aluminum sample tube (No. 6) 
will be cooled by the cold helium gas (which will 
be supplied by the same expansion-engine refriger
ator that operates the Hole 12 cryostat} streaming 
down between tubes Nos. 5 and 6. After reversing 
flow at the end of tube No. 5, the gas returns 
through the annulus between tubes Nos. 4 and 5. 
As in the old cryostat, static exchange gas in the 
sample tube wi II provide the heat contact between 
the cold wall· of t.he sample tube and the samples 
themselves. This gas can be pumped out to 
insulate the samples thermally during annealing 
experiments. High vacuum between tubes Nos. 3 
and 4 will provide the thermal insulation between. 
the cryostat part and the converter section. Since 
the flange at the upper end of the sample tube 
stays at room temperature, a heat trap consisting 
of a 1-ft-long section of thin-walled stainless 
steel tubing is inserted between the upper end of 
tube ·No. 6 and that flange. The procedure for 
making the joint between aluminum and stainless 
steel has been described. 9 Simi lor joints are 
used in the helium intake and outlet lines. No 
special provisions have been necessary to allow 
for different thermal expansions in different parts 
of the cryostat. The cold tubes are connected 
with each other and with the rest of the assembly 
only at the top and ore otherwise free to slide 
along each other in an axial direction. In case of 
any failure, the cryostat can .be pu II ed out of the 
converter tube after opening the main flange 
around the out~rmost tube, so that it would not be 
necessary to remove the converter from the pi I e. 

Under some simplifying assumptions, the thick
ness of the converter tube was determined in such 
a way that the number of fissions per unit ·time 
should be more than 90% of the maxi mum number 
obtainable with a completely "black" cylinder 
having the same outer diameter. If one assumes 
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that the damage, that is, the number of defects 
produced by fast neutrons in a metal, is propor
tional to the neutron energy E, then the damage 
rate inside the converter should be increased by 
approximately a factor of 6. By taking into account 
the attenuation of the fast neutrons in the water 
jacket around the converter, this factor wi II be 
reduced to about 5. On I y a very rough estimate 
has been made of the increase in gamma heating 
due to the converter. Since this estimate shows 
the increase will be smaller than a factor of 2, it 
should not cause any serious difficulty. 

D.ETERMINATION OF THE GAMMA FLUX AND 

NEUTRON FLUX IN THE POOL OF THE ORR 

T. H. Blewitt J. Diehl 10 

Introduction 

A facility was built in the pool of the Oak Ridge 
Researcb Reactor opposite fuel position A-4 for the 
preliminary purpose of determining the nuclear 
heating and the neutron flux in the proposed 
location of a cryogenic loop. These two pieces 
of data are essential in evaluating the usefulness 
of a_ low-temperature bombardment foci I ity and in 
constructing it. 

The large value of the nuclear heating expected 
in a water-moderated reactor, such as the ORR, 
will play a very important part in the final design 
of the cryostat since limited amounts of refriger
ation are available. The data determined from 
this experiment indicated that sufficient refriger
ation was available to construct a cryostat of 
useful size with an operating temperature of 20°K. 
The neutron flux measurements, however, indicated 
that a sufficiently high damage rate was not 
available to warrant construction of such a cryostat 
if an enriched graphite reactor were available. 

Constructi~n of Facility 

The bombardment foci I ity at the ORR pool is 
essentially an aluminum U-tube. In order to 
reduce neutron moderation to a minimum, a box 
filled with helium gas was built around the U-tube 
to occupy the volume between the tube and the 

reactor face. It is estimated that only \ in. of 
water lies between the sample and the reactor 

10 Visitor from Mox Planck lnstitut fuer Metallforsch
ung, Sfuttgart, Germany. 
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tank. Samples are inserted through a Wilson seal 
located at a thimble at the tank wall. Cooling is 
provided by the circulation of helium gas at a 
rate of 20 cfm at a pressure of 50 psi. A Carrier 
F-20 hermetically sealed compressor is utilized 

·as the circulator. An after-cooler is provided ·to 
prevent excessive oi I carry_.over at the discharge 
end of the compressor. Micro Meta II ic fi Iter s are 
located in the discharge side of the circuit so that 
dust is trapped before it enters the pool and 
becomes radioactive. A Micro Metallic filter is 
also provided on the inlet side of the compressor 
so that ·any radioactive particles will be trapped 
before they enter the·compressor. 

Rupture disks are located in various places to 
prevent bur sting of t.he pi pes. In the event of a 
rupture the gas will be discharged into the radio
active off-gas line. In addition to the cooling 
system, a high-speed vacuum system consisting 
of a Kinney mechanic~! pump and an oil diffusion 
pump is provided so that samples can be isolated 
by evacuating the tube. 

Determination of .the Gamma-Ray Heating 

Gamma-ray heating measurements have been 
made at the ORNL Graphite Reactor by determining 
the time-temperature curve for a sample of copper 
in the region from 20 to 50°K. In this reactor the 
low-temperature measurements are essential since 
the gamma heating is relatively small, so that 
radiation losses; must be reduced by the utilization 
of low temperatures: At room temperature the 
effect of thermal radiation would be sufficiently 
great to introduce considerable error into a gamma
ray heating measurement. 

The problem, however, at the ORR is considerably 
different, since the gamma-ray heating is several 
orders of magnitude greater than that in the 
Graphite Reactor. Accordingly, the measurements 
of the nuclear heating were made by determining 
a time-temperatur·e curve above room temperature. 
A sample of copper was .carefully polished and 
suspended in the · U-tube by means of a copper 
constantan thermocouple approximately 2 ft from 
the center. ·of the reactor. The U-tube was evacuated 
and the reactor s·tabiliz.ed at 4 Mw. The sample 
was pushed into the center line of the reactor, 
where if received the maximum intensity of nuclear 

heating, a Wilson seal was used to maintain the 
high vacuum, and the temperature was determined 
as a function of time. From the known value of 



the specific heat of copper the rote of heat input 

con be determined. Simi lor measurements were 

also mode at 8 Mw of reactor power. The results 

ore shown in Figs. 35 and 36. Computations of 

the gamma-roy heating with a correction for radi

ation losses (thermal radiation effects ore about 

one-fifth of the gamma-roy heating at 8 Mw of 

reactor. power and a sample temperature of about 

3500C) indicate that gamma-roy heating is 0.7 w/g 

at a full operating level of 20 Mw. 

Determination of the Neutron Flux 

For the purpose of radiation damage studies the 
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ore excellent neutron dosimeters. In the post a 

fairly comprehensive study of the effect of neutron 

irradiation on the flow stress and the room temper

ature resistivity of copper has been mode. Some 

of the results of these studies ore shown in 

Fig. 37. 

All measurements ore mode in reference to the 

neutron spectrum which occurs in a uranium donut 

in the center of the Graphite Reactor. In essence, 

the neutron spectrum is a 1/E spectrum with the 

thermo I neutrons converted to fission neutrons. 

-It has been found that insofar as the flow stress 

and the electrical resistance ore concerned the 

neutron converter enhances the damage rote by a 

foetor of 5. As a result, if it is desired to convert 

the results of Fig. 37 to a location in which a 

pure 1/E spectrum appears, the neutron dose 

should be multiplied by a foetor of 5. On the 

basis of a change in flow stress of a copper 

single crystal bombarded 1n the ORR foci lity 

described above, a three-week bombardment was 

equivalent to 1.5 x 10 19 nvt. A similar figure 

was reached when the change i"n resistance was 

considered. It thus turns out that the neutron flux 

is equivalent to 1 x 10 13 neutrons•cm- 2·sec- 1• 

In reference to a 1/E distribution, the neutron 

flux is equivalent to 5x 10 13 neutrons·cm- 2•sec- 1• 

Conclusions 

The foe i I ity constructed to measure the neutron 

flux and gamma heating turns out to be a very 

useful one for the bombardment of samples near 

50°C. This is true because of its relatively high 

flux and carefully controlled. temperatures. In 

addition, rhe high gamma flux makes it teasible 

1016 

NEUTRON FLUX (nv/) 

Fig. 37. Dose Dependence of the Critical Shear 

Stress of Copper Single Crystals as Used for Calibrating 

the Neutron Flux in the ORR Foci I ity. 
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to use this facility to measure specific heats and 
associated measurements, for example, stored 
energy in the,range of 50 to 600°C since .the heat 
input is large in comparison to the radiation losses 
at these temperatures. 

It does not, however, appear that this facility 
would be particularly advantageous for the con
struction of a high-flux (damage rate) cryostat. 
The major difficulty arises from a high gamma 
heat per neutron, which is of course a consequence 
of water moderation (for example, the gamma heat 
per neutron is generally an order of magnitude 
larger for a water-moderated reactor than· for a 
graphite-moderated reactor), and from the neutrons 
from a relatively large solid angle being con
siderably moderated by the pool side water. This 
latter factor is a con sequence of the reactor face 
being stepped 8 in. from the reactor tank. The 
net effect then of these factors iS' to increase 
the gamma flux by a factor of 200 over that now 
existing in the Graphite Reactor, whi.le the damage 
rate is enhanced by a factor of 50 over that in the 
existing Hole 12.cryostat (in the Graphite Reactor). 
In both cases considerable improvement in the 
ratio of the gamma flux to the damage rate would 
result if a fission spectrum were employed. This 
could be done in. the ORR by moving the. sample 
to the reactor face· (unfortunately for· practical 
purposes the step in the tank prohibits the location 
of the cryostat in this position). In the case of 
the Graphite Reactor the damage rate could 
easily be enhanEed by a factor of 5 by the use of 
a converter with only a sma II en han cement of· the 
gamma-ray heating. The most favorable conditions 
for the construction of a cry.ostat would occur under 
the proposed enhancement of the Graphite Reactor. 
In this case the thermal flux would increase by a 
factor of 5, so that by using a converter the damage 
could be enhanced by a factor of 25 over that now 

. observed in Hole 12. At the same time the gamma 
flux would be expected to increase by no more 
than a factor of 6. Hence, a damage rate only a 
factor of 4 down from that in the ORR poolside 
facility should result with a gamma heating which 
is down by a factor of about 50. However, while 
by no means the ideal situation, it is possible to 
design and operate with the refrigeration now 
available at ORNL a cryostat in the pool of the 
ORR provided that adequate space for direct 

~-access to the sample chamber is made available. 
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THE RESISTANCE MINIMUM AND RESISTIVITY 

OF COPPER AT LOW TEMPERATURES 

S. T. S~kula 

The existence of an electrical resistance mini
mum in copper has been ascribed by some workers 1 1 

to the presence of small concentrations of specific_ 
metallic solutes in the metal, while others 12 have 
suggested structural defects in the metal as playing 
a major role. Recently Redman et al. 13 demon
strated that the resistivity of single crystals of 
copper is markedly dependent on their thermal 
hi story. In particu lor, the resistivity at the normal 
boiling point ofhelium was found to decrease with 
increasing exposure time in an annealing treatment 
at 700°C in 30 11- of air and to attain a constant 
value after 5 hr of heat treatment. A re-examination 
of the earlier work 12 on the resistance minimum 
in copper in I ight of these new data suggested 
the possibility that the resistance minimum was 
influenced by the hardness of the vacuum during 
the annealing teatment. MacDonald and Pearson 11 

also observed that the anomalous resistivity 
minimum seemed strongly dependent on reducing 
or oxidizing atmospheres during the melting of 
copper. A study of the role of the annealing 
atmosphere on the electrical resistivity minimum 
of copper was therefore felt to be of considerable 
interest. 

The experimental techniques for these measure
ments are sketched briefly here, with a detailed 
description reserved for later publication. The 
samples consisted of 0.05-cm-dia copper wire 

· 25 em in length wound around a quartz tube. The 
specimens were annealed in an evacuated mullite 
tube which allowed for annealing in desired 
atmospheres by means of a controlled leak. The 
resistance measurements were mode on a Wenner 
potentiometer. Provisions for pumping on the 
he I ium bath and a heater coi I around the ther
mometer bulb which al ~o served as a sample 
container enabled a temperature range to be 
covered from 1.7 to 25.0°K. 

11 D. K. C. MacDonald and W. B. Pearson, Acta Met. 
3, 392 ( 1955) 

12T. H. Blewitt, R. R. Coltman, and J. K. Redman, 
Phys. Rev. 93, 891 (1954). 

13 J. K. Redman et a/,, Bull. Am. Phys. Soc. [2]4, 
_150 (1959). 



One particular sample of copper was subjected 
to 11 heat treatments in alternate oxidizing and 
reducing atmospheres. In every case annealing in 
a reducing atmosphere increased the over-a II 
resistivity and brought on a resistance minimum. 
Annealing in an oxidizing atmosphere reduced 
the resistivity and washed out the minimum. 
Curve 1 of Fig. 38, which is typical after a re
ducing treatment, was obtained by annealing the 
sample in a graphite boat in a vacuum of 2 x 10- 5 

mm Hg. A resistance minimum is found at about 
12.5°K and an abrupt increase in the resistivity 
is seen in the region from 6 to 8°K. The sharp 
rise was found to be due to the method of attaching 
electrical contacts to the sample and is incidentol 
to the appearance of the resistance minimum. A 
typical curve following an air anneal (10 fJ. at 
750°( for 2 hr) is shown in curve 2 of Fig. 38. 
The resistivity at 4.2°K has decreased by approxi
mately a factor of 5 and the minimum is not 
observable. An activation analysis revealed the 
presence of iron os the major impurity and smaller 
amountsof silver and zinc. Unfortunately it was 
not possible to obtain numerical values for these 
concentrations. 

4.42 

4.40 

4.38 

4.36 

4.34 

u 4.32 
::, 

Cl:IQ:"' 4.3o 

4.28 

4.24 

4.22 

4.20 

4.18 

~ 

-~ 

oO. -·-. . 
~ 

0 3 6 

?'-. 

UNCLASSIFIED 
ORNL-LR-DWG 38573 

/ 
I ~ ..,._;.._,. / 

1 VACUUM ANNEALED 
(LEFT ORDINATE) 

-
2 AIR ANNEALED 

(fliGHT ORDINATE) 

( 

·--·=-·-
__ ._....,. 

--·- 0.80 

0.78 
9 12 15 18 

TEMPERATURE I"K l 

Fig. 38. Temperature Dependence of the Resistivity 

of Copper with a Small Impurity Content After ArHreollng 

in a Reducing Atmosphere and an Oxidizing Atmosphere, 

PERIOD ENDING AUGUST 31, 1959 

Similar results were found in a" copper sample of 
much higher purity. In this case the specimen was 
annealed in a vacuum of 2 x 10- 5 mm Hg at 950°( 

. for 2 hr and was fou.nd to have a resistance mini
mum as shown in Fig. 39. It should be noted that 
the low resistivity of this sample following the 
treatment in a reducing atmosphere is an indication 
of high purity. The resu Its upon reheating this 
specimen in 10 fJ. of air at 750°C for 2 hr are also 
shown in Fig. 39. The resistivity minimum is no 
longer observed and the residual resistivity is 
seen to have dec rea sed appro xi mat ely by a factor 
of 3. 

These results, while not completely understood, 
indicate the strong influence of trace impurities 
on the residual resistance and the resistance 
minimum of copper at low temperatures. It is 
particularly significant in this regard that the 
anomalous resistivity minimum is reversible and 
can be introduced or removed at wi II by a heat 
treatment in an appropriate atmosphere. These 
results would then seem to clearly show thot the 
resistance minimum is ·not a fundamental property 
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of the copper but a manifestation of the state in 
which trace impurity atoms are present in the 
copper. Moreover, these results suggest that the 
many conflicting observations on the resistance 

·minimum may be due to ·differences in the prepa
ration of the samples. 
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In addition to work now in progress with dilute 
alloys ofcopper with various impurities subjected 
to oxidizin-g and reducing atmospheres, a simi lor 
study is contemplated for silver and gold·. ·The 
effect of other reducing atmospheres on the· resi s
tivity of copper is also under investigation. 
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ELECTRON MICROSCOPE STUDIES 

T. S. Noggle 

FISSION FRAGMENT TRACKS IN U0 2 FILMS 

Direct electron microscope examination of thin 

films of uo2 irradiated with thermal neutrons has 
revealed a random system of lines and spots 
which may be interpreted as tracks left by fission 
fragments produced in the films. 1 In this study 
films of approx imately 100 A thickness were 
prepared by the vacuum evaporation of U30

8
• 

Prior to irradiation the films are structureless; 
afterward, track patterns such as the one shown 

in Fig. 40 are always observed, with the density 
of tracks proportional to the time of irradiat ion. 
The contrast effect does not change sign if icantly 
enough to either identify the point along a track 
where the fission event occurred or distinguish 
which class of fragments, light or heavy, is 
respons ible for a given length of track; however, 
the observed distribution of lengths can readily 
be explained in terms of the projections of a 
random distribution of fission fragment trajectories 
onto a plane surface. 

Replication of free surfaces of these films has 
established that the contrast effect observed 
along the path length arises principally from local 
changes in the film thickness resulting from the 

1J. 0. Stiegler and T. S. Noggle, Hull. Am. Phys . 
Soc. [ 2]4, 141 (1959). 

Fig. 40. Transmission Electron Micrograph of Fission 

Fragment Tracks Produced in a 100-A-Thick Film of 

Uranium Dioxide During Neutron Irradiation of "' 5 x 1015 

nvt. 25,000X. Reduced 38.5%. 

J. 0. Stiegler 

passage of a fission fragment through the film. 
Figure 41 is a micrograph from a replica of the 

free surface of a uo2 film irradiated in place on 
the substrate upon which it had been formed. The 
structure seen here arises only from the topography 
of the surface and for the long track is interpreted 
as a furrow 50 to 100 A wide, of uncertain depth 
but less than the film thickness (100 A). The 

material displaced from the furrow appears as 
small irregular clumps on both sides of the furrow. 
The scattering of spots present in Fig. 41 repre
sents material present as small clumps on the 
surface and/ or local bulging. These observations 
indicate that the type of radiation effect observed 
here is a manifestat ion of the passage of fission 
fragments through the solid near the surface and, 
as such, represents a special case of radiation 
damage. 

Measurements on the density of the observed 
structure indicate that to within a factor of 2 there 
is a direct correspondence between the observed 
density and the expected frequency of fission 
events in the film. Further work in which the 
thermal flux is carefully monitored is necessary 
before a more exact estimate of the fraction of 
fission events observed by this technique may be 
made. Measurements on the distribution of track 
lengths give results which agree within the 

Fig. 41. Electron Micrograph of a Carbon Replica 

Taken from the Surface of a Thin Film of Uranium 

Dioxide Following Irradiation of "'5 x 1 o15 nv t. 

80,000X. Reduced 38%. 
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probable error of the measurements with the distri
bution expected from simple geometric considera
tions; however, no tracks longer than 5 11- have 
been observed, which indicates that nuclear 
scattering events may affect the distribution of 
the longer tracks. 

Occasionally the longer tracks are bent (Fig. 
42), presumably as a result of the direct inter
action of the fission fragment with a lattice atom 
in which a relatively large amount of energy is 
transferred to the lattice atom. In most of these 
cases it is not possible to detect a track which 
may be ascribed to the path of the ejected atom; 
however, in a few cases, forking of the tracks 
has been noted and the ang I es made by the tracks 
have been measured. An analysis of the mechanics 
of the system in which an energetic fission fragment 
interacts with a lattice atom indicated that fission 
fragments of mass numbers 80 to 95 have interacted 
with oxygen atoms in the lattice. 

The general absence of forking with these bent 
tracks (see Fig. 42) raises a question as to the 
conditions necessary for the registration of a 
track in these films. A qualitative insight is 
obtained from theoretical estimates of the energy 
loss of an energetic particle per unit length of 
path. The estimated rate of energy loss for a 
fission fragment is about 1000 ev/ A initially, 
decreasing to about 50 ev/ A at 90% of its range. 
An oxygen atom ejected from a lattice site under 
conditions of maximum energy transfer with the 
more energetic fission fragments would initially 
lose energy at a rate of about 200 ev:/A. The 

Fig. 42. Electron Micrograph of a Bent Track 

Produced by the Interaction of a Fission Fragment and 

a Lattice Atom. 70,000X. Reduced 38%. 
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1.5- to 2-Mev alpha particles would initially lose 
energy at a rate of about 25 ev/ A. The alpha 
particle results are of interest since specimen 
preparations of U0

2 
depleted in U235 with Li 6 

or B 10 evaporated onto the surface have fa i I ed to 
show the tracks which might be expected from the 
alpha . particles produced by the reactions of these 
isotopes with neutrons. These observations indi
cate that an energy input to the uo2 films along 
the path of an energetic particle of 25 ev/ A does 
not give rise to sufficient changes in the films 
to be detected under the present conditions of 
observation. The occasional observation of forked 
tracks indicates that an energy input of less than 
200 ev/ A will register. 

The observa~ions to date have not indicated the 
presehce of radiation e,ffects other than the sudace 
disturbances noted. It is possible that there are 
structural changes occurring in the vicinity of the 
fission fragment paths which at present are not 
recognized or detected. Additional work, particu
larly with respect to specimen preparation tech
niques, is needed to evaluate the prospects of 
studying other radiation effects which might be 
present. Work in progress is currently directed at 
improving the statistics both for track densities 
and the distribution of track lengths for correlation 
with the theoreti co lly expected va I ue s. 

RADIATION EFFECTS IN GOLD FILMS 

The examination of thin, single-crystal gold 
films after reactor irradiation has shown the 
presence of a structure that was introduced by the 
irradiation. 2 Figures 43a and 43b show the same 
area of a film before and after irradiation, the 
faint ring-like spots present in Fig. 43b being 
observed only after irradiation and believed to be 
due to the interaction of fast neutrons with the 
gold films. The apparent diameter of these rings 
is approximately 100 .&.. The density of this 
structure varies directly with the fast-neutron 
dose, for 5 x 10 17 nv t being about 5 x 10 15 per 
cubic centimeter. This density corresponds to 
about 1% of the expected knock-ons in which a 
neutron transfers energy in excess of 1000 ev to 
a lattice atom. Thus, if this structure is de
veloped directly by the neutron hits, it must be 
only the most energetic hits which give rise to 
changes which lead to the present observations. 

2T. S. Noggle, Bull. Am. Pbys. Soc. [214, 137 (1959). 
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Fig. 43. Transmission Electron Micrograph of 300-A-Thick, [100) Oriented Gold Films. (a) Before irradiation, 

(b) after 5 X 1017 nvt fast neutrons, lOO,OOOX. 

On the other hand, this structure may develop by 
the aggregation of mobile point defects produced 
by the irradiation. In this case, the uniformity 
in the size and appearance for different irradiation 
doses indicates that the aggregates must grow to 
some limiting size, and the dose dependence of 
the density ind1cates that the nucleation of the 
aggregate is directly related to the dose. Finally, 
it has not been established whether this structure 
is developed during the irradiation or whether it 
represents some aspect of annea I ing which might 
occur in areas iII urn i noted by the electron beam 
rlurina eJCnminntinn in thP microscope. 

The variation in appearance of this structure 
with variation of the diffraction conditions suggests 
that this is a structural defect which manifests 
itself by local pertubotion of the diffraction process. 

The principal source of contrast in crystalline 

materials examined in the electron microscope 

arises from diffraction effects, In general , diffrac

tion will subtract intensity from the primary beam 

so that with the normal apertures employed the 

diffracted rays will be intercepted by the oper· 

tures and will not contribute their intens ity to the 

final image. Thus, the regions which ore most 

accurately oriented for diffraction to occur will 

appear essentially opaque in the electron image, 

while areas oriented so that little diffraction 

occurs wi II appear quite transparent. Structure I 
defects such as dislocations, twins, or stocking 

faults ore observable as a result of the local 

changes in the diffraction that they produce as 
a result of strains, changes in orientation, or 

phose shifts in the transm itted and diffracted 

rays. With the thin film preparations studied here, 

it is unavoidable that flexing of the films occurs; 

consequent I y, in genera I the range of or ientot ions 

present over areas a few microns in extent will 

give nse t o cross grotong diffraction patterns in 

which the individual spots will be predominantly 

produced by small local regions in the films. 

These changes in local diffraction intensity and 

d iffraction order as a result of slight orientat ion 

changes g ive light and dark regions in the micro· 

scope image, 

Systematic investigation of the interrelation be
tween appearance and diffraction requires a pre
CISion of specimen manipulation which is not 
currently available. Other observations on replicas 
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of the film surfaces and on annea I ed fi I m s containing 
small voids less than 100 .8. in diameter indicate 
that we are probably not dea I ing with surface 
phenomena or with voids in the films. Some 
similarities may be noted between the structure 
observed here and some of the structures that are 
developed by quenching from high temperature. 3 

This suggests that we are dealing with collapsed 
disks of vacancies as in the case of quenched 
metals; however, an interpretation such as this 
must be considered as only speculative at the 
present time. 

REPLICATION OF COPPER SURFACES 

The work carried out for the Surface Group on 
some of their copper specimens, as well as the 
preliminary observations on the surface structures 
of deformed copper, has indicated the need for an 
improved technique for replication of the surface 
of copper. The requirements of both studies call 
for high-resolution replica techniques which 
essentially limit the replica material to evaporated 
films. In addition, it is desirable that a pre
shadowing technique be employed in order to 
facilitate control over the shadowing direction 
relative to the surface. The most critical stage 
in replication with evaporated films is the stripping 

process, which is usually effected by use of acid 
attack to undermine and free the evaporated films. 
In addition to extensive etching of the surface, 
this method is somewhat erratic in the ease with 
which it frees the films, and too frequently the 
gas evolved by the etching process breaks up and 
disperses the films into unusable fragments. The 
method described below relates primarily to a 
stripping method which substantially overcomes 
the drawbacks of stripping with acid and was 
evolved in good part from the experience of the 
Surface Group on the surface reactions on copper. 

The present method normally involves the pre
shadowing of the specimen surface with platinum, 
foil owed by the forming of a carbon fi I m by evapo
ration - both of these steps being carried out in 
a vacuum of 10- 4 to 10- 5 mm Hg. Subsequent to 

the forming of the carbon fi I m, the specimen is 
held for 5 to 10 sec in the fumes above a partially 
filled container of concentrated nitric acid. It is 

3P. B. Hirsch and J. Silcox, Growth and P e rfect ion 
o f Crystals, p 262, Wiley, New York, 1958. 
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then slowly immersed into a 0. 1% solut ion of 
ethylenediamine (1 cc of 98% ethylenediamine per 
liter of water). The repl icc will float free onto 
the solution, can be transferred to distilled water 
baths for washing, and then can be picked up onto 
specimen grids for examination in the microscope. 

The stripping action of the ethylenediamine is 
believed to occur as a result of dissolution of 
copper oxide on the surface of the copper and 
involves chemical reactions simi lor to those 
discussed by the Surface Group in this report. 
The copper oxide layer normally present on the 
specimens in itself usually does not permit 
stripping to occur; hence the exposure to the fumes 
of nitric acid is an essential step in the procedure. 
It is thought that the thin carbon film acts as a 
permeable membrane to the oxidizing constituents 
in the nitric acid fumes, permitting further oxi
dation under the replica layer. In support of this, 
it has been noted that the thinner the carbon fi I m, 
the more reliably and rapidly it may be removed in 
the ethylenediamine solution. In addition, films 
thicker than an estimated 300 .8. are not readily 
removed by this technique. 

This method is being employed in the study of 
the effect of reactor irradiation on the deformation 
of copper. Figures 44 and 45 illustrate the striking 
changes which occur as a result of irradiation. 
Figure 45 is perhaps an extreme example but does 
show the very large slip steps which may be 
encountered in the irradiated specimens. Figure 
46 is an example showing the possibility of 

UNC LASSIFIED 
PHOTO 4837 1 

Fig. 44. Slip Lines on Single-Crystal Copper Speci

men Deformed in Tension to 10% Elongation. Reduced 

38%. 



repeated replication of the same surface. In this 

case, the general roughening of the surface and 
frequent coarse pitting produced by the two pre

ceding replications are apparent; however , the 

original slip lines are still well defined and, in 
addition, may be differentiated from those intro-

Fig. 45. Slip Lines on Irradiated Single-Crystal 

Copper Specimen Deformed in Tension to 2% Elongat ion. 

The deformation was concentrated in one region of the 

specimen; so the local deformation level is 5 to 10 

times greater, i.e., 10-20% elongation. Irradiated to 

"' 10 19 nvt fast neutrons. 1 O,OOOX. Reduced 38%. 
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duced by the last strain increment since the 
slipped surface of the original lines has been 

slightly roughened as a result of the prior repli
cation. 

Fig. 46. 

UNCLASSI FlED 
PHOTO 43823 

Slip Lines on Irradiated Single-Crystal 

Copper Specimen Deformed in Tension. Specimen 

deformed to 5% extension, e lectropol ished, and strained 

an additional 2%, and the surface replicated twice. It 

was then given an additional 1% extension and then 

replicated again. This micrograph is from the final 

replica and illustrates the effect of previous repli· 

cations on the surface. Irradiated to "' 1018 nvt fast 

neutrons. 10,000X. Reduced 35%. 
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CHEMICAL PROPERTIES OF METAL SURFACES 

L . H. Jenkins 

DISSOLUTION OF COPPER IN 

AQUEOUS ETHYLENEDIAMINE 

When single crystals of copper are exposed to 
aqueous solutions which contain reagents capable 
of oxidizing a .. o dissolving copper, facets and/ or 
pits ore developed on the surface of the crystal. 
The geometrical symmetry of these facets or pits 
is a function of, among other things, the crystallo
graphic orientation of the exposed face of the 
metal crystal. It is generally believed that some 
of the pits and facets in the surface should bear 
a relationship to points where dislocations in the 
crystal intersect the surface, since these are the 
points at which the chemical potential is greater 
than that of an idealized atomically smooth 
surface. Kinks, steps, and other points of de
parture from the theoretically ideal surface should 
also be energetically more favorable as sites 
where reactions are initiated. To test these ideas, 
a program to investigate the dissolut ion of copper 
in aqueous solutions has been initiated. The data 
reported here were obtained from the reaction of 
copper with oxygen dissolved in dilute aqueous 
solutions of ethylenediamine. The over-all reaction 
is described by the following equation: 

( 1) 

Experimental Procedure 

Oriented single crystals of 99.999% copper grown 
by the Bridgman technique, 0.1 x 1 x 2 em, were 
poI i shed by the method of Young et al. 1 and 
suspended from the hook in the glass reaction 
apparatus shown in Fig. 47. About 82 ml of 
10- 2 m aqueous ethylenediamine saturated with 
air was introduced into the volumetric bulb and 
this solution sealed from the remainder of the 
system by closing the proper stopcocks. The 
apparatus was connected to a hydrogen-vacuum 
system and flu shed with purified hydrogen unt i I 
all detectable traces of oxygen were removed. The 
copper sample was then annealed under hydrogen 
at 4500C for 16 hr, after which the apparatus was 
closed and placed in a water bath controlled to 
±0.020C. When temperature equilibrium had been 
established, the solution was allowed to flow 

1F. W. Young, Jr., J. V. Cathcart, and A. T. Gwathmey, 
Acta Me t. 4, 145 (1956). 
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from the volumetric bulb into the reaction chamber. 
The course of the reaction was followed by meas
uring the conductivity changes in the solution, 
which was stirred with a magnetic stirrer, as a 
function of time. Since excess ethylenediamine 
was pre sent, the extent of the react ion was governed 
by the amount of oxygen contained in the solution. 

The relative concentration of a component which 
determines the extent of a reaction may be ex
pressed as a funct ion of the conduct ivity values 
of the solution: 

~ /'l,.a-1) 
% material unreacted = 1 --- 100 , 

/'l,.a-1 
(2) 

SOLUTION 
RESERVOIR 

Fig. 47. 

Chamber. 

conductivity change from time zero 
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PUMP 

Portion of Filling Rock with Reaction 



to time t and t:.a-1 = conductivity change from time 
zero to time reaction completed. If observed 
resistance values are substituted for conductivity 
values in the first-order rate equation, the expres
sion becomes 

(3) 

where R = observed resistance of the solution and 
the subscripts i , t, and / refer to the initial value 
before reaction has commenced, the value at 
time t, and the final value at the completion of the 
reaction, respectively. A plot of log [R / (R

1
- R

1
)] 

vs time should give a straight line, the slope of 
which is equal to k/2.303, if first-order kinetics 
are obeyed. 

For such a treatment it is not necessary that the 
concentrations of the components be known, but at 
the completion of the reactions the solutions were 
analyzed for copper by the neocuproine method of 
Smith and McCurdy. 2 Data on the solubility of air 
in water 3 agreed with the copper analysis and 
showed that the extent of the reaction was limited 
by the amount of oxygen dissolved in the solutions. 

Rate data were given at three different stirring 
speeds at temperatures of 7.50, 25.00, 34.55, 
47. 04, and 56.57"C (a II ±0. 02"C). 

Replicas of many crystal surfaces were made in 
order to determine the changes produced by the 
reaction. Samples whose surfaces were replicated 
were not always allowed to react to completion 
but were removed from the reaction vessel after 
the desired amount of copper hod been removed. 
The crystal was washed in a stream of distilled 
water for 1 min and then dried in a stream of 
oxygen. Surfaces were replicated with carbon 
preshadowed with platinum at a 4:1 shadow angle. 

Experimental Re suits 

Rate Data.- Rote data were gathered principally 
on the (111), (100), and (110) faces of copper 
crystals. Kinetic results were the some for all 
faces, and the data discussed below and shown 
in the i llustrotions ore representative since no 
exceptional behavior was noted in any case. 

2G. F. Smith and W. H. McCurdy, Jr. Anal. Chern. 
'"· :m (19.'i7). ' 

3 ~~ . A. Lange, Handb ook of Chemi s try, 8th ed., p 1081, 
Handbook Publishers, Sandusky, 1952. 
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Figure 48 shows typical data gathered at a fixed 
stirring speed at 34.55°(. All crystal faces reacted 
at the same rate when exposed to identical stirring 
rates at any temperature studied. Figure 49 
illustrates the effect of stirring speed on the 
reaction rates. An increased stirring rate increased 
the reaction rate at all temperatures observed. The 
determination of typical rate constants from con
ductivity data is shown in Fig. 50. When the 
logarithms of the rate constants determined at the 
three different stirring speeds were plotted as a 
function of the reciprocal of the absolute temper
ature, three straight I ines of identical slope were 
obtained. From these plots the activation energy 
for the process was determined to be 5800 col / mole. 

The foregoing results indicate that the over-all 
reaction rate in the system is determined by a 
diffusion process involving oxygen. All crystallo
graphic faces of copper therefore react at the some 
rate under the conditions of these experiments. 

Surface Effects. - Although faceting and pitting 
are frequently observed when single crystal! ine 
metals undergo aqueous dissolution, the effect of 
various kinetic conditions on this process is not 
clear. It is important, therefore, that observations 
of surface changes as well as kinetic data be 
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recorded if a better understanding of the processes 
involved is to be gained. 

In dilute aqueous ethylenediamine the (110) 
surface rapidly developed facets which are thought 
to be (100) faces. At the earliest observable 
stages only faceting could be seen. No pitting or 
arrays of pits which could be related to crystal 
imperfections were detected. Figure 51 i llustrates 
a typically faceted (110) surface resulting from 
removal of an amount of copper corresponding to 
an average of 3000 atomic layers. Clearly the 
surface is no longer (110) but rather a series of 
facets superimposed on the original (110) base. 

In the earlier stages of the reaction the (111) 
surface did exhibit ar rays of pits wh ich could 
correspond to defect structures in the crystal; 
however, as the reaction progressed, large facets 
which obi iterated such effects were developed. 
The facets of (110) or ientation shown in F ig. 52 
are typical of those which developed during the 
removal of copper corresponding to an average of 
750 atomic layers. 

Like the (111) surface, the (100) exhibited 
structural effects which were thought to be related 
to crystal defects. Where the former were observed 
as pits, ind icating greater than average reaction 
at these po ints, the latter were seen to be hillocks 
in which the reaction was not so great . Even 
when an amount of copper corresponding to an 

F ig. 51 . (11 0) Copper Surface Showing Development 

of (100) Facets After Removal of 3000 Atomic Layers 

in Dilute Ethylenediam ine. 86SOX. 



average of 3000 atomic layers had been removed, 
no regular faceted structure was observed, as is 
shown in Fig. 53. 

The foregoing surface studies did not indicate 
a clear relationship, in this particular system, 
between crystal imperfections and the chemical 
reactivity of copper. Nucleation of reaction s ites 
appears to be a rather random process. The results 
are understandable in terms of the theory of 
Cabrera 4 regarding the role of imperfections in 
chemical react1v1ty. These points are treated 
more extensively in a paper being prepared for 
publication. 

Fig. 52. (111) Surface with (110) Facets After Re

moval of 750 Atomic Layers of Copper in Dilute 

Ethylenediamine. 8650X. 

UNCLASSIFIED 
PHOTO 48378 

Fig. 53. (1 00) Surface of Copper After Removal of 

3000 Atomic Layers in Dilute Ethylenediamine. 8650X. 
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ETCH PITS AND DISLOCATIONS IN 

99.999% COPPER 

An etching solution which develops etch pits at 
dislocations intersecting the (111) face of 99.999% 
copper has been reported by Lovell and Wernick. 5 

A modification of this solution (composition: 
32 g of FeCI 3 ·6H 20, 160 ml of concentrated HCI, 
8 ml of glacial acetic acid, 40 drops of bromine, 
and 75 ml of H20) has been used to investigate 
the behavior of dislocations in annealed and in 
irradiated copper. This solution will develop etch 
pits at clean dislocations which intersect faces 
within about 3° of (111). It was not established 
that the correspondence between dislocations and 
etch pits was one to one, but it was at least 
approximately so. 

Photomicrographs of the same area on a ( 111) 
face of a 99.999% copper crystal are given in Fig. 
54 and show the as-grown crystal, the crystal as 
etched after a lO-g-load (1 mil radius point) 
depression, and after electropolishing and re
etching. New dislocations formed by the point 
depression were found up to 8011. away from the de
pression and persisted downward into the crystal. 
Neutron irradiation of copper at reactor ambient 
temperature hardens the copper. 6 A cry sta I was 
irradiated with 6 x 10 17 nv t, and a lO-g-load point 
depression was made. The crystal was then 
etched, and the new dislocations were found to be 
much closer to the depression, as is shown in 
Fig. 55. 

An irradiated crystal (6 x 10 17 nv t) was subjected 
to a 500-g-load point depression. The photomicro
graphs in Fig. 56 show the slip lines after the 
depression and the new dislocations after etching. 

The maximum distance from the point depress ion 
for which new dislocations were observed m 
unirradiated and irradiated copper is given m 
Table 7. 

Since the slip structure was so complicated for 
the irradiated crystals, it was not possible to use 
this information to determine the cause of the 
hardening of copper by irradiation. 

4N. Cabrera, p 327- 48 in Semico nduc tor Surf ace 
Physics (R . H. Kingston, ed.), University of Pennsyl· 
venia Press, Philadelphia, 1956. 

5L . C. Lovell and J. H. Wernick, ]. Ap pl. Phys. 30, 
590 (1959). 

6T . H. Blewitt (unpublished results). 
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Fig. 54. Etch Pits at Dislocations on Annealed 

Copper. (a) As grown and etched; (b) after 10-g point 

deformation and etching; (c) after electropolishing and 

etching. 200X. 
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Fig. 55. Etch Pits at Dislocat ions on Copper Irradi

ated 6 x 1017 nv t, After 1 O·g Point Deformation and 

Etching. 200X . 

EVIDENCE FOR DISLOCATION REACTIONS 

IN COPPER 

A 99.999% copper crystal, 3 x 1 x 0.1 em, of the 
orientation shown in Fig. 57 was irradiated in the 
ORNL Graphite Reactor at ambient temperature 
with 10 18 nvt. It was then subjected to a bending 
deformation, and the development of slip I ines 
was observed. The crystal was then etched so as 
to reveal the dislocations as etch pits. The 
particular arrangements of the slip lines after the 
deformation and the location of the dislocations 
observed on subsequent etching can be accounted 
for on the basis of the geometry of slip systems 
in the face-centered cubic system and the inter
actions of dislocations. 

The crystal was bent, by a 4-point bending jig, 
about the [TOl] axis to a radius of curvature of 
approximately 10 em. Very faint slip lines corre· 
sponding to (l11) and (11l) planes were seen in 
the central portion of the convex (111) surface. 
No evidence of interaction between these lines 
was observed. That is, no jogging of the lines on 
intersection and no increase in the he ight of the 
slip line near intersection points were observed 



UNCLASSIFIED 
PHOTO 48377 

Fig. 56. 500-g Point Deformation on Copper Irradi

ated 6 X 1017 nvt. (a ) Sl ip lines; (b) etch pits at 

dislocations. 200X . 

Table 7. Distance of Dislocation Travel in Irradiated 

and Unirradiated Copper 

lrrad iation (nvt ) 
Travel Distance (p.) 

1 0-g Load 100-g Load 

Un irradiated 80 140 

1017 55 135 

4 X 10 17 35-40 130 

6 X 10 17 25-30 130 

PERIOD ENDING AUGUST 37, 7959 

(see Fig. 58). Toward the ends of the crystal, 

over the points on which the crystal rested in the 
bending jig, another set of slip lines was ob
served. These lines corresponded to the (lll) 
plane, and the step height of the lines was very 
large. The faint lines from the (fll) and (lll) 
planes crossed these big slip lines and were much 
more pronounced in the vicinity of such an inter
section. An electron micrograph of a carbon 
replica of such an intersection is shown in Fig. 59. 

On etching the crystal with the dislocation etch 
some new dislocations were seen in the central 
part of the crystal. Figure 60 shows the etch pits 
in the same area as the slip lines shown in Fig. 
58. It can be seen that there are new dislocations 
corresponding to a few of the slip I ines and 
particularly at some intersections of the lines. 

Rows of pits were four.d corresponding to the 
(lll) slip lines. Thus, many dislocations were 
left in the crystal after slip on this plane. Many 
pits occurred where the (lll) and (lll) lines had 
crossed the (lll) lines, and they corresponded to 

UNCLASSIFIED 
ORNL- LR-DWG 42750 

[111] 

t 

Fig. 57. Orientation of Crystal Before Bending. 

Fig. 58. Slip Lines in Central Portion After 10-cm

Radius Bend. 200X. 
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the former I i nes for a short distance away from the 
(lll) lines (Fig. 61). 

The above facts can be accounted for on the 
basis of the geometry of the face-centered cubic 
slip systems and the interaction of dislocations. 
The slip planes and slip directions with the 

, 

UNCLASSIFIED 
PHOTO 48381 

Fig. 59. Electron Micrograph of Interaction of (ll1) 

and (11l) Slip Lines, 10,000X. 

Fig. 60. Etch Pits at Dislocations (Same Area Shawn 

in Fig. 58). 200X. 
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relative resolved shear stress for each system for 
bending a crystal with this orientation are given 
in Table 8. 

The faint slip lines correspond to the {lll)
[Oll] and (lll)-[llO] systems, which are the 

Table 8. Slip Plane, Slip Direction, and 

Resolved Shear Stress 

Slip Plane Slip Direction 

111 110 

101 

011 

111 011 

l10 

101 

111 110 

101 

011 

111 011 

101 

110 

, 
;<. •• 

Relative Resolved 

Shear Stress 

0 

0 

0 

6 

2 

4 

4 

0 

4 

2 

4 

6 
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Fig. 61. Etch Pits at Dislocations Showing Inter• 

action of (lll) with (l11) and (lll) Systems, 200X. 



favored systems for slip. The Burgers vectors for 
these systems lie in the (111) plane. Therefore, 
for a crystal truly oriented as in Fig. 57 and 
atomically smooth, no slip lines corresponding to 
these two systems could be seen on the (111) 
surface. From the electron micrograph of the 
cutting of a (lll) line by a (11l) line (Fig. 59), it 
can be seen that the length of the jog in the (lll) 
line is approximately equal to the height of the 
(lTl) line. Therefore the amount of slip in the 
(l11) and (11l) planes was actually '""1000 A, the 
lines being faint because the slip vectors lie 
nearly in the surface being examined. The (lll) 
planes slirrecl only near the ends of the crystal 
around the points of contact with the bending jig. 
The direction and magnitude of the stress on the 
various planes are not known in these regions, but 
it is probable that both the (lll)- [110] and 
(lll)-[011] systems were operative. Dislocations 
with Burgers vectors a/2[110] and a/2[011] would 
repulse each other. Therefore, if the two systems 
operated on (lll), it would be expected that the 
slip band resulting would change rapidly along 
the length of the line and that many dislocations 
would be left along the line. This hypothesis is 
in agreement with the experimental observations. 

The observation of the increase in step height 
of (l11) and (lll) slip lines on intersection with 
(lll) I ines and the subsequent finding of dis
locations in the (lll) and (lll) lines near these 
intersections indicate an internction between 
these slip systems. The equations for the possible 
dislocation reactions on the (lll) and (lll) planes 
are given below: 

a _ a , a 
-[Oll] +-[110] =-[101] 
2 2 2 

(1) 

a _ a -- a __ 
- [011] +- [110] ""~ [121] 
2 2 2 

(2) 

a - a a 
- [011] +- [011] =- [.002] 
2 2 . 2 

(3) 

a - a -- a -
-[011] +-[011] =-[020] 
2 2 2 

(4) 

Reaction (l) wi II occur because the energy is 
decreased, while reaction (2) indicates a repulsion 
between the di slocotions. For reactions (3) and 
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(4) no change in energy is involved, but a/2 [002] 
is not a slip vector. The dislocation of Burgers 
vector a/2[1011 which is formed by reaction (1) 
lies i~ the (lll) plane and thus it can move in 
that plane. Since a/2 [ 1 Ol] has a screw component 
on intersection with (111) (the surface examined 
here), when it moves on (lll) it leaves a large 
step. This accounts for the increase in step 
height of the slip lines corresponding to (lll) 
near the intersections with (lll). Since the 
a/2 [101] dislocations are held at one end, they 
can move only a relatively short distance along 
(lll). Thus pits corresponding to these dis
locations are seen close by the intersection points 
of the two slip planes. These dislocations are 
not pile-ups in the usual sense of this term. From 
the symmetry of the face-centered cubic system 
the intersection (lll) with (lll) should act in a 
similar way. From the dislocation reactions for 
these planes it is found that the a/2 [011] on 
(lll) dislocations react with a/2[ll0] on (lll) 
in the same way as decribed above. 

The fact that fe..y dislocations are found along 
the (lll) and (111) slip lines indicates that the 
dislocations moved large distances. From Fig. 
60 it is obvious that subboundaries in the crystal 
rarely stopped these dislocations. 

From the observation of the intersections of 
(lll) and (lll) slip lines and from the pos.itions 
of dislocations after slip as revealed by etch pits, 
it is clear that these slip systems do not interact 
in the same way as that described above. The 
dislocation reactions for these systems are: 

a - a _ a -
-[011] +-[110] =-[121] I 

2 2 2 
(5) 

~[Oll] +_:: [llO] =!!:._[lOll 
2 2 2 

(6) 

Reaction (5) describes a repulsive interaction; 
(6) isthelomerreaction. Thedislocationa/2[10l] 
formed by this reaction is sessile because the 
line of the dislocation does not lie in either the 
(111) or the (lll) planes for which [lOT] is a 
proper slip vector. (As pointed out by Cottrell, 
for metals in which the dislocations are extended 
this reaction would result in a truly sessile dis
location.) The difference between (5) and (6) is 
merely the sign of one or the other Burgers vector. 
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Thus whether or not interaction occurred would 
be a statistical question. If reaction occurred (6), 
the only change in the slip lines on intersection 
would be a diminuti.on of the step height immedi
ately prior to the intersection. (Since these slip 
li~es ·Ore faint, SUCh an effect cannot be detected.) 
The dislocations would then be piled up at the 
intersection. If, on the other hand, no reaction 
occurred (5), there would be no observable effect 
of the intersecting of the slip lines nor any dis· 
locations left near the intersections. This ex
.Pianation is in qualitative agreement with the 
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experimenta I observations, as can be seen in 
Figs. 58 and 60. 

Thus the appearance of the slip lines and the 
subsequent location of the dislocations are ac
counted for by dislocation. interactions. It should 
be noted that the effects observed here would be 
seen only on hardened crystals •.. For annealed 
crystals, if dislocation interaction occurred on one 
plane, the slip process would simply shift to an 
adjacent plane before an observabl.e number of 
dislocations had piled up in one place •. 
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DIFFUSION OF DEUTERIUM IN DEUTERON-IRRADIATED COPPER 

M. T. Robinson A. L. Southern W. R. Willis 1 

The diffusion rates of hydrogen in metals are of general metallurgical and physical interest, as well 

as being of some importance in certain thermonuclear devices. In the previous report 2 an experiment 

was described for measuring the diffusion rate of deuterium in metals by means of an accelerator tech

nique. The method consists of monitoring the neutrons produced from the D{d,n)He 3 reaction in a metal 

target irradiated with D+ ions from a Cockcroft-Walton accelerator. The analysis developed here differs 

in !ieveral respects from the earlier version 2 and is far more satisfactory in explaining the experimental 

resu Its. 

Theory 

Model of the Diffusion Process. - It is assumed that the target thickness {500 to 5000 p.) is enough 

greater than the range of the incident deuterons {about 2 p.) that the target may be regarded as infinitely 

thick. It is also assumed that the deuteron beam is large in diameter {about 1000 p.) compared .;.,ith the 

deuteron range and is uniform in current density over its cross sectic;m, permitting application of the 

one-dimensional diffusion equation. In particular, broadening of the beam in the slowing-down process 

is ignored. The deuteron beam, of initial energy E 0 and current density i, is incident on the planar 

surface of the target, which is taken as the origin of the penetration coordinate, x. As the beam particles 

penetrate the target, their mean energy, E, decreases until it reaches zero at the mean deuteron rang~, 

x = R, producing there a source of diffusing deuterium. The phenomenon of stroggling 3 causes the 

source of diffusing particles to hove a finite thickness, the distribution in space generally being taken 

as Gaussian. In order to simplify the analysis, this Gaussian distribution has been replaced by a 

square wove of width 2(3R and height i/2(3R, centered on the mean range x = R, The fractional half 

width of the source, (3, is the quantity termed the "straggle" by nuclear physicists. 3 

According to this model, the deuterium concentration obeys the differential equation 

{1) 

where c(u,8) is the deuterium concentration, u = x/R, e = Dt!R 2, t is the time, Dis the diffusion co

efficient, and the source is given by 

0 I O~u~l-(3 I 

iR 
S{u) = 

2(30 
l-(3.5u.Sl+(3 I {2) 

0 I 1+{3~U~OQ 

1Consultant, Department of Physics, West Virginia Wesleyon College, Buckhannon. 
2M. T. Robinson eta/., Solid State Ann. Prog. Rep. Aug. 31, 1958, ORNL-2614, p '78-84. 
3See, for example, H. Bethe and J. Ashkin, Experimental Nuclear Physics (ed. by E. Segr~), vol 1, p 242-48, 

Wiley, New York, 1953. 
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The following initial and boundary conditions have been adopted·, in addition to continuity conditions 

at u = 1 ± (3: 

c(u,O} = 0 , 

(ac) · 
c(O,e) = y -

au u=O 
(3) 

lim c(u,e} = 0 • 
u-+oo 

The parameter y is a surface resistance. If the Laplace transform of Eq. (l) with respect toe is solved, 

the solution is 

iR [ Yl Yl l -( ) - - s ( 1- ,8) - s ( 1 +,13) cu,s ---- e -e 
4(3Ds 2 · · 

O~u~1-{3, (4a} 

iR 
c(u,s} =---

2(3Ds2 {
1 _ ~ [esl-'2(1-,13-u) + e-sYl(1+J3-u) + _1 _-_y_s~_2 (e-sl-'2(1-,B+u) _ e-sl-'2(1+,13+u))]}· 

1 
(4b} 

2 1 + ysl-'2 

1-(3~u~1+(3, 

(·-·" (1 ·~··· - '-·" (1- ~···•) l (4c) 

where c(u,s) is the transform of c(u,e) and s is the transform variable. Equations (4) may be readily 

inverted ·by the use of standard tables 4 but, since the inverted solutions are not .employed. in the sequel, 

the results will not be given here. 

The cross section for the D(d,n}He 3 reaction is a strong function of the deuteron energy. It falls 

so rapidly as an incident deuteron penetrates a solid target that, as long as (3 is reasonably small, the 

·entire ·solution to the diffusion equation may be adequately represented by the expansion of Eq. (4a) 

about u = 0. If the exponentials in the right-hand factor of (4a) are expanded, the result is 

_( .. ) iR e-s1/2(1-,13) _ e-s1/2( 1 +J3l ~ n[yu2n u2n+1 j 
c u,s =--·. '- s --+----

2(30 5 3/2 (l :1- ys 1/2) n':"O (2n)! (2n + 1)! 
(5) 

Defining the functions 

(6) 

4 A. Erdelyi (ed.), Tables of integral Transforms, vol 1, p 246-47, McGraw-Hill, New York,- 1954. 
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Eq. (5) may be written as 

iR oo 

c(u,s) = 
2 

D 2: 
(3 r~=O 

and the solution to Eq. (1) is then 

c(u,O) = -2: --+---1 
iR oo tyu2n u2n +1 

2(30 n=O (2n)! (2rz + 1)! 
(7) 

The en (0) may be found by using standard tables4 to invert the en (s). The first three of these are: 

1+{3 1-(3 ( 1-(3 1+(3 ·~ 
Co(O) = (1 + (3· + y) erfc --- (1- (3 + y) erfc -- + 0~ erf'--- erf'--. + y2 c 1 (0) I (8a) 

2r9~ 20v2 20~ 20~ 

1 2 [ (1 - f3 o~) (1 + f3 oYl)] C
1
(0)=-e 81 'Y e( 1-,Bl/'Yerfc --+- -e( 1+.Bl/'Yerfc --+-

y 20~ Y 2ev, Y 
(8b) 

c 1 (O) 1 {o~ ( 1 + f3 1 - (3) 1 [ 1 - f3 1 + (3]} C 2 (0) = --+- - erf'--- erf'-- +- (1 - (3) erf'--- (1 + (3) erf'-- , 
y 2 20y y 20)7 ' 20)7 20y, 20~ 20~ 

where the error functions are defined by 

d 2 
erf' x =- erf x = 2rr-Y2 e-x 

dx 

(Be) 

The D(d,n)He3 Cross Section. - In order to fit Eq. (7) to experimental data, it is necessary to de

velop an expression for the D(d,n)He 3 cross section as a function of penetration. Since this cross 

section follows the Gamow relation quite accurately, 5 it may be written as 

_1 ( A .1 - E~) a-(E) = E exp -- · ---
Ey, Ey, 

0 

(9) 

where E = E/E 0 is the relative deuteron energy, A is the Gamow slope, and the cross section is normal

ized to a-(1) = 1. 

From experimental data on energy loss rates (-dE!dx), E can be determined as a function of pene

tration, and hence a function a-(u) can be derived. Unfor~unately, data on the slowing down of protons 

5G. A. Sawyer and J. A. Phillips, Survey of Several of the Reactions Occurring When Lithium and Beryllium 
Are Bombarded by Protons and Deuterons of30-250 kev, LA·1578 (August 1953). 
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and deuterons in metals 6 do not extend to sufficiently low energies for this procedure to be applied 

over the entire energy range. Below the limit of the empirical· data, the Fermi- Teller equation 7 has 

been employed: 

Integration of this expression yields 

-dE IL 

·--=BE" 
dx 

( 1 0) 

( 11) 

if it is assumed that (10) applies over the entire energy range {as it certainly does not). From Eqs. {9) 

and (11), 

{

(1- u)-2 e-ku/(1-u) ' 

o-(u) = 
0 

( 12) 

Equation (12) cannot be expected to be especially accurate due to the inadequacy of {10), but if the 

parameter k is. empirically adjusted instead of being set to AE0Yl, surprisingly good agreement can be 

obtained between. values of o-(u) based on Eq. {12) and values .computed by using experimental (-dE/dx) 

data to evaluate o-(u). Table .9 illustrates this agreement for 176-kev deuterons incident on copper. 

6s. K. Allison and S. D. Warshaw, Revs. Modem Phys. 25, 779-817 (1954). 
7M. Gryzinski, Phys. Rev. 107, 1471-75 (1957). 

Table 9. D(d,n)He3 Cross Section vs Penetration into Copper 

Range (calc)= 1.6311 · 

AEO 112 = 3.347 
k [Eq. (12)] = 3.2662. 

E a(u) E a(u) 
u 

(kev) 
u 

(kev) "Empirical'' Eq •. (12) "Empirical''· Eq. (12) 

0.00 176 1.000 1.000 0.50 45 0.147 0.153 

0.05 160 0.934 0.933 0.55 37 0.088 0.091 

0.10 145 0.863 0;860 0.60 29 0.043 0.047 

0.15 130 0.783 0.7-78 0.65 22 0.017 0.019 

0.20 115 0.691 0.691 0.70 16 0.007 0.005 

0.25 100 0.590 0.598 0.75 11 0.001 0.001 

0.30 88 o.Soo 0.503 0.80 . 7 0.000 0.000 

0.35" 76 0.403 0.408 0.85 4 0.000 0.000 

. 0.40 65 0.313 0.315 0.90 2 0.000 0.000 

0.45 55 0.228 0.228 .. 0.95 0.000 0.000 

0.50 45 0.147 0.153 1.00 0 0.000 0.000 
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The "empirical" values of o-(u) were obtained by graphical integration of -dE/dx vs E forE~ 100 kev, 

using the "best" values recommended by Allison and Warshaw6 for the slowing down of protons in 

copper, coupled with the use of Eq. (10) for E < 100 kev. The integration produced values of the ,, 
deuteron range, R, an·d of E(u), from which the table was constructed using the cross-section. data of 

Sawyer and Phillips. 5 Similarly gratifying agreement has been obtained both for the D(d,n)He 3 reaction 

and for the Be 9 (d,n)B 10 reaction, 8 with 176-kev deuterons incident on beryllium. 

It is convenient to define the integrals 

k ioo B (k) =- un o-(u) du 
n n! 0 

( 13) 

Inserting Eq. (12) into (13), performing one integration by parts, and substituting v k/(1 - u) yields 

( 14) 

Straightforward integration produces 

B 0 (k)=1 

8 
1 

(k) = 1 - kele E 
1 

(k) 

( 15) 

[2(n- 1) + kl Bn_ 1 (k)- Bn_ 2 (k) 
Bn(k)=----------n(_n __ --1_) ________ _ 

where E 1 (k) is the exponentia_l integral function 

Values of the Bn .(k) are readily computed, either from tables"9 or, more conveniently for machine compu

tutions, from an approximation toE 1 (k) given py Hastings. 10 Table 10 presents the first few Bn(k) 

for "176-kev deuterons incident on copper. Their rapid decrease with increasing n reHects the rapid 

decrease in the D(d,n)He 3 cross section with incrensing penetration. 

Neutron Counting Rate Function, - The rate of production of neutrons from D(d,n)He 3 reactions in 

a target which are detected by a counter may be written as 

P(t) = iRo-0 AF J
0
oo o-(u) c(u,e) du , ( 16) 

where o-
0 

is the D(d,n)He 3 cross section at the incident deuteron energy, A i.s the cross-sectional area 

80. C. Ralph and F. E. Dunham, Phys. Rev. 98, 249 (1954), 

. 9Tables of the Sine, Cosine, and Exponential Integrals, Fed~ral Works Administration, Works Projects Adminis
tration, New York, 1940. 

1
°C. Hastings, Jr., Approximations'ior Digital Compu;ers, p 190, Princeton University Press, Princeton, 1955. 
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n 

0 

2 

3 

4 

Table 10. The Cross-Section Integrals Bn(k) 

k = 3.2662 

Bn(k) n 

1.0000 0000 5 

0.2016 4399 6 

0.0309 4879 7 

0.0038 7268 8 

0.0004 1135 9 

Bn(k) 

o.oooo 3808 

o.oooo 0313 

o.oooo 0023 

0.0000 0002 

o.oooo 0000 

of the beam, and F is a neutron detector geometry and efficiency factor. 

i 2 R 2o-AF 

By defining the parameter 

0 
a=-----

Dk 
( 17) 

and introducing Eqs. (7) and (13) into (16), the following result is obtained: 

oo yB2n (k) + B2n+1 (k) 
P(t) ";'a l" C (0) 

LA 2(3 . n 
( 18) 

n=O 

Equation (18) .is used to fit experimental data by the method of least squares. The four parameters 

. a, (3, y, and o = DIR 2 are available for adjustment. The cross-se~tion parameter, k, is chosen as 

described above for each deuteron energy-target metal combination. 

A .numerical study was made of the successive terms of Eq. (18) with the IBM-704 digital computer 

at· ORGDP. A wide range of values of 0 was used with each of several combinations of (3 andy .. In 

every case, convergence compatible with experimental counting rate errors was obtained with four terms 

of the series • 

. It is of some interest to examine the asymptotic form of Eq. (18) for long times. For 0» 1 ± (3, 

the arguments (1 ± {3)/201h of the error functions in Eqs. (8a) and (8c) become small enough to use the 

well-known convergent expansions of the exponential and of erf x (ref 11) truncated at a few terms. The 

arguments 

1 ± f3 olh 
---+-

201h y 

of the error functions in Eq. (8b) have minima for Omin = y(l ± (3)/2, the arguments being [2(1 ± {3)/yllh. 

For 0 >> omin or, if y is small enough, in any case, the asymptotic expansion of erfc X (ref 11) may be 

employed. The result of using these expansions, to terms in t- 312 , is 

P(t) =a- bt- 112 + ct- 312- o(t-5/2) t --t 00 I ( 19) 

11 A. Erdelyi (ed.), Higher Transcendental Functions, vol 2, p 147; McGraw-Hill, New York, 1953 .. 
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where 

a {n • yJ c=-----
12rr 1/2 03/2 

a= a[yB 0 (k) + B 1 {k)] , 

b = _a_(l_+_y)_ 

771/201/2 

(20a) 

(20b) 

The usefulness of Eq. (19) is severely limited for estimation of the parameters a, {3, y, and o, primarily 

because the asymptotic expansion of erfc x is not accurate enough. Nevertheless, every set of experi· 

mental data which has been examined obeys the general form of (19) very accurately at long times. The 

value of the parameter c, however, as given by Eq. (20c}, is incorrect, although a and b seem to be 

satisfactory. 

If the deuteron straggle is sufficiently small, it is convenient to set f3 = 0 and to modify the solutions 

(4) appropriately. Taking the limit of Eq. (4a) as f3 approaches zero, 

1/2 ( 1/2 1 - ys 
112 

1/2) c(u,s) = e-s es u- e-s u 

2Ds3/2 1 + ys 1/2 

iR 
·0 ~ u ~ 1 (4a ') 

The coefficients of the transform series, Eq. (6), may now be defined by 

sn-1 -s1/2 
C (s) = e · 

n 1 +ys1/2 
(6') 

and the solution to the differential equation becomes 

c(u,B) ~- l: -- I ·~- en (0) I 

iR oo [yu2n z.:2n+1 l 
D n=Q (2n}! (2n + 1}!_ 

0 ~ 71. ~ 1 . (7') 

The first three C
17 

(0) are 

1 . 2 ( 1 0 112~ C
0 

(0) = erfc --- e 11 'Y+ 81'Y erfc -- + --
201/2 2()1/'l y 

(Sa') 

1 1 1 2 ( 1 o 112 ~ C 1 (()) = --- erf'-- -- e 11'Y+e/y erfc -.-+-- , 
2yf.11/2 2f.l1/2 y2 ,2()1/2 y ' 

(8b ') 

C2 (()) = _1 C 1 (()) I -- [-1 - 1 +~] erf'-1_ • 
l 4y()3/2 2() y 2() 1/2 

(8c ') 

Fi na II y, the neutron counting rate equation becomes 

00 

P(t) =a l: [yB 2n (k) + B 2nt 1 (k)] Cn (()) ( 18 ') 
n=O 
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and only three parameters, a, y, and 8, remain to be adjusted. The inverse power series (19).is un

changed as long as {3 is set to zero in Eq. (20c). 

Data Processing System. - A set of experimental data consists of a list of numbers proportional to 

the neutron counting rate, .obtained at equal intervals of time, from which it is desired to deduce values 

of the four parameters a, {3, y, and 8. The necessary operations are carried out by two digital computer 

programs. 

In put to the first program, performed on the Oracle, consists of a punched paper tape containing the 

observations. The paper tapes have, until recently, been prepared manually from an adding machine 

printed tape original. They are now prepared directly from the output of the scaler by means of a special 

paper tape punch designed and built in the Instrumentation and Controls Division. In the Oracle program 

the observations are converted to counting rates, corrected for background and for neutron detector' 

dead-time losses, and then written on magnetic tape to form a permanent file record of the data. The 

method of least squares is then used to fit Eq. (19) to all but the first 128 points {usually) of the data 

set. The data are now examined for points with residuals more than nine times the minimized sum of 

residuals of the complete set of data (the 99.73% confidence level). If such points are detected, another 

least-squares fit of Eq. (19) is made, omitting the "bad" points. The entire procedure is repeated until 

the. same 1,1uniber of points is rejected on two successive cycles. As an example, the data from target 36 

consisted of 1354 observations. Of these, the last 1226 were used in the fit of Eq. (19). The program 

located 27 points falling beyond the 99.73% confidence limits {about ±3% in this case) and employed the 

remai·ning 1199 points in the final cycle of least squares. 

(20~, assuming {3 = 0, to estimate values of a, y, and 8. 

The next step in the. program is to use Eq_s. 

These results, the parameters of Eq. (19); a 

list of the rejected points, and certain statistical measures comprise the first section of output of the 

program. The program then produces a special. output tape {punched paper), which is· used in making 

'plots of the observations. Finally, another output tape is produced for use as input to the second 

computer program. The entire procedure described here requires about 10 min for a data set of about 

1300 points. 

One of the output tapes from .the Oracle program is used to program an x-y recorder to plot the ob

servations automatically on 1l x 17 in. graph paper. The original of Fig. 62 was produced in this way. 

The other output pap·er tape is transcribed onto punched cards by an IBM-46 paper tape to card punch. 

The resulting card d~ck, eight observations per card, is copied onto IBM magnetic tape for use as input 

to a program carried ()ut on an IBM-704 computer. 

The original intention of obtaining reasonable initial estimates of the parameters by fitting Eq. (19) 

to the data hasbeen frustrated by the inadequacy of the asymptotic expansion of erfc x. This results 

from th.e rather large values of y that are required to fit the data. Nevertheless, it has proved useful 

to employ Eq. (19) for smoothing the data, in the sense of detecting those observations which are likely 

to be erroneous due {primarily) to malfuncti~ning of the counting equipment. 

The second. computer program, performed on the IBM-704 machine at ORGDP, fits Eq. (18) to the 

data by the method of least squares. Input to this program consists of the data, as corrected by the 

104 



(x103 ) 

40 

35 

<.> ., 
:10 ~ 

.:!? 
c 

" 0 
~ 

25 w 
~ 
a: 
(!) 
z 20 
I= 
z 
:::> 
0 
u 

15 z 
0 
a: 
1-
:::> 
w 

10 z 

0 

0 

- -·-·~ - -- ~ 

A 
~oO 

i/; 
ro 

of 
.f 
I 

0 2 

,-~ ~ ;.--

~ 
p ~ ~0 

0 ',.. .. 

3 4 5 6 

~0..-. 
.;--.... 

- _;:..JO -::---

PERIOD ENDING AUGUST 31, 1959 

o~-:: r-
:!::-i .. --:-· 

TARGET 36 

UNCLASSIFIED 
ORNL-LR-OWG 42757 

Lo .. O·Or-.. 0 ooooo -o:-
,~.--

~-~· .··T·... • • 
!STANDARD DEVIATION 

0 EXPERIMENTAL POINTS (EVERY 8th POINT PLOTTED) 
- CALCULATED CURVE, EO. ( 18) -

a = 7064 + :>n1 r.nunts /sec 

(3= 0.05 

y= ·r.59 ± 0.31 

8 = 0.0260 ± 0.0015 sec·1 

---· 

7 8 9 10 11 12 13 

TIME (sec) 

Fig. 62. Counting rate of D(d,n)He3 Neutro·ns Produced in Copper at 1 ff' C by 176-kev Deuterons. 

Oracle, written on magnetic tape, of initial estimates of a, (3, y, and o, and of certain control infor

mation written on punched cards. The program automatically repeats least-squares cycles until con

vergence is obtained. Unfortunately, since the problem is nonlinear, it is not possible {in general) to 

vary all four parameters simultaneously without running into trouble. Hence the program allows the 

variation of any desired combination of the parameters, the remaining ones being held fixed. After each 

least-squares cycle is completed, the new parameters, their standard deviations, and certain statistical 

information are written on magnetic tape for later examination. After convergence is attained, the 

calculated counting rates and their stondord deviations are written also. 

T_he general procedure in using this routine is to refine a a11d o together, holding y and (3 constant, 

until convergence is reached. Then a, y, and o are refined. It has not proved possible to vary (3 by 

least squares {see below). Each least-squares cycle requires approximately 3 min of machine time for 

1300 observations. Normally, about six cycles are required to complete the analysis, divided into two 

or three sessions on the'machine. 

The selection of appropriate weights for the observations is difficult. Since the observations them

selves are numbers of counts, they are, presumably, samples of Poisson-distributed populations. This 

would suggest using w(P) proportional to p- 1• On the other hand, the approximations inherent in the 

mathematical development given above become less important for longer times, that is, for larger values 
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of P. This is true both of the series expansion of c(u,O), Eq. (7), and of the cross-section approxi

mation, Eq. (12). Furthermore, experimental diffic~lties, particularly with long-term stability of the 

deuteron beam current, both spatia I and tempore I, make the scatter of the observations much greater 

than would be expected from counting stati sties alone. For example, in the latter part of the data on 

target 36, the number of counts recorded in each observation was about 4 x 105 • The expected statistical 

·variation is ±630 counts or ±0.16%. The actual variation is more nearly ±104 counts or ±2.5%. All 

of this suggests that unit weights may be more appropriate than the Poisson weights. 

Agreement between observed and ccilculated data sets is expressed in terms of the agreement index 

(21) 

modeled on the one used in x-ray crystallography. The sumniation·s extend over all observations. Values 

of R near 1 or 2% are considered to be measurE~.s of excellent agreement of the data with Eq. (18). 

Figure 62 shows also the error band, computed fr~m the variance-covariance matrix produced from the 

least-squares procedure. The bands shown are standard deviations (68.27% confidence level). 

Experimental 

The experimental procedure is s~bstantially the same as that described in the previous report. 2 The 

principal changes in the ne~tron-detecting equipment are the use of a Berkeley model 7360 timer-scaler 

in place of the more limited model 7350 used before and the replacement of the Berkeley model 1452 

digital recorder with a paper tape punching unit. Target temperature control is now achieved by spraying 

the back of the target with ethanol which is circulated in a closed system. The ethanol is chilled by a 

dry ice-ethanol slush and then heated to the desired temperature by a small electric tube furnace. 
/ 

Temperature control is achieved by a Brown Air-0-Line contro.ll er actuated by o~e of the target thermo-

couples. This arrangement .allows the target temperature to be maintained to within ± l°C in the range 

from about -50°C to + 50°C. 

The discovery that there is appreciable resistance to the escape of deuterium from the surface of a 

copper target has led to the development of an auxiliary ion gyn so arranged that targets may be cleaned 

after mounting in the accelerator vacuum system by bombardment with "'1-kev Ar + io.ns before starting 

the D+ irradiations. This gun consists of a Mock-Reese-Good r-f ion source of conventional design 

followed by a single electrostatic focusing lens. Installation of this equipment for test is planned for 

the near future. 

Experimental Results 

The model described above has developed to the present stage during attempts to fit data from the 

first few successful irradiations with theoretical curves. It was apparent from the beginning that the 

solution given to the diffusion equation by Fiebiger 12 was entirely inadequate, since it predicts far too 

12K. Fiebiger, Z. angew. P~ys. 9, 213-23 (1957). 
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rapid attai·nment of a steady-state neutron counting rate •. A very major improvement resulted from use 

of the semiinfinite slab model, even for {3 = y = 0. Initial studies of this model, employing a numerical 

integration of Eq. (16) rather than the series expansion (18), eventually showed that y = 0 was not a 

good choice. This fact eluded us for some time since, if'a least-squares refinement is made commencing 

with y = 0, the new y will invariably be negative, a physical absurdity. On the other hand, if y is 

started at some large value, it refines promptly to a positive value. This situation is of very common 

occurrence in nonlinear least-squares problems. Table 11 shows the effect of including the surface 

resistance in the diffusion model on agreement-of calculated and observed neutron counting rate curves 

for two copper targets. The marked improvement in R for both targets wi II be noted. 

The effect of including the deuteron straggle, {3, is less dramatic. Table 12 shows some results 

obtained on target 36. Increasing {3 above 0.05 causes a small but noticeable worsening ;f the agree

ment. 13 Attempts were made to refine {3 for target 36 by least squares, starting from 0.05, both alone 

13 Dire.;t· comparison of Tables 11 and 12 cannot be. made, since the computations for the former used data 
which were not corrected for counter dead-time losses. The changes between the two tables result primarily from 
the effect of this correction, not from the inclusion of j3 in the model. 

Target 

34 

36. 

0.05 

0.10 

0.20 

0.30 

0.40 

0.50 

Table 11. Effect of Surface Resistance on Agreement 

y 

0 

1.40 ± 0.05 

0 

6.47 ± 0.28 

Table 12. 

y 

7.59 ± 0.31 

7.57 ± 0.31 

7.53 ± 0.31 

7.44 ± 0.32 

7.47 ± 0.32 

7.43 ± 0.32 

0.355 ± 0.005 

1.39 ± 0.04 

0.134 :!. 0.003 

2.80 ± 0.17 

. 1 + y 

01/2 

16.8 

20.4 

27.3 

44.6 

Effect of Deuteron Straggle on Agreement 

(Target 36) 

8(sec -l) 
1+y 

0112 

X 10-2 

2.60 ± 0.15 53.3 

2.59 ± 0,15 53.2 

2.56 ± 0.15 53.3 

2.52 ± 0.15 53.1 

2.53 ± 0.15 53.2 

2:so±o.1s 53.3 

R (%) 

2.48 

1.38 

5.73 

3.32 

R {%) 

3.175 

3.177 

3.186 

3.200 

3.222 

3.250 
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and in combination with the other parameters. In each case a large negative value was obtained. These 

results suggest that f3 is quite small; small enough, in fact, that it can reasonably be set to zero. 

The asymptotic expansion, Eq. (19), has been found to represent the experimental data very well for 

long times. H'owever, as noted before, only the first two parameters of this expansion are of any real 

interest. In Table 13 are given some values of (1 + y}o-~ as determined from the parameters a and b 

of Eq. (19) for several targets. These· values may be compared with those obtained by fitting the com-· 

plete Eqs. (16) or (18), which are given in Tables 11 and 12. It will be observed that excellent agree

ment exists for target 36 between the value in Table 12 and that in Table 13. The values in Table 1l 

for targets 34 and 36 are in fair agreement with those in Table 13, for they I= 0 case. 

Examination of Table 13 shows no correlation of the values of (1 + y)o-~ with target crystallite 

size or with deuteron beam current. The variation of this quantity over a range of about 4:1 is; there

fore, to be attributed to variations of the surface resistance, y, from target to target. 

Attempts to change the weights of the observations from the Poisson values to unit values have 

been unsuccessful so far, due to problems of interaction among the parameters during the least-squares 

procedure. In view of the desirability of replacing Eq .. (18) with (18'), its equivalent for f3 = 0, these 

attempts have been suspended until a new machine code is completed. 

Experiments at other temperatures than 18°C have not yet been analyzed. Qualitatively, there.

appears to be a temperature effect of the expected sign. The magnitude appears· to be rather small, but 

in view of complications arising from the nonzero surface resistance, this may not actually be true. 

10_8 

Figure 62 shows the experimental data for target 36 and the calculated curve.[Eq. (18)] derived for it. 

Table 13 •. Values of (1 + y) s-·l/2 from Asymptotic Equation 

(All experiments at 18 ± 2°C) 

Target (1 + y) 0 112 (sec 112 ) 

25.4 

52.2 

80.2 

47.7 

29.5 

91.2, 110 

36.0, 56.5 

aMochined block; finely crystalline. 

bRoiled sheet, coarsely crystall-ine. 

cSingle crystal. 

Deuteron Current 

(18') 

84 

80 

80 

137 

94 

54 

49 

dFirst value:· lo'st 403 points; second value: lost 147 points; total: 531. 

eFirst value: los(690 points; second value: lost 433 points; total: 946. 
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ALLOY STUDIES. 

M. S. Wechsler R. H. Kernahan 

INTRODUCTION 

In a broad sense, this work is concerned with 
the effect of radiation on transformations in alloys. 
It is useful to divide these transformations into 
two ty·pes, those that involve a change in compo
sition in the local region of the transformation 
product (diffusion-controlled reactions) and those 
that occur by means of a nondiffusive, shear-type 
displacement (martensitic reactions). Included 
among the diffusion-controlled transformations are 
the changes in crystal structure that take place 
during precipitation from solid solution and the 
changes in atomic ·arrangement that are the result 
of an order-disorder transition. The diffusion
controlled and· the martensitic reactions have in 
common the property that. th~ react ion is nucleated 
at regions of the crystal favorably disposed 
toward the reaction in question. Since irradiation 
by high-energy particles or photons introduces 
regions ·of high energy which may serve as nucle
ation sites, it is reasonable to expect transforma
tion reactions to be accelerated in irradiated 
metals. A second possibility exists for the 
diffusion-controlled reactions in substitutional 
alloys where diffusion occurs by a vacancy 
mechanism. Irradiation-produced vacancies may 
enhance diffusion, and therefore atomic rearrange
ments may take place more quickly than in the 
unirradiated alloy. 

These ideas concerning the effect of irradiation 
in alloys are being tested with experiments on a 
number of alloys that exhibit various types of 
transformations. 

IRRADIATION EFFECTS ON Cu-AI ALLOYS 

· Introduction 

It has been shown previously 2• 3 that a decrease 
in the resistivity ·of alpha-phase Cu-AI alloys 
takes place upon neutron irradiation at about 406C. 
The magnitude of the decrease in resistivity 
increases with the aluminum content of the alloy, 

1Co-op student from Virginia Polytechnic Institute. 
2M. S. Wechsler and R. H. Kernahan; Phys. and Chern. 

Solids 7, 307 (1958). · 
3 M. S. Wechsler and R. H. Kernahan, Solid State Ann. 

Prog. Rep. Aug. 31, 1958, ORNL-2614, p 85. 

. ].lQ 

J. M. Williams J. E. Thomas 1 

arid no decrease is observed for pure copper. For 
the 15 at. % AI alloy the decrease in resistivity 
at 40"C amounts to 0.18 ~!ohm-em, or about 2%. 
However, no decrease in resistivity takes place 
during irradiation at -120CC, although the decrease 
sets in upon subsequent raising of the temperature 
above -SOCC. 

These observations are interpreted to indi cote 
that the alloy is initially in a metastable state 
and that this meta stab i I ity is eli mi noted upon 
irradiat.ion at 40CC .. This is illustrated schemati
cally in Fig. 63. If it were possible to maintain 
equilibrium during cooling, the resistivity would 
follow the solid curve, in which the departure 
from linearity at T > T 1 is due to an equilibrium 
atomic rearrangement such as short-range dis
ordering, local segregation, or formation of point 
defects. The notion. that we wish to employ is 
that it is virtually impossible to cool the alloy 
slowly enough to avoid retaining the state of 
affairs characteristic of a higher temperature T 

2
• 

Thus, under actual conditions the resistivity 
during cooling is considered to follow the equi
librium curve only until the temperature T 2 is 
reached. Upon further cooling, the actual resi s
tivity lies above the equilibrium value by an 

>
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amount corresponding to 8C or 8 'C'. However, 
upon irradiation at 40CC (T 0 in Fig. 63) the meta
stability is relieved and the resistivity decreases 
from 8 ' to C '. 

As has been described previously, 3• 4 at-temper
ature measurements of p vs T for unirradiated 
Cu-AI (15 at. %AI) indicate an excess resistivity 
at temperatures above 200CC. Thus, the temper
ature T 2 in Fig. 63 may be identified as 200CC. 
Furthermore, if the decrease of 0.18 p.ohm-cm 
observed upon irradiation is associated with the 
quantity 8 'C' or 8C, it is possible to evaluate 
the equilibrium excess resistivity A C. The 
logarithm of AC was found to vary linearly with 
liT, corresponding to a formation energy of 0.15 ev. 

In-Pile Measurements at Elevated Temperatures 

An aspect of the point of view illustrated in 
Fig. 63 that is subject to experimental test is the 
effect of varying the irradiation temperature. It 
can be seen from the figure that, since the alloy 
is at equilibrium at T 2 ~ 200CC and above, irradi
ation at these temperatures should produce no 
decrease in resistivity. But, when the irradiation 
temperature is decreased below T 2, a decrease in 
resistivity should take place, whose magnitude 
increases with lower irradiation temperatures 
corresponding to the distance between the "ob
served" and "equilibrium" curves in Fig. 63. 
However, if the irradiation temperature is reduced 
below, say, -50CC, atomic mobilities will be too 
low to permit a change in properties even in the 
radiation environment. 

The results of irradiation at temperatures be
tween 45 and 250CC are shown in Fig. 64 for 
single-crystal samples of Cu-AI (15 at. % AI). 
It is seen that irradiation at 200 and 250CC pro
duces little change in the resistivity. However, 
when the irradiation temperature is decreased 
below 200CC, a decrease in resistivity tokes 
place, whose magnitude increases with decreasing 
temperature of irradiation. The decrease in 
re si £t ivity observed at 1500C is approximately 
one-half of the decrease at 100CC. 

The effect of varying the irradiation temperature 
was also investigated in the "step-irradiation" 
experiment, illustrated schematically in Fig. 65. 
In this experiment the sample is irradiated at 

4M. S. Wechsler and R. H. Kernahan, Acta Met. 7, 
599 ( 1959). 

PERIOD ENDING AUGUST 31, 1959 

successively lower temperatures.· In Fig. 65 the 
normal temperature coefficient of resistivity is 
indicated by the slope of line LM. Previous 
measurements have shown 2 that the irradiation 
does not affect the temperature coefficient. Upon 
each change in irradiation temperature, the resis
tivity is decreased initially due to the change in 
temperature itself (short-dashed lines parallel to 
LM). Then, as a result of the irradiation, the 
diffusion-controlled reaction causes the resistivity 
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to decrease further to the equi I ibri um curve (verti
cal arrows). Figure 65 indicates that an additional 
decrease should take place at each irradiation 
step, although the ·amount of the decrease should 
become progressively smaller as the temperature 
is lowered. Actual measurements, Fig. 66, show 
that this is the case. The tJ.p values in Fig. 66 
are with respect to the line JK in Fig. 65 (see 
brace labeled "tJ.p"), and therefore changes 
arising from the temperature coefficient are can
celed out. Thus, the decreases shown in Fig. 66 
are ·a measure of the atomic rearrangements under
gone during irradiation, corresponding to the 
vertical arrows in Fig. 65. 

A point that is of some interest concerning the 
curves shown in Fig. 64 is the kinetics of the 
decrease in resistivity.. When these curves are 
normalized, the curves of Fig. 67 result, where 
the ordinate, I, is the fractional departure from 
the completion· of the annealing process defined 
by the quantity 

p- Pt 
I= . 

P;- Pt 

where p, P;1 Pf are the resistivities at timet, at 
.the beginning, and· at the end of the annealing, 
respectively. The time, T, for· various fractional 

·amounts of annealing is plotted vs reciprocal 

0.30 

l--z50oc-· I 
0.25 225"C 

---~·-·-} 

200"C 

'E 
u 

E o.2o 
.s::. 
0 

3-
·-·-··-·-· 

.. 175"C 

irradiation temperature in Fig. 68. It is seen that 
T is given roughly by an· equation of the form 

EM 
T= T

0 
exp

kT I 

where EM is the activation. energy for motion of 
the process. In Fig. 69 EM for these in-pile 
measurements is plotted vs I and compared with 
corresponding results .for the case where the 
decrease in resistivity is obtained 2 subsequent 
to three weeks' irradiation at -1200C:. It is 
interesting that in . the presence of the neutron 
flux . the reaction goes on with an activation 
energy that is ·approximately constant, whereas 
the activation energy increases progressively as 
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the reaction proceeds when the full radiation dose 
is received at a low temperature prior to bringing 
the sample to the reaction temperature. 

Another comparison to be made between the 
results of the two types of experiments concerns 
the shapes of the decay curves. It is possible 
to construct decay curves characteristic of a 
given temperature by extrapolating the curves in 
Fig. 68 for the in-pile decrease in resistivity and, 
similarly, the curves for the decrease following 
irradiation at -1200C given in Fig. 10 of ref 2. 
The results for a reaction temperature of 400C are 
shown in Fig. 70. The best fit to the curves was 
attempted for first-order kinetics (simple exponen
tial decay) with an equation of the form 

( t-t') (=exp ~-7- (1) 
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and for second-order kinetics with an equation of 
the form 

1 
f = -1 -+-(t---t -,)/-7- (2) 

It appears that the in-pile annealing curve can be 
fitted rather well with Eq. (2), where the relaxation 
time, r, is 1120 min and the incubation time, t', 

is 155 min. However, neither equation is capable 
of describing the decrease in resistivity after 
irradiation at -120'-'C, since the observed decrease 
is ·t~o rapid at short times and too slow at long 
times. This is a consequence of the low initial 
~ctivation energy for the annealing and the rapid 
increase in activation energy as the process 
proceeds {Fig. 69}. The more rapid annealing at 
40'-'C after irradiation at -120'-'C than at 40'-'C in 
the reactor can be attributed to the fact that many 
irradiation-produced defects are present in the 
former case before the annealing begins, whereas 
for the in-pile annealing the defects ore produced 
gradually during the irradiation. 

Flux Dependence 

·In· pile measurements have been made of the 
decrease in resistivity at about 40'-'C in three 
facilities, Holes 1768, C, and 52, in the Graphite 
Reactor. The fast-neutron fluxes in Holes C and 
52 ore thought to be about the same (approximately 
3 x 10 11 neutrons·cm- 2·sec- 1). However, in 
Hole 1768 the sample lies at the center of a 
hollow fuel element, and the fast flux is expected 
to be severo I times greater than in Holes C and 
52. In spite of the expected flux differences, the 

0.00 

resistivity curves for the irradiations in Holes 
1768, C, and 52 were found to superimpose quite 
well on one another (Fig. 71). 

In order to explore further the question of flux 
dependence, it was decided to perform an inter· 
rupted irradiation experiment, whereby the sample 
is withdrawn to the edge of the reactor and meas· 
urements continued with the sample in its new 
location. The results are shown iri Fig. 72. The 
rate of decrease in resistivity is sharply reduced 
when the sample is removed from the high-flux 
portion of the reactor. However, when the sample 
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is reinserted, the rapid decrease in resistivity is 
resumed. 

Irradiation of Quenched Samples 

It has been previously noted 3 • 4 that an additional 
resistivity of about 0.5 11ohm-cm is retained upon 
quenching from 450"C. This quenched-in resis
tivity anneals out in about 104 min at 450C. Also, 
the final value after quench-annealing usually 
lies somewhat below the value before quenching. 
It is of interest to investigate how the annealing 
of quenched samples is affected by irradiation. 
In Fig. 73 annealing curves are compared for two 
samples that were quenched from 4500C. In both 
cases an additional resistivity of 0.45 11ohm-cm 
resulted from the quenching. The unirradiated 
sample was then annealed at 45"C, and measure
ments were made during the annealing (open 
circles). The other quenched sample was irradi
ated at -128"C for three weeks, which introduced 
only 0.01 11ohm-cm. Following the irradiation, 
this sample was also annealed at 45"C. Figure 
73 shows that the irradiation at -128"C affects 
the quench-annealing in two ways. First, the 
annealing of the irradiated sample occurs more 
rapidly in the early portion of the curve. Second, 
o type of stabilization takes place in the irradi_ated 
sample whereby even after prolonged holding at 

45°C only one-half of the quenched-in resistivity 
is annealed out. It was found necessary to raise 
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the temperatur~: above 100"C in order to realize 
a further decrease in resistivity, and only a 
prolonged heating at 1950C would induce the 
resistivity of the irradiated sample to return to 
the value it had before the quenching. 

The irradiation-induced stabilization of the 
quenched-in resistivity was also investigated by 
doing isochronal. annealing experiments. The 
results are shown in Fig. 74, where curves 3 and 
4 correspond to the two curves in Fig. 73. The 
annealing of the sample that was quenched and 
irradiated (curve 4) is more rapid at lower temper
atures, but after about one-half of the quenched-in 
resistivity is recovered the annealing becomes 
more difficult. The isochronal annealing curves 
for an annealed sample (curve 1) and a sample 
previously irradiated at -120"C (curve 2) are 
shown for com pari son. These curves and the peak 
that occurs at about 310"C have been discussed 
previously. 2• 4 It appears that the effect of the 
pretreatments is lost upon raising the temperature 
above about 250"C. 

Since the prior irradiation at -128"C has the 
effect of stabilizing a portion of the quenched-in 
resistivity, the question arises as to the effect 
of irradiation at 450C on the quench-annealing. 
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Several Previous Treatments. All measurements made 

at liquid nitrogen temperature, The point labeled A(Q) 

refers to the value after Jhe quenching but before the 

irradiation, 
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This is shown in Fig. 75.· Out. of the reactor, the 
annealing at. 45"C after. quenching proceeds as 
shown in curve 3, whereas the corresponding 
c;mnea I i ng after quenching at this temperature in 
the reactor is given by curve 4. Thus, when the 
quench-annealing goes on in the reactor no stabili
zation takes place. The quench-annealing in the 
reactor (curve 4, Fig. 75) at 45"C appears to be 
roughly equivalent to the combined effects of the 
quench-annealing that would have occurred at 
45"C in the absence of the irradiation (curve 3) 
plus the decrease in resistivity upon irradiation 
at 450C for on annealed (not quenched) sample 
(curve 1). 

Changes in Specific Volume upon 
· Neutron lrrad i at ion 

The observation of changes in specific volume 
of Cu-AI (15 at. % AI) upon irradiation may help 
to evaluate the relative merits of several sug
gestions2 that have been made as to the nature of 
the process that caus~s the decrease in resis
tivity upon irradiation. On the one hand, the 
decrease in resistivity may be due to short-range 
ordering or, alternatively, to local segregat.ion 
(such as is involved in Guinier-Preston zone 
formation) induced by the irradiation. A second 
possibility is that a nonequilibrium number of 
vacancies .is retained during cooling and the 
decr.ease corresponds to the annealing out of these 
vacancies upon irradiation. 

1 hour 
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If the vacancy-annealing mechanism were correct, 
the fractional change in specific volume corre
sponding to the· annealing .of vacancies during 
the irradiation would be given by5 _:_ 7 

!'!.v 
_. = -(1 3a) C (3) 

v 

where C is the concentration of vacancies being 
annealed and a is the relative linear contr~c.tion. 
o.f the lattice about the vacancy. In contr.ast, a 
Iotti ce parameter measurement is not cognizant 
of the fact that a lattice site is vacant but is·only 
sensitive to the lattice contraction about. the 
vacancy. Thus, the fractional change in lattice 
parameter upon the annea I i ng of a concentration. 
C of vacancies is given by 

(4) 

Theoretical · estimates8 • 9 for . pure copper give 
a~ 0.2.· 

Specific volume measurements on single crystals 
of Cu-AI have been made by the method of hydro- .· 
static weighing. The technique employed is 
essentially the same as that previously de-· 
scribed 5• 6 in connection with measurements on 
Au-Cd upon quenching. A special irradiation 
capsule is being used, which permits a resistivity 
sample to be i.rradiated in the same location and 
at the same time as the specific volume sample. 
Since the decrease in resistivity observed upon 
irradiation at l00°C is almo.st as large as· that 
observed at 45"C (Fig. 64), it was decided to 
irradiate the samples at 1 OO"C. Shorter exposure 
times are required at this temperature, which 
reduces the handling problem upon removing the. 
samples from the reactor. Control samples for 
sp.ecific volume and resistivity measurements 
were held at 100"C outside the reactor for the 
same periods as the irradiated samples. The 

5w. J. Sturm and M. S. Wechsler, Solid State Semiann. 
Prog. Rep. Aug. 30, 1955, ORNL-1945, p 76. 

6w. J. Sturm and M. S. Wechsler, ]. Appl. Phys. 28, 
1509 (1957). 

7R. 0. Simmons and R. W. Balluffi, ]. Appl. Phys. 
30, 1249 (1959). 

8c. W. Tucker and J. B. Sampson, Acta t\1et. 2, 433 
(1954). . 

9L. Tewordt, Phys. Rev. 109, 61 (1958). 



results of the resistivity and specific volume 
measurements on the irradiated samples are shown 
in Fig. 76. The control resistivity sample under· 
went a decrease of less than 0.01 11ohm-cm, 
whereas the irradiated sample decreased about 
0.14 11ohm-cm. The specific volume measurements 
upon irradiation, shown in Fig. 76, are relative 
to the control samples. In this way corrections 
are made for changes produced by the heat treat
ment at 1000C or changes in the density of the 
liquid used in making the specific volume meas
urements. The results indicate that a decrease 
in resistivity of 0.14 11ohm·cm is occompanied by 
a fractional volume decrease of 2.3 x 10- 4 • In 
the case of pure copper, it has been observed that 
the specific volume increases slightly upon 
neutron irradiation 10 at 100"C. With the use of 
Eq. (3) and the value a = 0.2, we find that 
C = 0.058% vacancies on the assumption that the 
decrease in specific volume is due to vacancy 
annealing. This concentration is smaller than 
that predicted from the resistivity decrease since, 
corresponding to the value 1.3 11ohm-cm per atomic 
per cent of vacancies for pure copper, 11 we obtain 
c = 0.14/1.3 = 0.11%. 

These considerations emphasize the importance 
of determining the effect of neutron irradiation on 
the lattice parameter. From Eq. (4) we find that 
an increase in lattice parameter of 

f..ao 
--= 1.2 X 10- 4 

ao 

which corresponds .to f..a
0 

= 0.0004 A, should 
accompany the annealing of 0.058% vacancies. 

Fig. 76. Changes in Specific: Volume and Resistivity 

upon Irradiation at 100°C. 
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On the other hand, if the decrease in resistivity 
were due to short-range ordering or segregation, 
no new sites would be created, and the relative 
change in lattice parameter would be equal to 
one-third of the relative change in volume. Thus, 
this mechanism predicts a decrease in lattice 
parameter upon irradiation of f..a

0
!a0 =-0.8 x 10- 4 

or f..a 0 = -0.0003 A. Unfortunately, these changes 
in lattice parameter are on the border line of the 
present experimental precision, and the re suits 
of a pre I iminary attempt to mea sure changes in 
lattice parameter were inconclusive. It is planned 
to repeat the experiment. 

Gamma Irradiation of Cu-AI 

Resistivity measurements have been made on a 
Cu-AI (15 at. % AI) sample as a function of ex· 
posure to Co60 gamma radiation at about 180C: in 
the canal storage facility at the Graphite Reactor. 
A decrease in resistivity was _observed (Fig. 77). -· 
A comparison may be made of the effects of the 
two types of radiation by extrapolating the neutron 
data to. 180C: with the aid of Fig. 68. The normal
ized decay curves are shown in Fig. 78, where 
the points represent the experimental data and the 
curves indicate the fit to second-order kinetics 
[Eq. (2)]. These results indicate that, as ·regards 
the magnitude of the decrease in resistivity and 
the shape of the decay curve, the effect of gamma 
irradiation on Cu-AI (15 at. % AI) is quite similar 
to the effect of neutron irradiation. 

10 R. R. Coltman, personal c:ommunic:otian. 
11 P. Jongenburger, Phys. Rev. 90, 710 (1953); Appl. 

Sci. Research 63, 237 ( 1953). 
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Fig. 78. Normali-zed Decay Curves far Gamma and 
Neutron Irradiation of Cu-AI (15 at. % AI) at 18°C. . . 
The theoretical curves illustrate the fit to Eq. {2). 

The times for ha If. decay are T 'Y = 6.8 x 104 min 
and T = 5.3 x 103 min for the gamma and neutron 

n 
exposures, respectively. The relative effective-
ness of the two types of radiation may be esti· 

'11 mated from the fluxes ¢Y. = 5 x 10 photons· 
cm- 2-sec- 1 (refs 12, 13) and cpn = 3 x 10 11 

neutrons·cm- 2-sec- 1, and from the cross sections 

for primary_ collisions cr, = 0.12 x 10- 24 cm 2 

(ref 14) and cr = 3:5 x 10- 24 cm 2• Thus, the . n 
fractional. number of primaries necessary to pro· 
duce half decay as a result of the gamma irradi
ation· is¢ cryTy.= 2.5 x10- 7• The corresponding 
number of primaries produced by the neutron 
irradiation is ¢ crT = 3.3 x 10- 7• We are _ n n n 
therefore led to the conclusion that each gamma-
photon collision is approximately as effective as 
each neutron collision. This is quite surprising 
i'n view of the fact that each neutron primary is 
thought to produce about 100 secondary displace· 
ments,. whereas each gamma primary rarely pro· 
duces even one secondary displacement. 14 

IRRADIATION EFFECTS ON THE 
PR ECI PIT A TION REACTION IN Ni -Be 

In contrast to the case of Cu-AI, the nature of 
the metastability illustrated in Fig. 63 is quite 
well known for Ni-B e. The solubility of beryllium 

12G. W. Leddicotte, personal communication. 
13c. D. Bopp and 0. Sisman, Nucleonics 14, 46 

{January 1956). 
140. S. Oen and D. K. Hol,;,es, ]. Appl. Phys. 30, 

1289 {1959). 
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in nickel increases with temperature from 2 at._% 
at 4000C to 15.3 at. % at 11570C. Thus, when a 
15 at. % Be sample is cooled rapidly from about 
1150°C to room temperature, the solid solution 
becomes supersaturated with beryllium. Therefore, 

_the decrease from B' to C' in Fig. 63 corresponds 
to the precipitation of beryllium in order that the 
amount remaining in solid solution be characteristic 
of equilibrium at the temperature T 0• However, in 
the Ni-Be case it is not necessa.ry to irradiate 
the alloy in order to bring about the decrease from 
B' to C'. The normal heat treatment consists of 
aging the supersaturated solid solution at 300-
5500C, whereupon the excess beryllium precipitates 
out in the form of the nonmagnetic intermetall ic 
compound NiBe, containing 50 at.% Be. 

It is of interest to investigate how radiation 
affects this precipitation reaction. Previous work 
has indicated 15• 16 that the precipitation is ac
celerated when the alloy is aged at 3000C in the 
reactor; although the effect is somewhat more 
complex upon aging in the laboratory following 
irradiation at 35°C. A further aspect of the 
problem is the effect of the irradiation when the 
alloy is in the aged condition. This question 
arises in connection with the work of Boltax 17 on 
the effect of radiation on Cu-Fe alloys, where it 
was suggested that high-energy particle irradi
ation can cause re-solution of precipitate particles. 
This possibility was tested.for Ni-Be by irradiating 
six Ni-Be (15 at. % Be) samples in the aged 
condition for four weeks at ambient pile temper
ature in Hole 1968 of the Graphite Reactor. The 
results of hardness, resistivity, and Curie temper· 
ature 1 measurements are shown in Table 14. 
Samples 1-4 were aged sufficient times at temper
atures of 400, 450, 500, ond 5500C to produce 
maximum hardness, whereas samples 5 and 6 were 
over-aged to give somewhat smaller hardness 
values. The heat treatment times andten1peratures 

. may be compared with the hardness curves given 
in Fig. 79. It may be seen fro;;, Table 14 that the 

15 R. H. Kernahan et a/,, Solid State Ann. Pro g. Rep. 
Aug. 31, 1957, ORNL-2413, p 22; R. H. Kernahan, A. B. 
Lewis, and D. S. Billington, Solid State Semiann. Prog. 
Rep, Aug. 30, 1956, ORNL-2188, p 92. 

16 R. H. Kernahan, D. S. Billington, and A. B. Lewis, 
]. Appl. Phys. 27, 40 { 1956). 

17 A. Boltax, Am. Soc. Testing Materials Spec, Tech. 
Pub/, No. 208, p 183 { 1957); Bull. Am. Phys. Soc. 4, 
136 {1959). 
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Table 14. Changes in Hardness, Resistivity, and Curie Temperature upon Irradiation of Aged Ni·Be Alloys 

Preirradiation Heat Treatment H, Hardness (DPH) p, Resistivity (ftahm-cm) !Jc, Curie Temperature ('C) 
Change in 

Time· Before After Before AftP.r Odore After 
Sample 

Na.' 
(hr) 

Temperature 
('C) Irradiation Irradiation 6H Irradiation Irradiation Dp Irradiation Irradiation t,(Jc 

Amount af Be 
in Solid 

Solution 
(at.%) 

2 

3 

4 

5 

6 

800 

700 

I 600 
a. 
9 
rJ) 

UJ 500 
z 
c 
a: 
<I 
J! 400 

300 

400 

24 

2 

0.25 

40 

5 

1- o 4oo•c 
o 450°C 

1- a soo•c 
1- v sso•c 

vi 
.I 

I 
1· f 

9 f 
I I 

' .J 
200 

I0-3 
~ 

400 605 617 12 

450 627 602 -25 

500 620 620 0 

550 614 610 -4 

500 460 456 -4 

550 431 442 11 
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Fig. 79. Changes in Hardness upon Aging of Ni·Be 

(15 at.% Be). 

irradiation at ambient pile temperature (350C) had 
no si9nifir;Qnt P.ffPt:t on the o~eJ ulloys. Thus, 
no re-solution was observed to take place as a 
direct effect of the bombardment at this temper· 
ature. 

This result is similar to the effect of radintion 
at 35CC on the alloy in the solution-annealed and 
quenched (from 1125CC) state, in which a negative 
result was also obtained. Thus, it seems that no 
significant amount of atomic rearrangement takes 
place in Ni-Be at 35't: even in the presence of 
the neutron flux. However, when the temperature 
of the sample is raised to the heat-treatment 
temperatures (300-550°C), the effect of the prior 
irradiation at 35't: may be observed. This is 
iII u strated in Fig. 80, where it is seen that the 
prior irradiation has the effect of enhancing the 
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Fig. 80. Effect of Irradiation at 35°C on the .Aging 

of Ni-Be as Determined by Curie Temperature Meas· 

urements. All samples were solution-annealed at 

1125° (' "nd quon~hc:J. 

initial precipitation, although the precipitation in 
the irradiated samples is more sluggish in the 
later stages of the reaction. This effect is 
qualitatively quite similar to the results of the 
corresponding experiment on Cu-AI shown m 

Fig. 73. 

The effect of neutron irradiation has also been 
studied by comparing the aging of unirrodiated 
samples at 300't: with the aging of samples held 
at the same temperature in the reactor. In this 
case no retardation of the precipitation reaction 
is observed, as can be seen in Fig. 81. in oddi· 
tion, Fig. 81 shows that the behavior of Cu-AI 
under these circumstances also is quite simi lor 
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to that of Ni-Be;·. -Thus, a correspondence between 
temperatures for the two alloys may be given, as 
shown in Table 15. 

These experiments indicate that in comparing 
the results of irradiations on different alloys due 
co~sideration must be given to the temperature 
ranges in which the pertinent reactions take 
place. In particular, it may frequently occur that, 
although no ·changes in properties take place at 
the irradiation temperature (as in the case of 
Ni-Be at 350C or Cu-AI at -120°C), the irradiation 
effect may not be absent. It may merely-be latent, 
and upon subsequent raising of the temperature, 
the irradiation effect may be released. 

IRRADIATION AND QUENCHING EFFECTS 

ON AN Ni-Cu ALLOY 

Unlike either Cu-AI or Ni-Be, the Ni-Cu system 
exhibits a continuous range of solid solubilities. 
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Fig. 81. Annealing After Quenching In and Out of 

the Reactor for Cu-AI (15 at. %AI) and Ni-Be (15 at. % 

Be). 

For this reason a study of irradiation effects on 
Ni-Cu alloys has been undertaken. 

Preliminary meas.urements have been made of 
the effect of neutron·· irradiation and quenching 
on the Curie temperature and electrical resistivity 
of an Ni-Cu alloy containing about 28 at.% copper~ 
It is known 18 that the Curie temperature of nickel 
decreases linearly with the atomic percentage of 
copper that is alloyed with it. Thus, an increase 
in the Curie te~perature of an Ni-Cu sample of a 
given bulk compo·sition is a_ measure of a decrease 
in the amount of copper in solid solution with the 
nickel. 

The effect of irradiation in Hole 1867 cit about 
200C for four weeks is shown in Table 16. It is 
seen that' an increase in Curie temperature of 
3.60C is observed upon irradiation. According to 
the work of Torkar and Gotz, 19 the slope of the 
Curie temperature-composition curve is 10.70C 
per atomic per cent copper. Thus,· the irradiation 
may be considered to remove 0.34 at. % Cu from 

18 v. Marian, Ann. Phys. 7, 459 (1937). · 
19 K. Torkor and H. Gotz, Z. Metallk. 46, 374 (1955). 

Table 15. Corresponding Temperatures for 

Cu-AI and Ni -Be 

Alloy 

Cu·AI 450 . -120 45 

Ni·Be 1125. 35 300 

T Q =quenching temperature. 

T 1 =irradiation temperature at which no effects ore 
seen. 

T A= reaction tempe~at.ure for aging or annealing at· 
which irrodiation·effects ore observed. 

Table 16. Changes in Curie Temperature and Resistivity of on· Ni-Cu (28 at..% Cu) Alloy 

upon Four Weeks' Irradiation at About 20°C 

e . Curie T emperoture (0 C) 
c p. Resistivity (J.Lohm-cm) 

Before After Before After 

Irradiation Irradiation M Irradiation Irradiation ~ c 

lrrod ioted samples 48.4 52.0 3.6 '40:92 40.35 -0.57 

Control samp·l es 49.0 48.2 -0.8 40.87 40.91 0.04 

120 .. : .' -~. ,,-~ ,• ... . . . . .. 



solid solution with the nickel. The resistivity 
decrease upon irradiation is more difficult to 
interpret in this fashion. However, if one makes 
the assumption that the resistivity decrease is 
due, effectively, to the removal of copper from 
solid solution, then the curve of resistivity vs 
composition given by Smithells 20 may be used to 
evaluate the loss of copper. In the region of 0 
to 30 at. % Cu, one finds that the resistivity vs 
composition is linear, corresponding to o slope 
of 1.3 11ohm-cm per atomic per cent copper. Thus, 
a decrease of 0.57 11ohm-cm corresponds· to a 
decree se of 0.44 at. % Cu: 

The effect of quenching from 600 and 7000C is 
shown in Table 17, where it is seen that a de
crease in Curie temperature takes place. It would 
appear that at higher temperatures the equilibrium 
configuration is more random and that the more 
random structure is retained upon quenching. 

The preliminary results on this alloy are in. 
accord with the work of Ryan, Pugh, and 
Smoluchowski, 21 who conclude from magnetic 
susceptibility measurements on alloys of higher 
copper concentration that there is a tendency 
toward segregation as the temperature is lowered. 

·The equilibrium degree of segregation is not 
achieved upon cooling, and the irradiation enhances 
the approach to the more segregated condition 
characteristic of room temperature. 

PRECIPITATION OF CARBON IN ALPHA-IRON 

(In Collaboration with 
D. 0. Thompson and V. K. Pare) 

As is discussed above, two general mechanisms 
may be devised to explain the irradiation effects 
on the alloys already mentioned: (1) the injection 
of nucleation sites which facilitate the nucleation 
of the reaction product and (2) the production of 
vacancies which aid in the diffusion necessary to 
bring about the difference in composition or atomic 
arrangement between the parent and product 
structures. But the latter mechanism applies 
directly only if the solute diffuses as a result of 
solutP.-vacancy interchange::; end, thus, only if the 
solute is dissolved substitutionally in the solid 

20c. J. Smithell s, Metals Reference Book, vol II, 
p 675, lnterscience Publishers, Inc., New York, 1955. 

21 F, M. Ryun, E. W. 1-'ugh, onrl R. Smoluchowski, 
Bull. Am. Phys. Soc. 4, 137 (1959}. 
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Table 17. Changes in Curie Temperature upon 

Quenching Ni-Cu (28 at.% Cu} 

Data ore the overages for two samples 

Condition 

Slow cooled 48.2 

Quenched from 600°C 45.7 -2.5 

Quenched from 700°C 41.0 -7.2 

solution. However, many precipitation reactions 
exist in which the solute, whos·e motion controls 
the formation of the precipitate, is located on 
interstitial sites. The most prominent example 
of this type of precipitation reaction is the formation 
of carbides and nitrides in a I ph a- iron. Therefore, 
it appears of value to investigate the effect of 
radiation on the precipitation of carbon in alpha
iron. 

A convenient and sensitive measure of the 
amount of carbon remaining .in solid· solution 
during the precipitation is the damping capacity· 
of a torsion pendulum in which the sample wire 
is used as the suspension. 22 lron-carb~n· wires 23 

of 14 mils diameter were recrystallized at 600"C 
from the cold-drawn condition to reveal an. average 
grain diameter of approximately 2 mils. The 
sample wire was solution-annealed in .a helium 
atmosphere for several minutes at 720CC and 
rapidly quenched into water. The damping peak 
(Fig. 82) was then obtained by measuring the 
internal friction, Q- 1, as a function of temper
ature, where Q- 1 is defined by the expression 

1 
1 A(O) 

Q- =-ln
. rrft A(t) 

and where f is the frequency of the pendulum and 
A(O) and A(t) are the amplitudes at timet= 0 and 
time t. The peak height is Q mensure of the 
amount of carbon in solid solution (0.008 wt %), 

22cf. C. A. Wert, "The Metollurgicol Use of An~los
ticity," Modern Research Techniques, Am. Soc. MeTals, 
1954. 

23 we ore indebted to Professor C. WP.rt for providing 
ca.-bu, i zed wires of 3U mi Is diameter. We wish to thank 
also J. H. Erwin ond G. D. Goldston for drawing the 
wires from 30 to 14 mils. 
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and the peak temperatur~ indicates. that the re· 
distribution of interstitial carbon atoms, stimulated 
by the application of a· cyclic torsional stress, is 
accomplished with ·an average jump time at 36CC 
of 1/277/ = 0.28 sec. 

Since the peak temperature does not change as 
the carbon precipitates, the amount of carbon 
rema1n1ng in solid solution is determined by 
measuring the internal friction at the peak temper· 
ature as a function of time at the aging temperature. 
The internal friction at 370C is shown in Fig. 83 
as a ·function of aging time at 37CC for a sample 
that was quenched from 720CC. It is seen that 
there is an incubation time at 3l0C of about 10 4 

min. Theoretical analyses 24• 25 of the kinetics of 
growth of precipitate particles have indicated that 
the fractional amount of untransformed material, f, 
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should be given by an expression qf the·.form 

(6) 

where the relaxation time, 'T, is charaCteristic of 
the aging temperature and the growth exponent, 
n, is characteristic of the shape of the precipitate 
particle. A test of the fit. to Eq. (6) is shown in 
Fig. 84, from which the value of n is fou~d to be 
1.44. This agrees with the value n = 1.49 given 
by Wert 26 for an alloy containing a somewhat 
higher concentration of carbon. 

No measurements on irradiated samples have 
been made as yet. 

. 24 
W. A. Johnson and R. F. Mehl, Trans. Am Inst. 

Mining Met, Engrs. 135, 416 (1939). . 
. 25 

C. Zener, ]. Appl. Phys. 20, 950 ( 1949). 
26 C. Wert, ]. Appl. Phys, 20, 943 ( 1949). 
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MARTENSITIC TRANSFORMATIONS. 

THE EFFECT OF NEUTRON IRRADIATION 

. ON THE CUBIC-TETRAGONAL AND 

CUSIC-ORTHORHOMBIC TRANSFORMATIONS 

IN Au-Cd 

There are two martensitic transformations that 
take place in the beta-phase Au-Cd alloy near the 
equiatomic composition. The 47.S at. % Cd alloy 
transforms upon cooling at about 600C from the 
cubic to an orthorhombic structure/ 7 whereas the 
SO at. % alloy transforms upon cooling at about 
300C to a structure that has been designated as 
tetragona1. 28 In both cases the reverse trans
formations upon heating occur at· higher temper
atures. Because the transformations occur near 
room temperature, it has been found convenient 
to experiment with these alloys in order to learn 
more about the nature of mortensitic transforma
tions. 29 In addition, a detailed analysis of the 
crystallography of the cubic to orthorhombic phase 
change has been given. 30 Also, it has been found 
that marked changes in the· transformations may 
be brought about by quenching. 31 The temperature 
for the cubic to tetragonal transformation is re· 
duced about 6CC upon quenching from 442CC. AI so, 
the transformotion for the 47.S at. % Cd alloys 
goes to the tetragonal phase upon quenching from 
410CC instead of the orthorhombic phase. 

The experiments on the effect of quenching on 
the transformations give rise to the question of 
the effect of irradiation. Therefore, an experiment 
was performed in which single crystals of the 
47.S and the SO at. % Cd alloys were irradiated in 
Hole A of the Graphite Reactor. The samples 
were mounted inside a heater, along with a dummy 
sample to which a thermocouple was soldered in 
order to control and monitor the temperatures. The 
resistivities of the samples were measured by 
passing a constant direct current through them 
and feeding to a recorder the amplified output 
from voltage contacts on the samples. In this way 

27 A. Bystrom ond K. E. AI min, Acta Chern. Scand. 1, 
76 (1947). 

28 w. Koster and A. Schneider, Z. Metallk. 32, 156 
(1940). 

29 L. C. Chang ond T. A. Read, Trans. Am. lnst. 
Mining Met. Engrs. 191, 47 (1951). 

30 D. S. Lieberman, M. S. Wechsler, and T. A. Read, 
]. Appl. Phys. 26, 473 (1955). 

31 M. S. Wechsler and T. A. Read, J. Appl. Phys. 27, 
194 (1956). 
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the samples could be cycled through the trans· 
formations and the resistivity-vs-temperature 
hysteresis loops recorded while the samples were 
in the reactor. In order to obtain conveniently the 
lower temperatures needed for the cubic to tetrag
onal transformation, the experiment was done in 
the wintertime, and most of the hysteresis loops 
were obtained when the reactor was down. 

Figures 8S and 86 show the hysteresis loops 
measured before and after exposure to an integrated 
neutron flux of 10 18 neutrons/cm 2• It may be seen 
that the effects of the radiation ore not extensive. 
There is a slight indication of a decrease in 
transformation temperature and possibly a de
crease in resistivity upon irradiation. However, 
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it would appear ad vi sable to repeat the experiment 

using higher flux levels and temperatures of irradi

ation before any conclusions are drawn. 

THE THEORY OF MARTENSITIC 

TRANSFORMATIONS 

The Generalized Lattice Invariant Shear and the 

Degeneracy of Solutions for the Cubic to Tetragonal 

Transformations. 32 M. S. Wechsler. - The theory of 

the crystallography of mortensitic tronsformotions 33 is 

extended in terms of generalized elements for the 

lattice invariant shear. The degeneracy of solutions 

for the undistorted plane, the orientation relation, and 

the macroscopic change of shape is examined analyti

cally for the cubic to tetragonal transformation. The 

criteria for K-degenerocy and g-degenerocy ore developed 

and compared with those given by Christian34 as a 

result of a geometrical treatment. Existence conditions 

for real solutions ore also developed in terms of the 

genera I i zed theory. 
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The Crystallography of the Austenite-Martensite 

Tronsform~tion. The !111! Shear Solutions. 35 M. S. 

Wechsler, T. A. Read, 36 and D. S. Liebermon. 36 - The 

graphical method 37• 38 is applied to the austenite

martensite transformation. The und i started planes ore 

determined for the lattice invariant shear on the (111) 

austenite plane. The solutions ore discussed in terms 

of their degeneracy and their applicability to the 

formation of (225) martensite. 

32 Abstract of paper to be pub I i shed in Acta Met. 
33 M. S. Wechsler, D. S. Lieberman, and T. A. Read, 

Trans. Am lnst. Mining Met. Engrs. 197, 1503 (1953). 
34J. W. Christian, J. lnst. Metals 84, 386 (1955). 
35 Abstroct of paper to be published in Trans. Met. 

Soc. AIME. 
36 University of Illinois. 
37D. S. Lieberman, T. A. Read, and M. S. Wechsler, 

]. Appl. Phys. 28, 532 (1957). 
38 D. S. Lieberman, Acta Met. 6, 680 ( 1958). 
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SEMICONDUCTOR STUDIES 

DISORDERED REGIONS IN SEMICONDUCTORS 

B. R. Gossick 1 

The following has been published in the open 
I iterature. 

Disordered Regions in Semiconductors Bombarded by 

Fast Neutrons. 2 B. R. Gossick. - The width and depth 

of the potential wells surrounding disordered regions 

in neutron-irradiated, n·type germanium and extrinsic 

silicon ore estimated. Numerical examples of well 

dimensions for o wide ranye of sample characteristics 

ore presented, Some effects of rl i sordered reg ion&, 

e.g., (a) scattering of conduction electrons, (b) absorp· 

tion of holes, and (c) polorizobility ore discussed. 

FERMI LEVEL SPECTROMETRY 

J. W. Cleland J. H. Crawford, Jr. 

It has previously been suggested 3 that nuclear 
doping might be employed to alter the position of 
the Fermi level or Fermi energy ~ in a semi
conductor so that the energy structure and nature 
of radiation-produced defects might be examined. 
H. C. Schweinler4 has shown that the average 
recoi I energy expected from thermal-neutron 
capture in germanium is ""182 ev; hence, each 
thermal-neutron absorption probably results in the 
formation of an interstitial germanium atom, prior 
to any transmutation effects. 

The number of thermal-neutron absorptions {and 
presumably recoils) in germanium is "-0.108 nvt, 
where nvt is the total incident thermal-neutron 
flux. 4 For every neutron absorbed, 0.098 As 7 5, 

0.012 Se77 , and 0.304 Ga71 atoms are ultimately 
formed. The total contribution of donor electrons 
from radioactive decay to As and Se is 0.122 
electron per thermal neutron absorbed with a half 
life of 82 min for the As 75, 12 hr for Ge77 , and 
39 hr for Se77 , where this latter effect produces 
twice 0.012 or 0.024 electron. This total contri
bution of 0.122 electron is accompanied by the 

1oeportment of Physics, Arizona State University, 
Tempe; consultant to the Solid State Division, 

2 B. R. Gossick, ]. Appl. Phys. 30, 1214-18 (1959). 
3 J. W. Cleland et al., Solid State Semiann. Pro g. Rep. 

Feb. 28, 1955, ORNL-1852, p 17. 
4 H. C. Schweinler, ]. Appl. Pbys. 30, 1125-26 

(1959); see also abstract, this report, 

production, with a 12-day half life, of 0.304 
acceptor hole per thermal-neutron absorption as 
the result of the formation of Ga71 • The end 
result, after five or six half lives (60-72 days}, is 
a net decrease of 0.182 electron per thermal 
neutron absorbed. 

Preliminary experiments have been conducted in 
the "thermal bump" position {approximately 1 ft 
inside the graphite), using the foil slot of 
Hole W-13, thermal column, Brookhaven National 
Laboratory Reactor. This facility was listed 5 as 
having a thermal-neutron flux of ""1 x 10 11 . nv, 
with a cadmium ratio of "-3000. This reactor was 
reloaded in 1957, and the central-core thermal 
flux increased about a factor of 4. The size of the 
active lattice was reduced by this reloading; 
hence, the cadmium ratio at the "thermal bump" 
position would be expected to be somewhat larger. 
A general rule of thumb has been that a cadmium 
ratio of 30 means an equal concentration of 
thermal-energy and higher-energy (epithermal and 
higher) neutrons. Thus, a cadmium ratio of 6000 
would mean 200 thermal-energy neutrons per one 
of epithermal energy or higher. The reloading 
would also be expected to provide "-4 x 10 11 nv 
of thermal-energy neutrons at the specified 
position. 

The experimentally determined6 conduction 
electron removal rate for n-type germanium in a 
fission spectrum is "-3.2 per incident fast 
{damaging} neutron. Thus, 3.2/200 displacements 
might be expected per incident thermal-energy 
neutron in the above position. The initial electron 
concentration of several samples was obtained by· 
a measurement of the Hall coefficient. The 
samples were enclosed in a boral container to 
minimize the thermal-neutron dosage and were 
irradiated. They were only very mi Idly radioactive 
upon return, in contrast to unshielded specimens; 
hence, the boral is apparently very effective in 
attenuating the thermal flux. The final electron 
concentration after irradiation was within 90% of 
the value that was calculated under the assumption 

5 o. J. Hughes, Pile Neutron Research, p 68, Addison· 
Wesley, Cambridge, Moss., 1953. 

f. J. H. Crawford and J. W. Cleland, Progress in Semi
conductors, vol 2, p 75, Wiley, New York, 1957. 
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of 3.2 electrons removed per incident fast (dam
aging) neutron and a fast (damaging) flux of 1/200 
of the thermal-neutron flux. 

The actual thermal-energy neutron flux in the 
foil slot was also determined by experiment. 
The original electron concentration was obtained 
for several samples by a measurement of the Hall 
coefficient. The· final electron concentration, 
·after complete radioactive decay and vacuum 
anneal at 450°C (to restore any displaced atoms) 
gave the final net number of transmuted atoms 
and was therefore employed to ascertain the 
thermal-neutron flux incident on the sample. The 
average thermal-energy neutron flux was 3.4 x 1011 

nv; in good agreement with the enhanced thermal 
flux expected as a result of the reloading. 

The net result of a typical experiment can be 
summarized as follows. An n-type sample with an 
initial electron concentration of 4.9 x 1014 cm-3 
as-.deter.mined at.77°K was irradiated for 3 hr in a 
Hux,·of:3;54.x 1011 thermal neutrons for a total 
dosage. ·of 3.82· x 1015 nvt. This resulted in 
4.13: x 10 14 thermal-neutron captures, 5.04 x 1013 

electrons contributed by As and Se, 6.13 x 1013 

electrons removed by epithermal or higher energy 
neutron effects, and 1.25.-x 1014 electrons re
moved .by the · introduction of Ga. The final 
electron concentration expected from the fast
neutron damage and transmutation effects was 
3.54 x 1014 cm- 3, whereas the actual final elec
tron concentration was 1.0 x 10 14 cm- 3• Thus·, 
2.54 x 1014 electrons/cm 3 were evidently removed 
from the conduction band by the 2.38 x 1014 

thermally activated germanium atoms that were 
displaced by_ recoi I but did not later transmute to 
As, Se, or Ga. Thus, 1.0 ( ±10%) electron was 
removed from the conduction band for each 
germanium atom that absorbed an incident thermal
energy neutron, probably recoiled to an interstitial 
position, but did not subsequently contribute or 
remove electrons from conduction as a re~ult of 
transmutation. This result has been verified for 
quite a few samples over a wide range of initial 
carrier concentrations. It has also been verified 
for a sample that contained a large number of 
defects previously introduced by fast neutrons. 

The effect of fast n.eutrons on germanium5,7 is 
to introduce a very inhomogeneous distribution of 

7 J. H. Crawford, Jr., and J. W, Cleland, ]. Appl. 
Phys. 30, 1204-13 (1959); see also abstract, this 
report, 

1'26 

defects. The resu It is that electrons are removed 
from the conduction band, the sample converts to 
p-type material, and the hole concentration in
creases to a limiting Fermi level (that is ;..,0,125 
ev above the valence band. The effec~ of Co60 

gamma rays, however, is to introduce a random 
distribution of defects that are probably simple 
interstitial-vacancy pairs. Here the sample again 
converts to p-type, but the I imiting Fermi level ( 
is much higher, ""0.26 ev, above the. valence 
band. Extended irradiation of originally n-type 
germanium by Co60 gamma rays, after conversio~ 
top-type, does not increase the hole concentration 
above that represented by. the limiting Fermi level 
value near the middle of the forbidden band. 

A result similar to the case for Co60. gamma 
rays has also been observed for samples when 
germanium atoms were displaced by the recoil 
resulting from thermal-neutron absorption. The 
electron concentration was decreased to essen
tially intrinsic: conditions; however, no evidence 
of conversion top-type was. obtained, even though 
the samples were heavily irradiated. These 
results would also indicate that the limiting 
Fermi level position was near. the middle of the 
forbidden band for those. acceptors resulting fro.,:, 
displaced germanium atoms that recoiled following 
th~rmal-neutron abso'rption. 

The original experiments on nuclear doping 3 

were conducted at 77°K. ·.The position of the 
Fermi level in germanium, however; is a function 
of both the extrinsic carrier concentration and the 
temperature; and the Fermi level value at 77°K for 
a sample with only 10 12 electrons/crr. 3 is still 
only ""0 .. 095 ev below the conduction band. It is 
therefore impossible to sweep the Fermi level 
across the expected energy-level position of fast
neutron- or Co 60 -gamma-ray-introduced I eve Is 
(0.18-0.23 ev) at 77°K. The behavior of those 
displaced germanium atoms that recoi I upon 
thermal-neutron absorption is also a hindrance, 
since the electron concentration is altered more 
by this effect than by subsequent transmutation. 

It has 'therefore been necessary to conduct the 
experiments at dry-ice temperature, at which the 
Fermi level can be altered over the expeCted 
region of energy levefs introduced by fast neu
trons. It has also been necessary to introduce 
the potential transmutations by irradiation 'and 
then vacuum anneal. the sample at 450°C to re
store those displaced germanium atoms that· re
coiled upon thermal-neutron absorption. It has 



finally been necessary, then, to introduce the 
desired number of fast-neutron· or Co 60-gamma
ray-produced defect states subsequent to the 
above operations. 

Figure 87 is a plot of the log conductivity at 
195°K vs hours after irradiation of three n·type 
samples of germanium that were handled in the 
manner outlined above. All three samples were 
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irradiated in the ORNL LITR rabbit facility, 
position A-6, for 2 hr, for an estimated total 
thermal-neutron dosage of 7.2 x 1016 nvt, which 
should ultimately result in a net carrier concentra
tion dP.crease of 1..1 x 10 15 electron::./cm 3. Sample 
I was exposed to 6 x 10 16 Co 60 gamma rays, which 
should introduce "-'6 x 10 13 defect states at about 
0.2 ev below the conduction band. Sample II was 
exposed to "-'10 14 fast neutrons in a fission 
spectrum, which should introduce "-'3.2 x 10 14 

defect states at about 0.23 ev below the conduc
tion !Jand. Sample Ill contained an estimated 107 
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dislocations/cm 2 that were purposely introduced 
by plastic deformation at 700°C, followed by 
rapid quenching. 8 This sample should have con
tained dislocation-introduced acceptor levels at 
0.18 to 0.20 ev below the conduction band. 

The results of Fig. 87 do not indicate any pro· 
nounced variation of the conductivity as the Fermi 
level is lowered by nuclear doping fro~ an original 
position of "-'0.15 ev below the conduction band 
to a final position below the center of the conduc-
tion band. Instead, the conductivity decreases . 
rather uniformly until the sample converts to 
p-type. This behavior is not understood at present; 
however, additional experiments are being con
sidered that should resolve this difficulty. It may 
be necessary to determine the actual carrier con
centration rather than the conductivity. It may 

· a i so be necessary to vary the temperature to 
ascertain whether the energy levels in question 
are occupied at 195°K. Simultaneous recording 
of the Hall coefficient and resistivity as a func
tion of the ternperature should permit a more exact 
analysis of the position and nature of reactor- or 
Co 6 0 -gamma-ray-introduced defect states during 
the process of nuclear doping as outlined above. 

A further extension of the above techniques is 
also being considered for certain deep-level im
purities that act as acceptor states in germanium. 
The role of Cu, Ni, and Au, as an example, has 
received considerable attention. 9 It. should be 
possible to determine the energy position and 

·electrical behavior of the acceptor states intro
duced by these materials in a manner exactly 
analogous to that being considered for radiation
prQduced levels as outlined above. 

NATURE OF BOMBARDMENT DAMAGE AND 

ENERGY LEVELS IN SEMICONDUCTORS 

J. H. Crawford, Jr. J. W. Cleland 

The following has been pub I i shed in the open 
I i terature. 

Nature of Bombardment Damage and Energy Levels in 

Semiconductors. 
10 

J. H. Crawford, Jr., and J. W, 
60 Cleland, - The different effects of Co ·gamma-ray 

8 R. A. Logan, G. L. Pearson, and D. A. Kleinman, 
]. Appl. Phys. 30, 885 (1959), This sample was 
sup pi ied by Dr. R. A. Logan, of the Bell Telephone 
Loboratories, 

9w. W. Tyler, Phys. and Chern. Solids 8, 59 (1959). 
10 

J, H. Crawford, Jr., and J. W. Cleland, ]. Appl. 
Phys. 30, 1204-13 (1959). 
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and fast-neutron bombardment on the electrical be

havior of germanium are discussed in terms of different 

local distributions of lattice defects expected for these 

two types· of radiation, For the first of these, which 

is expected to introduce randomly distributed pairs of 

interstitials and vacanci_es, the state at 0.20 ev below 

the conduction band has been found to increase the 

concentration of ionized scattering centers on becoming 

occupied with conduction electrons. This state has 

been ascribed t~ a mobile interstitial because of its 

anneal in g. behavior at moderate temperatures. Energy 

levels in p-type germanium and their annealing be-

havior dre also discussed, In neutron-irradiated, 

n-type germanium the behavior of Hall mobility and the 

apparent energy distribution of defect levels are dis

cussed in terms of a tentative model for the potential 

distribution around regions of high local lattice dis

order expected to result from neutron bombardment, 

This. model postulates that the disordered region is 

p-type .and is surrounded by a negative space-charge 

region in. the n-type matrix· which insulates it from the 

matrix. This configuration of electrostatic potential 

around the disordered region in effect produces an 

insulating region whose radius is "'10 times that of 

the disordered region itself, The behavior of Hall 

mobility in irradiated, n-type specimens is consistent 

with the predictions of this model. 

THERMAL NEUTRON CAPTURE IN SILICON 

AND GERMANIUM 

H. C. Schweinler 

The following has been published in the open 
I iterature. 

Some Consequences of Thermal Neutron Capture in 

Silicon and Germanium. 11 H. C. Schweinler. - The 

average value of the kinetic energy of recoi I follo~ing 
thermo I neutron capture and subsequent gamma-ray 

emission is 780 ev in silicon and 180 ev in germanium. 

For every neutron capture in silicon, 0.04 P 31 atoms 

(therefore, 0.04 excess electrons) are formed by radio

active decay. For every neutron captured in germanium, 

0.098 As 75 , 0.012 Se77 (therefore, 0.122 excess elec

trons), and 0.304 Ga 71 atoms (therefore, 0.304 excess 

holes) are ultimately formed, in this time sequence. 

Analysis of an experiment of J. W. Cleland on the de

cay of irradiated, n-type germanium gives "'1.0 elec

trons removed from the conduction band per initially 

reco iIi ng german i urn atom. 

11
H. C. Schweinler, ]. Appl. Phys. 30, .1125-26 

(1959) •. 
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RADIA T JON E F.F ECTS ON CARR I.E R 

RECOMBINATION IN GERMANIUM 

0. L. ·Curtis, Jr. J. W. Cle-land 
J. H. Crawford, Jr. 

The study· of the more general aspects of radia
tion effects in recombination has been completed. 
The results are summarized in two published 
papers, abstracts of which appear below. 

Radiation-Induced Recombination Centers in Ger

manium. 12 0. L. Curtis, Jr., J. W. Cleland,' and J. H. 

Crawford, Jr. - An attempt has been made• to provide 

a better understanding of minority carrier recombination 

processes in irradiated germanium. To this end, studies 

have been made of the minority carrier lifetime of both 

n- and p-type material, following fast-neutron and Co60 

gamma irradiations. The effect of carrier concentration 

and temperature has been determined. The primary con

clusion drawn from these investigations is that the 

recombination process is associated with an energy 

level located 0.20 ev below the -bottom of the con· 

duction band. From measurements .of the lifetime in 

n-type specimens, the hole capture cross section has 
-15 2 

been co leu lated and found to be crp = 3 X 10 em 

and cr = 4 x .10-16 cm2 for neutron- and gamma-induced p 
centers, respectively. If a second, lower-lying level 

is associated with the second ionization of the def~ct 

responsible for recombination, then the effective number 

of recombination centers is reduced in p-typ·e material 

as the hole concentration is increased, due to this 

ionization. Such a process is in qualitative agreement 

with the observed data. 

Radiation Effects on Recombination in Germanium.
13 

0. L. Curtis, Jr. The following properties of recom

bination centers in germanium are obtained on the 

basis of lifetime data in conjunct,ion with other infor· 

mation available. 

Type of 

Irradiation 

Co60 .gamma ray 

Fission neutron 

14-Mev neutron 

Energy Level 

Position (ev) 

E - E = 0.20 
c r 

E - E = 0.20 
c r 

E - E = 0.32 . r v 

2 
crp (em ) 

1.1 

6 

6 2.2 

120. L. Curtis, Jr., J. W. Cleland,'and J. H. Craw-
ford, Jr.,]. Appl. Phys. 29, 1722-~9 (1958). . 

130. L. C~rtis, Jr., ]. Appl. Phys.. 30, 1_1.74-80 
(1959). 



The values of cross section are given for room tem

peratur.e. The capture probabilities are assumed to 

be independent of temperature except for the case 

of gamma irradiation, for which there is apparently 

a fairly strong variation corresponding to a change 

in the activation energy of 0.07 ev. The selection of 

the values given above is not entirely unique. The 

assumptions mode in their determination ore discussed. 

The values given are directly applicable only in the 

case of n•type material, tho situation in p-type material 

being ~ore complex. 

A pre I i m i nary effort is being made to use I i fe· 

time measurements in the study of defect an· 

nealing in the temperature range above room 

temperature. The results to date indicate large 

differences in the annealing behavior, depending 

on the type of irradiation used and the carrier 

concentrations· of the samples. The effect of 
various doping agents is being considered. 

MONOENERGETIC NEUTRON IRRADIATION 

OF GERMANIUM 

0. L. Curtis, Jr. J. W. Cleland 

Experiments using 14-Mev neutrons to irradiate 

germanium have been completed and the results 

submitted for publication. The following is an ab

stract of the article accepted for publication in 

the J oumal of Applied Physics. 

Monoenergetic Neutron Irradiation of Germanium. 

0. L;-Cu,rtis, Jr., and J. W. Cleland. - A study has 

been made on 14-Mev neutron-irradiated germanium, 

using lifetime, Hall, and resistivity measurements to 

determine the nature of the radiation-induced defects 

and to compare the damage with that produced by 

neutrons from o fission spectrum. The electron removal 

rate in high-resistivity, n-type material is ""8 em - 3 

per incident neutron/cm 2, measured at 7~K. Lifetime 

measurements hove been made on n- and p-type ma

terial. On the basis of simple recombination theory, 

assuming no variation of cupture probabilities with 

temperature, the results for n-type material indicate 

that a recombination level is located 0.32 ev above 

the· valance band near the center of the energy gop. 

Assuming an Introduction rote of recombination centers 

Aqual to one-half the electron removal rate in 7l·type 

material, the following values of recombination capture 

cross sections ore obtained: 0' = 2.2 x 10-17 cm2 ; 

O'p = 6 X 10-15 cm 2, the lotte~ value being correct 

only within about a factor of two. The ratio of the 
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cross sections, O'p/O'n' which is independent of the 

method of determining the number of recombination 

centers, is ""300, ind i cot ing that the recomb i not ion 

centers ore negatively charged. The lifetime measure

ments for p-type germanium are not so readily ·analyzed. 

Possible explanations· for observed behavior are dis

cussed. 

THERMOELECTRIC POWER IN GERMANIUM 

0. E. Schow J. C. Pigg C. C. Robinson 

Pre I i mi nary measurements of the thermae lectri c 

power have been made before and after irradiation 
on a 3-ohm-cm sample of n-type germanium. The 

results are shown in Figs. 88-90. Preirradiation 
rneasurements indicated that the thermoelectric 
power was a slowly changing function of tempera· 

ture in the region of -50°C; hence, this temperature 
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region was chosen for the preliminary irradiation 
experiment. 

The thermoelectric power was found to be a. 
function of tiT throughout.the experiment. After 
the first irradiation the thermoelectric power ·de~ 
creased but.increased after the second irradiation. 

. An increase was expected in both instances be
·~~use. of the lowering of the Fermi level of n·type 
german.ium by irradiation. 
.. These results indicate the necessity of more 
precise measurements of thermoelectric power. 
In preparation for this, equipment has been con
structed, and measurements prior to irradiation 
have been made. 

·A· sa~ple of approximately 2-ohm-cm germanium 
was soldered into a threaded copper plug. Six B 
and S No. 30 gage copper-constantan thermo
~ouples were attached to the germanium, as shown 
in Fig. 91. A 6.T heater was solder~d to the re
maining end of the sample, and the thermocouple 
on the heater was insulated with mica in order 
to make a differential connection of thermocouples 
possible. The differential temperature control 
system is shown schematically in Fig. 92. The 
heat~sink control system has been reported in a 

· pre~ious report. 14 The sample holder and thermal 
shield are pla~ed in the cryostat ~ample chamber . . . . 1 . 
an.d allowed .to rest on the 'a·in. copper plate in 
the bottom of the chamber. A high vacuum, approxi· 
mately 3 x 10""'7 mm Hg, is pumped on the sample 

14J. C. Pigg, C. C. Robinson, and 0. E. Schow, 
ORNL-2597, p 73-78 (classified) • 
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chamber and maintained throughout the experiment 
in order to prevent convection heating of the 
sample. The sample assembly is shown in Fig. 
93. 

It should be noted that special effort has been 
expended in the construction and assembly of 
the thermocouples, high-vacuum seal, cold junc
tions, and all wire and switches in the system. 
When possible, .large-diameter (B and S No. 20 
gage) thermocouple wire was used. The L & N 
switch was selected because of its low-thermal
emf characteristics. All solder joints were made 
with special, low-thermal-emf solder. The cold
junction bath has 32 thermocoupl~s in it.and has 
been designed so that the water is forced· to 
flow froin bottom to top over the. ice and cold 

., 
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junctions. Such a bath is essential if accurate 

measurements are to be made. 

One interesting feature of the system is that 

the actual data are measured on the potentiometer. 

The f).T control system allows more rapid readings 

to be made, but the controller does not affect the 

accuracy of the potentiometer . since they are 
two different and isolated systems. 

The major difficulty with the system is that of 
obtaining the same f).T at different sample tem
peratures. Due to the fact that the microvolts

per-degree curve for copper-constantan thermo

couples is far from linear, considerable patience 

is required in adjusting the /).T controller to the 

exact /).T which is desired. The controller will 

easily hold the required setting; the problem is 

simply trying to find the proper set point. 

The results of the experiment are shown in Figs. 

94 and 95. 

These data are in good agreement with pre

viously published material on germanium. 15 • 16 

This agreement indicates that the equipment ond 

procedure are satisfactory. 

15A. E. Middleton and W. W. Scanlan, Phys. Rev. 
92, 219 (1953). 

16T. H. Geballe Qnd G. W. H.,ll, Phys. Ret•. 94, 
1134 (1954). 

The agreement, however, indicates that curvature 
at low temperature ·and the low values at small 
/). T are not due to errors introduced by temperature 
gradients in the atmosphere, as proposed by 
Middleton and Scanlon. We observe similar effects, 

but the sample is in a vacuum and is enclosed in 
a constant-temperature chamber which supplies the 

cold sink. Although our data agree with those 

of Geballe and Hull 16 in magnitude and slope for 

similar samples, we observe a change in thermo

electric power with different. values of /).T, as 

did Middleton and Scanlon. 

ANNEALING OF RADIATION EFFECTS 

IN GERMANIUM 

J. C. Pigg 

The investigation reported in the previous re

port 17 has been continued, with emphasis placed 

on changes introduced by Co 60 gamma irradiation. 
The lrrodiafions were conducted at liquid-nitrogen 

temperature, and the samples were kept in liquid 

nitrogen until wormed up for the annealing pulse. 

After each pulse the sample was returned to 

liquid-nitrogen temperature. Measurements of 

17J. C. Piggt Solid State Ann. Prog. Rep. Aug. 31, 
1958, ORNL-2614, p 9-11. 
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400 

the Hall coefficient and resistivity of the sample 
were made both at anne a I ing temperature and in 
liquid nitrogen prior and subsequent to anneal. 

Changes in the Hall constant and resistivity of 
a 15-ohm-cm, n-type germanium crystal (EP6-B) 
are shown in Fig. 96. After ci gamma exposure of 
2.1 x 10 17 photons, the carrier concentration had 
decreased from 1.596 x 10 14 to 1.-242 x 10 14 cm-3, 

and the mobility had· decreased from 25,580 to 
23,320 cm 2·v-:- 1.sec- 1. The Hall constant shows 
a· curious structur-e in the region be.tween 3.8 and 

4.0 value of 10 3/T, which may be instrumental. 
The structure is almost entirely removed by the 
anneal. 

Figure 97 shows the fraction of the irradiation
induced conductivity removed by a series of 15-
min pulses. The measurements were made at 
77°K after a pulse to the indicated temperature. 
Approximately 6% of the inducecl damage is re
moved by the low-temperature pulse, and ·no further 
change is indicated until after the 194° pulse. 
Above 194°K considerable structure is evident. 

Since the introduced change was small compared 
to the initial conductivity, the resolution of the 
measurement was poor. 

'· 
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A 30-ohm-cm sample (EPI-B) irradiated in 
the Co 60 source to a dosage of 3.64 .x 10 17 

photons resulted in a decrease in carrier con
centration from 1.38 x 10 13 to 2.69 x 10 12 cm-'3, 

and the mobility decreased from 26,950 to 15,820 
cm 2-v- 1-sec- 1 •. The changes i·n carrier concen
tration and mobility in this case were of the same 
order of magnitude as the initial values. Hence, 
the observed changes were sufficiently large to 
yield much greater resolution than in the previous 
case (Fig; 98). The qualitative shape of the 
curve agrees with the previous sample, and the 
structure appears at the same temperature as be
fore. In both cases the fractional change is about 
6%. This is in agreement with results obtained 
at Bell Telephone Laboratories 18 in annealing 

18w. L. Brawn, W. M. ·Augustyniak, and T. R. Waite, 
j. Appl. Phys. 30, 12S8 (1959). 

134. 

of damage introduced by electron bombardment. 
The annealing of electron-bombarded samples pro
duced no measurable change in the region below 
room temperature. The change observed here is 
suHitient for study if Hall and resistivity changes 
are large enough to yield adequate resolution. 

RADIATION EFFECTS ON PLASTICALLY 

DEFORMED GERMANIUM 

J; W. Cleland J. H. Crawford, Jr. 

It has previously been obs~rv~d 19 that Co 60 

gamma rays produce randomly distributed inter
stitials and vacancies in germanium. ·An energy 
level has been located at "-'0.20 ev below the 

.conduction band by these studies, and this state 

19 
J. H. Crawford, Jr., and J. W. Cleland, J. Appl. 

Phys. 30, 1204-13 (1959). 
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has been ascribed to a mobile interstitial because 
of its annealing behavior at·moderate temperatures. 
The action of such an interstitial upon anneal is 
of interest in that the 0.20-ev level apparently 
disappears; however, the net electron concen
tration is essentially unchanged. Such a behavior 
would suggest migration of the interstitial to dis
locations or clustering rather than simple an
nealing. 

The dislocation density of germanium can be 
altered by plastic deformation at elevated tern" 

. peratures. High-purity, n-type single crystals of 
germanium with an initial dislocation density of 
""3000 cm-2, as determined by etch-pit counting, 

were bent2 0 at ""800°C to a rod ius of ""3 em. This 
increased the disloca.tion density to ""10 7 cm-2

• 

Control samples and deformed samples were ir- · 
radiated with Co 60 gamma ray.s. Figure 99, which 
is a plot of extrinsic carrier concentration vs in-

20We are indebted to Dr. R. A. Logan, of the Bell 
Telephone Laboratories, for these samples. 
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verse. temperature; indicates that. no evidence. of 
the "-0.20-ev energy level was observed for the 
deformed germanium of high dislocation density, 
a I though such a I eve I is apparent in the control 
sample. The .uniform curv~·ture of carrier con
centration, as shown in curve A, original; .curve 
8, after 1.40 x 10 17 photons; and curve C, after 
3.26 x 10 17 photons, would suggest a spread of 
energy levels that already existed in the deformed 
sample and consequently masked any unique 
energy level of the type that might be introduced 

b C 60 . d' 0 

y o gamma 1rra 1at1on. 

In addition to those acceptors introduced by dis
locations, one must consider vacancies introduced 
during the deformatio~ and also copper, which 
has a relatively high diffusivity in germanium. 
Vacuum anneal of 450°C, however, should effec
tively remove both vacancies and copper, leaving 
only those acceptors introduced by the dis
locations. A deformed sample, subsequent to 
such an anneal, is cilso shown in Fig. 99; and 
the lack of curvat.ure. of .the carrier concentration 
as a fun.ction of. temperatur.e before exposure in
dicates that .. the. dislo.cation acceptor lev~l is 
a unique value as suggest~d by Logan 21 and 
Read, 2 2 as compared.· to the spread of energy 
levels produced by. vacancies, copper, and dis
locations, ·as indiCated by curve A of Fig. 99. 

Cob a lt-60 gamma irradiation. of a deformed, 
vacuum-annealed specimen. then results in curves 
of carrier concentration vs temperature that are 
quite similar to the· control curves I, II, and Ill 
in the higher temperature region and thus indicate 
a fairly distinct energy level. It has not yet 
been possible, howeve·r, to observe any large 
difference upon annealing that could be attributed 
to preferential migration of interstitial atoms to 
dislocations. 

HALL MOBILITY OF IRRA~IAJED GERMANIUM 

J. W. Cleland J. H. Crawford, Jr. 

The effect of neutron and Co 60 gamma-ray i r
radiation on the. Hall mobility, llw of n-type 
germanium has been reported in a recent publi
cation. 23 Figure 100 ·indicates the pronounced 

21 R. A. Logon, G. L. Pearson, and D •. A. Kleinman, 
] . Appl. P hys. 30, 885 ( 1959). 

22w. T. Read, Phil. Mag. 45, 775, 1119 (1954). 
23 J. H. Crawford, Jr., and J. W. Cleland, J. Appl. 

Phys. 30,. 1204-13 .. (195_9); see. also abstract, this 
report. 
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variation of charge-center concentration· as a 
function of temperature that is observed for gamma
ray irradiation. This is evident as a knee in the 
the log 11-H vs log T curve near 160"K. Figure 

-101 does not indicate any such pronounced vari-
ation of charge-center concentration for reactor 
irradiation, but a general decrease in mobility 
that extends over the entire temperature range. 
It has been suggested 23 that this different be· 
havior was primarily due to a different spatial 
distribution of the damage introduced by the two 
types of radiation. In order to investigate this 
point more thoroughly, high-purity, n-type samples 
of germanium were irradiated in Hole 51 of the 
ORNL Graphite Reactor so that the extrinsic 
carrier concentration was reduced by an amount 
comparable to that of Fig. 100. Typical results 
are shown in Fig. 102, where log 11-H is plotted 
against log absolute temperature. It is evident 
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from these curves that neutron bombardment re
duces the absolute value of the slope for tem
peratures below 220°K and causes a decrease 
in magnitude of 11-H but little change in slope 
above that temperature. 

It Is possible to understand this behavior on 
the basis of the disordered-region model for fast
neutron damage with the foil owing refinement: 
As has· been shown, 23 •24 the disordered region 
resulting from a single fast-neutron collision is 
surrounded by a space-charge zone of consider
ably greater spatial extent (""' an order of mag
nitude) than the disordered region itself. Most 
of this space-charge zone, which contains a 
potential gradient, is capable of blocking current 
flow in an otherwise slightly damaged matrix. 
The radius of the space-charge zone effective 
for blocking current flow is temperature dependent, 
being larger the lower the temperature. The tem
perature dependence has two sources: (1) the 

24 B. R. Gossick, ]. Appl. Phys. -30, 1214-18 (1959). 
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variation-·-· of the total potential diUerence, 1/Jp, 
between the disordered region and the matrix: 

wh.e.re q. is the electronic charge, E · is the band 
gap, A is a constant, and N 1 and /J2 are the net 
acceptor .concentration in the disordered reg ion 
and the net donor concentration in . the matrix, 

respectively, and (2) the range into the space· 
charge zone that conduction electrons can pene· 

t"rate. The latter effect depends on electron· 
energy and, hence, kT. Therefore, it appears 
that most of the apparent change in p.H cind its 
temperature dependence is due to a change in 
the effective cross section of the specimen for 
carrying current and does not reflect a change 
in the mobility of the matrix itself. A quantitative 
theory to account for this effect is being de
veloped. 
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THE DIFFUSION OF COPPER IN GERMANIUM 

J. W. Cleland J. H. Crawford, Jr. 

The diffusivity, solid solubility, and .acceptor 
behavior of certain "deep-level" impurities in 
germanium has been extensively investigated. 25 

Introduction of copper to germanium by diffusion 
cit an elevated temperature, followed by rapid 
quenching to avoid annealing, results in a sup~r
saturated solution with acceptor states located 
0.26 ev below the conduction band and 0.33 and 
0.04 ev above the valence band. 

High-purity, single-crystal Hall plates of n·type 
germanium, with an orig.inal electron concentration 
of 4.6 x 10 15 cm-3 at 77°K, were electroplated 
with a visible layer of copper and then heated 
in an atmosphere of he I i urn for 20 hr at 650°C. 
The samples were quenched by placing them on 
a large metal block immediately upon removal. 
The electron concentration was then determined 
as "'1.0 X 10 15 cm-3 at 77°K for several speci
mens. Thus, 3.6-x 10 15 electrons/cm 3 were re· 
moved by the introduction of copper and, possibly, 
vacancies that were quenched in simultaneously. 
Published literature 26 lists the solid solubility 
at this copper-german i urn eutectic temperature 
as l.Ox 10 15 cm-3 . If copper is a triple acceptor, 

then 3.0 x 10 15 electrons/cm 3 would be removed 
by this experiment. 

R. A. Logan.27 has examined the effect of dis· 
locat-ion dens.ity -on ·subsequent .annealing ·of
copper in germanium. Material. containing "-' 106 

dislocations/cm 2
, as determined by etch-pit counts, 

totally annealed (precipitation of copper) in 1 h_r 
at 500°C, whereas material of r-elatively low "dis· 
location density, ..,._; 104 cm-2, required 24 hr at 
SOOOC. The fin~l ccipper concentration is thus 
dependent upori the number of nucleation sites 
and the rapidity of quenching for material of high 
dis I ocation density. 

The effect of annea I ing at various temperatures 
on the electron concentration of a typical sample 
is shown in Fig. 103, where log Hall c~efficlent 
and resistivity are plotted vs inverse temperature 
for various treatments. Curves I represent the 

original sample; and curves II were taken after 

25 . 
W. W. Tyler, Phys. and Chern. Solids 8, 59 (1959) 

and references contained therein.· · 
26H .. H. Woodbury and W. W. Ty"ler, Phys. Rev~ 105, 

84 (1957). 

27R. A. Logan, Phys . .Rev. 100, 615 (1.955). 
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diffusion at 650°C, rapid quenching, and a sub
sequent anneal of 40 hr at 450°C in vacuum. 
Curves Ill were obtai ned after 60 hr at 500°C 
in vacuum, and curves IV are after 20 hr at 590-
6000C in vacuum. The final carrier concentration 
after the above is 1.5 x 10 15 electrons/cm 3 at 
77°K. Thus, 3.1 X 10 15 electrons/cm 3 are still 
trapped, presumably by"' 1 x 10 15 copper atoms/ cm 3

• 

It is instructive that the final carrier concentration 
agrees so closely with the expected carrier con
centration, using the published solubility of copper 
in germanium at 650°C. It is possible that the 
relatively small increase in electron concentration 
as a result of the various anneals is primarily 
due to removal of vacancies that were introduced 

in the initial quench and that this sample actually 
indicates virtually no precipitation of copper to 
nucleation sites. The dislocation density of the 
samples employed is not known, but it will be 
ascertained by the technique of etch-pit counting. 

Curves V of Fig. 103 were obtained after an 
exposure to "-2.4 x 10 14 fast neutrons in Hole 51 
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of the ORNL Graphite Reactor. The sample was 
shielded in boral to minimize thermal-neutron ab
sorptions. The final carrier concentration after 
exposure was 7.5 x 10 14 electrons/cm 3 ; thus, 
7.5 x 10 14 electrons were removed by the irradi
ation. These values are in excellent agreement 
with the published removal rate 28 of "-3.2 elec
trons per incident fast neutron for this particular 
position in the Graphite Reactor. The end result, 
therefore, is the formation of "- 3. 7 5 x 10 14 inter
stitial-vacancy pairs under the most simple as
sumption that radiation produces Frenkel defects. 
These might be expected to serve as nucleation 
sites; however, curves VI, after an anneal of 16 
hr at 450°C in vacuum, were identical with curves 
IV, which were obtained before the irradiation. 
Thus, the radiation-produced defects were com
pletely removed without any apparent effect on 
the previously introduced copper acceptor states. 

EFFECT OF NEUTRON SPECTRUM ON 

CONDUCTIVITY CHANGE IN GERMANIUM 

D. Binder 

It has been observed in the ORNL Graphite 
Reactor that Hole 51N is 2.0 ± 0.4 times as 
effective as Hole C for conductivity changes in 
n-type germanium. 29 On the other hand, the 
neutron flux greater than 0.6 Mev is at least five 
times greater for Hole 51N than for Hole C. 30 

Since Hole 51N contains a uranium converter and 
Hole C is well moderated, the flux spectrum in 
51 N has a higher average energy above 0. 6 Mev. 
It follows that, if the high-energy flux were 
dominant in the germanium effect, the ratio for 
the conductivity change in Hole 51N relative to 
Hole C would be at least 5 instead of 2. This 
indicates that the neutron flux less than 0.6 Mev 
is highly ef-fective in Hole C. 

To fit the ratio of 2, an approximate analysis 
shows that it is necessary to assume a saturation 
of the germanium effect with neutron energy. 
Assuming a 1/E spectrum· below 0.6 Mev for 
Hole C, it is found that the saturation occurs in 
the region of 0.2-Mev neutrons. The analysis is 
based on the assumption of ionization loss as the 

28 J. H. Crawford, Jr., and J. W. Cleland, p 67-107 
in Progress in Semiconductors, vo I 2, Heywood and 
Co., LTD., 1957. 

29 J. W. Cleland, private communication. 
30 0. Binder, Solid State Ann. Prog. Rep. Aug. 31, 

1958, ORNL-2614, p 114. 
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I i mi ti ng. process·. A neutron of energy E produces 
recoi Is of energy zero to E/18. The recoils ore 
assumed to ionize only above a critical energy 
E/18. The best fit of the data occurs at about 
a neutron energy E c of 0.2 Mev. 

Ionization losses ore only one possible cause 
for the saturation. Defect aggregates may produce 
zones 31 that are less effective than the same 
number of isolated point defects. Since the 
number of defects i. s I inear with neutron energy, 
the aggregates cause a saturation of the effect 
with neutron energy. Assuming that aggregates 
ore more probable at higher energies, and point 
defects at the lower energies, then the neutron 
energy for which the two ore competitive is about 
0.2 Mev. 

GAMMA IRRADIATION OF n-TYPE SILICON 

L. C. Templeton E. Sender 

During the last year -it has. become more apparent 
than ever that the energy- I eve I structure produced 
by irradiation of semiconductors is not by· any 
means simple. Different irradiation particles seem 
to affect materials differently. 32 Different investi
gators at times seem to obtain seemingly contra
dictory results. Hi story and impurities in samples 
seem 'to have an effect. 33 Thus, the careful and 
systematic investigation of the energy-level struc
ture produced by Co60 gamma rays in the upper 
half of the energy gap of silicon (which we started 
last year 34) seems more than ever called for. We 
wi II present here Ha II effect data on three arl
ditional samples, all grown by the same producer 
in quartz crucibles. 35 A few tentative conclusions 
..;.,iII be drawn from a comparison of the i ntroduc
tlon rote of traps and the Fermi level of the 
various samples. It is planned in the· future to 

31 J. H. Crawford, Jr., and J. W. Cleland,-]. Appl. 
Phys. 30, 1204-13 (1959). 

32 For a review of the field see f. Appl. Phys. 30(8) 
( 1959). 

33 . 
G. D. Watkins, J. W. Corbett, and R. M. Walker, 

]. Appl. Phys. 30, 1198 (1959). 
34 E. Sander and L. C. Templeton, Solid State Ann. 

Prog. Rep. Aug. 31, 1958, ORNL-2614, p 20. 
35The samples were grown by Silicon Crystals, Inc., 

Wilmington, Del. It has been shown that silicon grown 

from quartz crucibles may contain 10 18 oxygen atoms/cm3 

[Lederhandler and Patel, Phys. Rev. 108, 239 (1957) 

and references given therein]. 
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compare these results with similar ones on silicon 
grown by the floating-zone technique in order to 
verify or contradict the theory 33 that the trap 
level usually seen-- in· irradiated, n-type silicon 
requires the presenc~ of oxygen. 

The Hall coefficients for samples having had 
a preirrodiation net donor density of 9 x 10 13 

(1123-3), 1.5 .X 10 14 (1i23"4), and 2.1 X 10 15 

(1019-2) and having been irradiated at room tem
perature with various amounts of Co60 gamma 
rays are shown as a function· of reci-procal tem
perature in Figs. 104-106. All the' samples shown 
indicate that a single trapping level is present, 
which traps out donor electrons in the range 
100-250°K. However, even though the trapping 
level seems to be the same in all samples, its 
introduction rote is different for various samples, 
as shown by the different slopes in Fig. 107. In 
that graph is shown the number of net acceptors, 
including compensating boron atoms originally in 
the material (this had· been de-termined by the 
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manufacturer from segregation coefficients and 
growth data) vs total number of irradiating photons. 
The two less-pure samples have introduction 
rates between 1 and 1.1 x 10- 3 trap/cm3 per 

photon/cm 2 , while for the purer samples the 
introduction rate is about two-thirds that amount, 
or 0.67-0.69 x lQ- 3• It is also evident from 

Fig. 107 that, within experimental error, the 
introduction rates (slopes) of the four samples 
seem to be independent of the total amount of 
irradiation; that is, the trap density seems to be 
proportional to the total integrated gamma flux. 

In order to be able to discuss these results, it 
is very useful to determine how the Fermi level 
varies with irradiation and temperature. This can 
be done, for the number of electrons, n, in the 
conduction band, which determines the Hall 
coefficient, is given by the equation 

(
- EckT (\ 

n = N c exp ) 

where Ec - (is the energy difference between 
the conduction band edge and the Fermi level and 

where N , the density of states in the conduction 
band, is cgiven by N c = 2w(2mn*kT /h 2) 312; m* is 
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the density·o·f-states effective mass; w is the 

number of energy minima, which for si Iicon is 
6; k is the Boltzmann constant; and T is the 

absolute temperature. Figure 108 shows the Fermi 
level as a function of temperature for specimen 
1123-4 calculated in that way. The two curves 
shown are for the unirradiated sample and for the 
sample irradiated unti I there were about \ as 
many traps as there were donor centers. Results 
for specimens 1123-2 and 1123-·3 ore not shown 
since, except for differences in position and slope 
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of the curves, they are quite similar ·in form. 
However, in the case of specimen 1019-2, where 
irradiation was continued unti I there were about 
1 Y2 times as many traps a·s there were donors, a 
definite pinning of the Fermi level can be ob
served in Fig. 109. From the position of the 
pinned Fermi level the energy of the trap level 
can be obtained. From the Hall data in Fig. 106 
it can be seen that, in the case of the heaviest 
irradiation, less than 2% of the electrons remain 
in the conduction band b~low 150°K. AI so, since 
the donor levels are more than 0.1 ev above the 
Fermi level, they are empty. Thus, essentially 
all the electrons are in the traps, so that the left 
side of the equation· 

Ey- ')-1 
+ exp--kT--

is equal to the number of donor electrons avail
able divided by the number of introduced traps, 
or \· The position of the trap level calculated. 
in that way is 0.175 ev below the-conduction band, 
which is somewhat deeper than the 0.16 that had 
been reported by Wertheim. 36 

It should be pointed out that there is one un
certainty that· is always present when Hall-effect 
measurements are used to determine energy levels. 

36G. K. Wer.theim, Phys .. Rev. 110; 1272 (1958). 
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This comes from the uncertainty in the mobility 
ratio that enters the Hall-effect expression. The 
maximum uncertainty in it is a factor of 2, making 
the Fermi-level calculation inaccurate by at most 
the amount kT In 2, which for the determination 
of the trapping level is at most 0.007 ev. 

We shall now try to see if the change in intro
duction rate is related to the position of the Fermi 
level. We shall think in terms of two possible 
processes. In one case identical damage (at the 
same rate) is introduced in all the samples. How
ever, due to different positions of the Fermi level 
at the temperature at which measurements are 
made, some of the trapping levels which are 
active in two of the specimens will be inactive 
ns traps in the others. In the other case it is 
assumed that, due to differences in impurity 
concentration or the Fermi level at the irradiation 
temperatures, different processes for reori.entat ion 
of the irradiation-produced imperfection~ may toke 
place. This might then cause different damage 
rates to be observed. In Table 18 are listed the 
four specimens with their original donor and 
acceptor concentrations, the introduction rates 
of the traps observed, and the Fermi levels 
calculated, both for the temperature of irradiation 
and for the temperature at which the density of 
traps is observed (111°K). It should be evident 
even from the graphs of Figs. 108 and 109 that the 
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irradiation-temperature Fermi level is not changed 
appreciably by the irradiation (but it is different 
in the different samples) but that the 111° Fermi 
level changes quite appreciably each time the 
specimens ore irradiated. Now if the first process 

described above were the one causing the ob
served introduction rote change,· then the 111° 
Fermi level could be expected to be in one range 
for the two samples with the slow introduction 
rate and in another range for the samples with the 
faster rate of introduction. The data, however, 
show that the Fermi level in all the samples 
covers approximately the some range of values. 
This leads us to believe that the second process 
is the more likely, that is, that the 0.17-ev level 
seen is actually introduced at different rates in 
the two sets of samples, due either directly to 
differences in the impurity concentration of the 
samples or to differences in Fermi level, which 
may cause the. irradiation-induced imperfections 
to hove different charge states in different samples. 

In connection with the above-reported Hall-effect 
measurements, the Hall mobility has been de
termined as a function of temperature for the vari
ous irradiations. In most of the samples a moderate 
decrease in the mobility is observed below about 
150°K. As the temperature is lowered further, the 
mobility decreases more, as one would .expect for 
charged- impurity scattering. However, in the case. 

Table 18. Comparison of Introduction Rates and Fermi Levels 

Resistivity (300~), ohm-em 

Nd= nnnor den~ily, cm- 3 

N =acceptor density, cm-3 
a 

Introduction rate of traps, traps•cm- 1• photon- 1 

Fermi level at irradiation temperature (320°K), ev 

Fermi level at 111~ 

Before irradiation 

After first irradiation 

After second irradiation 

After third irradiation 

After fourth irradiation 

1123-3 

53 

1 X 10 14 

4x1013 

0.67 X 10- 3 

0.355 

0.106 

0.110 

0.129 

0.136 

Specimen 

1123-4 1123-2 1019-2 

30 12.0 2.1 

2 X 10 14 5 X 10 14 2.5 X 10 15 

5 X 10 13 1 X 10 14 3 X 10 14 

0.69x 10- 3 l-00 X 10- 3 1.06 X 10- 3 

0.343 0.316 0.265 

0.102 0.105 0.076 

0.105 0.108 0.082 

0.109 0.119 0.091 

0.119 0.127 0.113 

0.166 
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of the purest sample (1123-3) a very precipitous 
drop in the mobility was observed. The results 
are shown in Fig. 110. Obviously, the slope in 
the temperature range 60-1309<, for the sample 
irradiated with 1.31 x 10 17 photons/cm 2, is much 
greater than the \ power one would expect for 
charged-impurity scattering. It is a bit surprising 

that most of the rapid mobility change occurs 
below 110°, where, according to the Hall data in 
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Fig. 104, there is little change in the number of 
conduction electrons and presumably, also, the 
electrons on donors and traps. These mobility 
results have yet to be explained. 

MAGNETISM OF INTERACTING DONORS 

E. Sonder H. C. Schweinler 

I ntrod u cti.on 

The magnetic behavior of semic:onductors at low 
temperature is very strongly dependent upon the 
degree of doping. In highly doped material, after 
merging of the conduction band and impurity 
levels has occurred, the magnetism of the impurity 
centers is completely overwhelmed by the band 
magnetism of the merged band. This has been 
observed in heavily doped germanium, 37 where for 
donor densities greater than 10 18 cm- 3 the con
duction band diamagnetism sufficed to explain 
the data. The other extreme case, that of such 
low doping density that the overlap between donor 
centers was neg I igible, has also been observed, 
in this case in silicon 38 with less than 2 x 10 17 

donors/ cm 3
• Here the contribution of the con

duction band is absent below 50'1< because all 
of the conduction electrons are frozen out on 
donor centers. The magnetism of these latter is 
well-represented by a Curie law and is proportional 
to the number of donors. Both of these extreme 
situations are reasonably simple, and agreement 
between theory and experiment seems to obtain. 
However, when the_ amount of doping is between 
these extremes, a more complicated behavior is 
observed. We shall be concerned here with the 
magnetic behavior when the doping becomes some
what greater than in the simple isolated donor 
extreme c·ase. The experimental facts, which 
have clearly been observed in the case of silicon, 38 

are that the slope of the Curie curve of suscepti
bility vs inverse temperature decreases as the 
temperature is lowered and that, even at higher 
temperatures, as the donor density is increased 
above about 2 x 10 17 cm- 3, the slope deviates 
more and more from that expected for independent 
donor centers. In germanium there seems to be an 
indication of a similar behavior; 37 however, it 
occurs in appreciably purer samples (5 x 10 16 

cm- 3 ). Because of limitations on the sensitivity 

37 R. Bowers, Phys. Rev. 108, 683 (1957). 
38

E. Sonder and D. K S Ph R 110 1027 . tevens, ys. ev. , 
(1958). 



of the measurements, 
impurity contribution 
germanium. 

no 
have 

systematic data on 
been obtained for 

Theoretically, there are two obvious approaches 
to the treatment of this intermediate situation. One 
is to start from ideas related to impurity bonding 
and to apply these to the magnetic properties. Such 
a calculation has been made by Mooser. 39 There 
seem to be two problems in this type of approach. 
The first is that a band resulting from a "random 
lattice" has not yet been satisfactorily treated in 
a theoret ica I sense and that, therefore, the i m
purity band is usually approximated by one for a 
direct lattice of appropriately lory~ lattice spacing. 
The second 1 s that the one-electron picture 
neglects the electrostatic repulsion between 
electrons, which becomes appreciable as the bond 
gets narrower, becoming so great in the limit of 
weakly overlapping atomic orbitals as to reduce 
effectively the number of states in the band by a 
factor of 2. (A completely banded donor band has 
states for 2Nd electrons, while for the separated 
donors there are avai I able one-electron states for 
on I y N d electrons.) The other approach to the 
treatment of weakly interacting donors, which is 
the one we shall use, starts from the independent 
donors and permits weak interactions of only two 
at a time. This approach was suggested inde
pendently by Hedgcock 40 and by Sander and 
Stevens 38 to explain the experimental results for 
germanium and silicon, resp~ctively. Hedgcock 
has made an estimate of the effect by dividing 
the donors into two groups, those which are 
independent and therefore magnetically active 
and those which are paired as diatomic molecules 
and arc consequently nonmagnetic. He has used 
the hydrogen molecule equilibrium distance, cor
rected, of course, for the d i electric constant of 
the semiconductor and the effective mass of the 
donor electrons, as the distance which determines 
whether a given pair of donors is to be considered 
a molecule or a pair of independent atoms. The 
correct order of mogn itude for the effect was 
obtained from this simple model, making it seem 
worth while to calculate the consequences of 
interactions of donors in pairs more carefully, 

39 E. Mooser, Phys. Rev. 100, 1589 (1955). 
40F.T. Hedgcock, Can.]. Phys. 37, 381 (1959). 
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taking into consideration the variation of electron 
binding energy with distance between donors as 
well as the change with. temperature in the ratio 
of bound to unbound pairs of electrons. 

The Hydrogenic Model for the Donor Center 

The problem of equilibrium energy levels of a 
particle in an inverse square force field (the 
hydrogen atom) has been solved exactly both 
semiclassically41 and ·quantum mechanically. 42 

Using these solutions, it is ·quite simple to 
compare the expressions for the energy levels, as 
well as the mean radii of the wave functions 
(Bohr orbits in the semiclossic treatment) for 
particles. of unit electronic charge but different 
masses moving in media with different dielectric 
constants. The following expressions result: 

E1 m/K~ 

E2 m 2/K~ 
( 1 a) 

and 

r 1 K/m 1 

K/m2 
I 

r2 

(1 b) 

where the subscripts 1 and 2 refer to two.particles, 
respectively, of mass m1 and m2 in media of 
dielectric constant K 1 and K2; r refers to the 
mean radius; and E refers to the energy of a given 
state of the system. In the hydrogenic model of 
the donor center in a semiconductor, this type of 
comparison is made between the donor (electron 
mass, m*, in a medium of dielectric constant, K) 
and the hydrogen atom (electron mass, m, in. 
vacuum). The assumptions that ore implidt in 
this derivation should be kept in mind, however,.· 
A semiconductor is not really a continuous medium; 
neither is the concept of a dielectric constant 
perfectly valid in a region containing only a few 
hundred ato10s. If these assumptions are accepted, 
however, then the model can be used to treat the 
interactions of two centers. Solutions for the 

41 See, for instance, G. Herzberg, Atomic Spectra and 
Atomic Structure, p 15 ff., Dover Publications, New 
York, 1944. 

42See, for instance, L. I. Schiff, Quantum Mechanics, 
p 80 ff., McGraw-Hill, New York, 1949. 
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energies and separation distances of the lowest
lying . eigenstotes of a hydrogen molecule or 

·molecule ion hove been colculoted 43 - 47 or deduced 

from spectroscopic data. 48 These, in conjunction 
with Eqs. (1), will yield the energies of the 
magnetic and nonmagnetic states of donor pairs 
as a function of their ·separation distance. This 
information will then make it possible to obtain 
the magnetic susceptibility as a function of donor 
density and temperature. 

The Magnetic Su scepti bi I i ty of 
Two-Donor Molecules 

The magnetization, M (magnetic moment 
volume), may be defined in terms of the 
sum,. Z, of a system by the expression 

dIn Z 
M =kT---

dH 

per unit 
partition 

(2) 

where His the magnetic field strength, k is the 
Boltzmann constant, and T is the absolute tem
perature. The system which we shall consider 
wi II consist of unit volume of the crysto I con
taining Nd/2 two-donor systems, in which we 
sho II assume that a II electrons ore frozen out of 
the conduction bond. The grand port iti on sum in 
the .presence of a magnetic field will then contain 
on.ly terms for zero-, one-, and two-electron states. 
of_. the two-donor centers, giving 

Nd/2 Nd/2 

[eo+ Z= .·II Z.= IT· I 

i=l i = 1 

of kT, and (3 is the Bohr mogneton. The sum over 
j refers to a sum over a II one-electron states of 
0 single two-donor center, while the sums over 
k and k' refer to sums over triplet and singlet 
two-electron states of one molecule, respectively. 
The two lowest one--electron molec.ule ion orbitals 
(lso- and 2po-) suffice to describe atom and bare 
donor, and the lowest singlet and triplet two
electron st"ates ( 1~ and 3~ ) suffice to describe . g u . 
all neutral atoms in the ground states. All other 
ex·cited states are much higher in energy49 for 
the conditions which we are considering. Our 
two-donor grand partition function can thus be 
approximated by a sum of five terms. 

It should be pointed out here that the terms Z. 
I 

within the product in Eq. (3) are not all the same 

since the electronic energies E = kTE differ for 
different separation distances of the molecules. 
However, the part io I potentia I of the electrons 
(Fermi energy) ,_;: = kT1J is a constant throughout· 
the whole .sample and is determined by the number 
of electrons present, which is, of course, equal 
to the donor concentration N d' The relation be
·tween this number and the Fermi energy is given 
by 

dIn Z dIn Z 
Nd=kT--=--

d,_;: d1J 
(4) 

+ .!: e 
2
'rl-€k (e2/3HikT + 1 + e-2/3HikT) + .!: 

k k' 

(3) 

Here E and 1J are the energy of a given eigenstate 
and the Fermi energy, respectively, both in units 

43 E. Teller, Z. Physik61, 458 (1930). 
44 . 

H. M. James and A. S. Coolidge, ]. Chem Phys. 1, 
825 (1933). 

45 H. M. James, A. S. Coolidge, and R. D. Present, 
f. Chem Phys. 4, 181 (1936). 

46·~. C. Slater, "Electronic Structure of Atoms and 
Molecules," Tech. Report No. 3, Solid State and 
Molecular Theory Group, Massachusetts Institute of 
Technology, Cambridge, 1953. 

470. W. Rich~rdson, Proc. ·Roy. Soc. (London) 152, 
503 (1935); Molecular Hydrogen and Its Spectrum, Yale 
University Press, New Hoven, 1934. 
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Performing the differentiation indicated in Eqs. 
(2) and (4) and expanding term.s of the f9rm 
exp ((3HikT} to first order in (3HikT yields for Nd 

48
R. Rydber_g, Oissertoti.on,. Stockholm, 1934,. un

published; reproduced in Herzberg, Molecular Spectra 
and Molecular Structure. /. Diatomic Molecules 
Prentice-Hall, New York, 1939. ' 

49 The lo_;,est excited singlet ·two-electron state, for 

instance, is the. l~u' which in hydrogen is more than 

11 ev above the ground state. (See diagram in Herzberg, 
ref 48, p 340.) This would correspond to about 0.03 to 
0.04 ev in silicon ·or a temperature above room temper
ature. 
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and M the following expressions:50 

T)-€ 77-1! 277-€ 2T)-€ 
2(e s + e P) + 6e 3 + 2e 1 

(5) 
1 + 2(e 77- es + e 17- eP) + 3e 277- €3 + e 277- e-1 

and 
T)-1! 77-€ . 2T)-€ 

2(e s + e P) + Be 3 

--- (6) 

1 2( 
77-l!s T)-€P) 3 2T)-F.3 27]-€1 

+ .e +e + e +e 

where Es and Ep are the energies of· the one
electron states and E 1 and c:: 3 ore the energies of 
the singlet and triplet two-electron states, respec
tively, all in units of kT. If it is noted that the 
denominators in Eqs. (5) and (6) ore identical, 
these expressions can be combined ·as follows: 

Equation (7) con be simplified by defining the 
energy difference E31 = E3 - E1 and assuming that 
the compensation, if it exists at all, is not of very 
great magnitude (e.g., is less than 25%), permitting 
the neg I ect of zero- and one-e I ectron states. 5 1 

The resultant expression for the magnetic moment 
is 

(8) 

The first term in this sum is, of course, simply 
the total number of electrons. 

50The n-.~••n1ption j3H << kT is good obove 3°K, .>in..:e 
for the magnetic fields usually used in susceptibility 
measurements H ;S 20 kilooersteds or j3H/k3 ~ 0.4. 

51 1n .n-type si I icon, for instance, at temperatures in 
the neighborhood of 10'1< the Fermi level is "-'0.025 ev 
below the conduction band edge, while the energies of 
the one- and two-electron states of a pair of donors of 
intermediate separation are -0,06 and -0.10 ev, respec
tively. The exponents J1- - Es and 2JJ- - E1 at this 

temperature ure accordingly 41 and 58, respectively. 

Distribution of Separation Distances for 
Two-Donor Systems 

The sum in Eq. (8) may be converted to on 
integral, since Nd/2 is a very Iorge number. 
However, it must be recalled that the triplet
singlet splitting energy, E31 , may be a strong 

(7) 

function of the donor-pair separation so that, if 
our integral is to be over the separation distance, 
r, a weighting function, or probability of finding 
a donor pair with a given separation distance, 
must be determined. This we shall now do. 

If the donors ore distributed at random, then we 
can fasten our attention on one donor and determine 
the probab i I ity that there is no nearest neighbor 
closer than rand also one neighbor in the spheri
cal shell volume element 477r2 !1r at r. This will 
give the probability of finding a nearest neighbor 
in 11r at r. We use the Poisson distribution, which 
gives the probability P(N) of exactly N events in 
terms of the expectation value, G: 

eN 
P(N) =- e-G 

N! 

The expected number of donors in a volume V is 

NdV, where Nd is the donor density. This gives 
for the probability of no neighbors closer than 
radius r, 
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and for the probability of finding one neighbor in 
a shell of thickness I:Y at r, 

P(1,r:r + ~r) = Nd4rrr2~r exp (-Nd4TTr 2 ~r) 

The product of these two probabilities will yield 
the expression applicable for our case, which for 
infinitesimal ~r is given by 

.dP = 4rrNdr 2 dr exp (- ~ rrNdr
3
) (9) 

The relative probability dP/dr of finding the 
nearest neighbor at r is graphed in Fig. 111. 
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Fig. 111. Relative Probability, dP/dr, of Finding 

the Nearest Neighbor of a Given D!)nor at a Distance 

T from' lt. 

Th~ remainder of this section wi II be devoted 
to a discussion of the validity of the assumptions 
made concerning the above distribution function; 
the reader may wish to go directlyto the followi~g 
section, where an approximate expression for the 
magnetic moment is obtained. 

Equation (9} is strictly correct only for the 
donors which make up the first pair. It would be 
correct for all pairs if already-paired donors were 
still available for further pairing. This is obvi
o~sly not the case. However, let us point out 
that we are here interested in the situation where 
only a fairly small fraction of donors are close 
enough to be considered effectively paired (i.e., 
suc.h that some of the magnetism· is removed). 
The fracti~n of g~oups of thr~e in such cases will 
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be even smaller. Moreover; if ·we pick our pairs 
in such a way as to remove from. consideration 
first the pairs of closest spacing, then by the 
time deviat'ions between. Eq; (9) and the a·ctual 
distribution of distances becomes significant, we 
will be dealing with pairs. that have such large 
separation that their contribution to the magnetic 
moment is exactly what it would be if the donors 
were unpaired and is thus independent of the 
separation distance. 

In order to make a more quantitative estimate of 
the erro.r resulting from use of Eq. (9), we can 
define a. separation distance beyond which pairs 
will act like independent donors by such a criterion 

as £ 31 = 2kT. Then let all the Nd(Nd- 1}/2 
inter-donor distances be I i sted in order of in
creasing magnitude, and use them in this order to 
fill in the low~separation tail of the distribution 
given by Eq. (9) .. Eventually one of the members 

of the pair currently being chosen wi II be found to 
have be~n paired with another donor previously. 
An estimate of the possibility for this event is 
given by the probability that the neighbor at 
distance r is a next nearest neighbor, that is, that 
there exists one atom within the sphere of·radius 
r and, also, one in the vicinity of the surface. 
This probability is given by 

dP';, ~ rrN dr
3 

4rrN dr
2 

dr exp (- ~ rrN dr
3

) • (10) 

The· over-all probability for this event should be 
doubled because eithe.r of the atoms of the pair 
we are currently picking might h.ave been chosen 
previously; the probability that both have been 
selected previous.ly is neglected.· Summing over 
all of the pairs as we pick them, starting from the 
first, will give an estimate of the total number 
which have been discarded due to prior pairing. 
This total number discarded is given by 

where V = (4/3}rrr3 is the volume. For small V, 

which is now the range of interest, D ~ (NdV) 2• 

Comparing this with the tota.l nuinbEH of pairs 
which have already been picked,. 

·., ·. . ~.: 



we find for the ratio0/1/.= NdV. This shows that 
the relative number of discards to the number of 
pairs picked is,forV<l!Nd, ;:;;;NdVor Nd(4/3)TTT 3• 

Therefore, if the criterion E 31 = 2kT is satisfied 
when r is approximately ~ of the maximum of the 
distribution given by Eq. (9), as is the case here, 
then the error resulting from the use of Eq. {9) 
will be only a few per cent. 

It might be pointed out from the foregoing dis-
cussion that, when r approaches r too closely max · ' 
the number of rejects becomes appreciable and 
the present calculation may overestimate the 
effect of pairing by a factor of 2. This is also 
evident from a qualitative consideration of the 
pairing process. 

The assumption of a statistically random distri
bution of donor centers is, strictly speaking, not 
exact because there is an energy of interaction 
between every pair of donors. This energy rises 
sharply for small internuclear distances for the 
same reason that the hydrogen molecule and 
hydrogen molecule ion hove high energies in the 
corresponding case of small internuclear distances. 
If the energy of electrostatic interaction e 2 /Kr 
of the two donor ions52 be equated to a multiple 

of kT m' say 2kT m' and the volu'me corresponding 
to this radius be excluded from consideration, 
the effect on the final results is slight {less than 
1%) for the conditions of validity of this theoreti
cal analysis. Such an effect will be neglected in 
the following. 

Evaluation of the Magnetic Moment 

From Eq. (8) we get for the magnetic moment of 
the crystal, using Eq. (9) and the appropriate 
normalization to a total of Nd/2 two-donor systems, 

where V = (4/3)7TT3• If it is recalled that the 
magnetic moment for isolated donors is (3 2 HNd/kT, 
then it is evident that the vai11P. given by Eq. (13) 
is that for isolated donors multiplied by the cor
rection factor (l- /), where 

52Actually, the ions are screened by the conduction 

electrons with a De bye length of '11.0 = (477~ de2 /KkT)-Y2. 
0 

However, near the melting point '11.
0 

% 100 A, which is ' 

much larger than the pertinent distances here (""5 ~). 

PERIOD ENDING AUGUST 31, 1959 

This latter expression, of course, has the correct 
asymptotic behavior, vanishing for small E31 and 
causing the paramagnetism to disappear for 
large E

3 1
• 

In order to evaluate the correction I, it is neces
sary to know how £ 31 varies with separation 
distance. This can be obtained from calculations 
on the hydrogen molecule. Figure 112 shows the 
variation with internuclear distance of the energies 
of the singlet and triplet states of a hydrogen 
molecule, as well as the difference E 

3 
- F. 

1 
= 

(E 31 )H. The points shown on the difference curve 
of Fig. n2 are obtained from the calculated 
values of E 3 and E 1 shown, while the dashed 
curve shows the .approximation to be used later, 53 

(E 31 )H = AH exp (-BHV), where AH = 9.66 ev 

and BH = 7.84 x 1022 cm- 3• The hydrogenic 
expression must be scaled for dielect~ic constant 
and effective mass, .giving 

where the effective mass, m*, and dielectric 
constant K have been left in the equation explicitly 
as parameters. In Fig. 113 is shown the function 

/(E)= 1 - exp {-E) 

1 + 3 exp (-E) 

As can be seen from the figure, the broken line is 
a reasonably good approximation {"" 10%), and it 

(13) 

will be used in the integration of Eq. {14). [The 
explicit form is f{E) = E/3.7 for 0 < E < 3.7 and 
/(E) = 1 for E > 3.7.1 These approximations lead 

53 A Heitler-Landon calculation (see, e.g., Pauling 
and Wi I son, Introduction to Quantum Mechanics, p 340 ff ., 
McGraw-Hill, New York, 1935) gives for the splitting 
E3 1 = f{r) exp (-2r), where /(r) is a moderately compli-

cated function. However, as Fig. 112 shows, the fit 
of A exp (-BV) is quite satisfactory in the range of 
greatest importance, The usA of this latter function 
makes it possible to perform certain integrations which 
occur later. · 
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finally to-the following simple expression for the 
correction factor: 

. N /B(m*) 3 

(3.7kTim* A) d . 
- 1 = --------- . {15) 

1 + N /B(m*).3 

where A = AH/K 2 {= 0.068 ev for silicon) and 
B = B /K 3 (= 4.65 x 10 19 cm- 3 for silicon). H . 
These expressions give finally for the magnetic 
susceptibi I ity per gram, X= M! pH, 

{16a) 

where 

N IB(m*) 3 
(3.7k!m*A) d · x 

X [1 + ~l-1 
B(m*) 3 

{ 16b) 

Discussion and Comparison with Experiment 

Silicon •. - It is found experimentally54 that the 
plot of X vs liT is curved and has a smaller 
slope than Nd(3 2/pk. These two effects are both 
predicted by Eqs. {16). The power of the inverse 
T dependence is diminished by the term Nd!B(m*) 3, 

and the constant C, which for no interactions is 
simply Nd(3 21pk, is diminished by. t~o factors, 
both increasing with Nd. Figures 114 and 1·15 
show an attempt to fit the temperature dependence 
of the derived expression to the experimental data 
reported for s i I icon. 54 The data of Fig. 5, ref 54, 
have been replotted in log-log form, so that the 
slope of the resulting curve is 1 .:.. Nd/B(m*) 3• 

The factor N /B(in*) 3 thus obtained has then 
been compared with Nd .reported from Hall meas
urements. _It should be pointed out that there is a 
rather large uncertainty· in the values Of N d ob
tained from Hall measurements, depending upon 
the assumptions which are made concerning the 

54
E. Sander and D. K. Stevens, Phys. Rev. 110, 1027 

(1958). 
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The data are obtained from ref 54, 

e Specimen 743 (5 X 10 18) 

• Specimen 1407 (12-20 X 10 17) 

A Specimen 1262 (6-10 X 10 17) 

0 Specimen 329 (2-4 X 10 17) 

mode of electron scattering and degree of degen
eracy of the sample. 55 In Fig. 115 the values of 
Nd determined on the basis of assuming phonon 
scattering (circles) and impurity scattering 
(squares) have been plotted vs the factor 
Nd/B(m*) 3 obtained from the slopes of the curves 
of Fig. 114. A straight line connecting the points 
should be proportional to 1 /B(m*) 3• If the model 
is good, m* should be the effective mass of an 
electron frozen on an arsenic donor in silicon. 

55 1 o obtain the donor density, Nd' from the Hoi I 

coefficient, R, the equation Nd = (J.Lr/J.L)/Rec is used. 

(J.LHIJ.L) is the ratio of Hall to conductivity mobility, 

equal to 3rr/8 for spherical energy bonds and phonon 
scattering. For the more complicated conduction bond 
of silicon and for on admixture of thermal ond impurity 
scattering, the ratio may vary between 0.8 and 1. 9. 
See ref 54 and refs 28 and 2? th,.r'ein for a fuller dis
cus si on. 
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The points ore from the experimental data shown in 

Fig. 114, while the straight I ines are predicted by the 

theory for different values of the effective mass of 

electrons in donor states, 

Lines for m* = 0.51, 0.53, and 0.55 have been 
drawn on Fig. 115. The m* calculated from the 
donor activation energy 56 and Eq. (la) is 0.513 . 
As can be seen, the agreement is fairly good for 
samples -having less than 10 18 donors/cm 3. The 
deviation. in a sample having 5 x 10 18 donors/cm 3 

is quite large, but in this range the assumptions 
which entered this theory are not satisfied. {It 
might be pointed out that in the sample with 
10 18 donors/cm 3 the maximum of the distribution 
of distances [Eq. (9)] occurs for such interatomic 
distances that the splitting energy is 0.0007 ev, 
which, together with the criterion E = 2kT, gives 
a temperature of about 40J<, beiow which this 
theory would tend to break down.) 

Germanium. - In germanium the effective mass 
is much smaller than in silicon, and the donor 
levels are 111uch closer to the conduction band. 
Moreover, the dielectric constant is greater; and 
so the donors interact at larger distances. In 
Table 19 is shown a comparison of the constants 
m*AH/K 2 and (m*) 3 BH/K3 for silicon and germa
nium. Since it is the ratio of Nd to the second 

56 F. J. Morin eta[., Phys. Rev. 96, 833 (1954). 
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Table 19. Comparison of Constants Used in the Expression af the Magnetic Susceptibility 

Si Ge 

E = ionization energy, ev 13.6 0.049 0.012 

Dielectric constant 11.9 16 

Effective mass (electron masses) 0.5'1 0.23 

9.66 0.0348 0.0087 m*AH/K 2, ev 

(~*)3BH/K3, cm-3 7.84 X 1022 6.17 X 10 lS 2.33 X 10 17 

of these which determines the deviation from a 
linear. dependence on 1/T, it is evident that the 
situation in germanium corresponding to that 
which we. have di·scussed in silicon arises in 
samples which are purer by a fa~tor of 25. This 
means that the present discussion applies to 

·germanium only when the concentration of im
purities is less than about- 5 x 10 16 donors/cm 3• 

It is in just such a specimen (5.5 x 10 16 cm- 3) 

thaH~owers 57 has observed·a slight paramagnetism 
at low temperature, with a slope less than one 
would expect for noninteracting donors. There 
actui::dly seems to be a slight curvature in the 
data presented by Bowers, 5 7 which also is in 
qualitative agreement with the foregoing. 

Conclusions 

The magnetic suscept ib i I ity of donor centers 
distributed at random in a semiconductor has been 
calculated for the case in which interactions 
b_etwee.n pairs of donors is small but not negligible. 

.. ~,:t~."-Yhydrogenic model was assumed for the donor 
·,;,c;~riter; the energy difference of sing let and triplet 
.don~r-molecule states was scaled from corre
sponding values for the hydrogen molecule. The 
difference, or splitting. energy, was approximated 
by a mathematical expression which permitted the 
evaluation of certain integrals. Only the singlet 
and triplet ground states were retained in the 
partition sum, which included terms for a range 
of internuclear distances. Summing over the 
distance between donors and differentiation of the 
partition sum gave the· final expression for the 
su scept.i bi I ity. 

Even though there are no adjustable parameters 
. in the theory, agreeme.nt with experiment seems 

57 R. Bow~rs, Phys. Rev. 108, 683 (1957). 
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fairly good in the case of s iIi con. The theory 
predicts an onset of pairing in germanium at a 
value which is also in qualitative agreement with 
experiment. 

One of the results of this calculation is to raise 
some questions about the procedure of using the 
temperature-limiting slope of the Curie plot to 
obtain the donor density of the specimen. A 
sizable correction factor, of the order of 10 to 
50%, seems to be required even when no large 
curvature. is apparent in the data. 

MAGNETIC SUSCE PTI Bl LITY OF 

ALUMINUM ANTIMONIDE 

E. Sander L. C. Templeton 

Some prel·iminary results of measurements of the 
magnetic properties of AISb are shown in Fig. 
116. The data, unfortunately, are not as easy to 
account for in terms of e'lectrons and hoi es 
freezing out on donor and acceptors, respectively, 
as were those for silicon. 58 If the susceptibility 
of the compensated sample is assumed to be 
predominantly the core diamagneti.sm of the pure 

. compound, then it is impossible to explain the 
much smaller diamagnetism of the p-type sample. 
At best, only about 10% of the difference between 
the room-temperature va I ues of X for the two 
samples is due to the spin paramagnetis.m of the 
free holes. Moreover, if the difference were 
caused by a Curie-law paramagnetism, as would 
be expected for free holes .with a very small 
freedom number, then the difference between the 
curves should become greater at somewhat lower 
temperatures. This is clearly not the case. 

58 D. K. Stevens, W. J. Sturm, and J. H. Crawford, Jr., 
Solid State Semiann. Prog. Rep. Aug. 30, 1956, ORNL-
2188, p 7. 
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A greater divergenc;:e, as the temperature drops 
below room temperature, would also b~ expected 
between the curves for the n-type sample and the 
compensated one if the difference were due to a 
diamagnetism of the form 

where the freedom number (f > i 5 greater than v'J. 
This a I so is not the case. It may be that a third 
contribution to the magnetic susceptibility, in 
addition to the free carrier and doping impurity 
contributions, is present and differs in different 
specimens. Whether this is due to contaminntion, 
surface-oxide film, or impurities that are electri
cally inactive is, of course, not known. It should 
also be pointed out here that the values for the 
donor and acceptor concentrations have not been 
measured by us but have been estimated from 
values given for the ingots from which the suscep
tibility samples were cut. 

It is, of course, quite possible that the large 
amount of tellurium nec.essary to make AISb 
intrinsic or n-type causes formation of impurity 
bands which cause some of the unusual results. 
The possibility of banding is also suggested by 
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the fact that Curie plots of the low-temperature, 
paramagnetic tails of the curves for both the n

and p-type samples yield for the number of mag
netic centers values that are a factor of 5 or more 
smaller than the values reported for the number 
of donors and acceptors, respectively • 
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·INSULATING CRYSTALS 

FAST•NEUTRON AND GAMMA COLORATION 

IN KCI 

C. M. Nelson W. J. Pegram 1 

In connection with radiation effects in sol ids, 
some studies have been made on fast-neutron
induced coloration in KCI. The growth rates of 
the F and V bands with Co 60 and reactor irradi
ations have been compared in an effort to discover 
the added effect of fast neutrons. These irradi
ations were carried out near room temperature on 
KCI obtained from the lsomet Corporation. A few 
experiments have been made J~ing KCI obtained 
from the Harshaw Chemical Company but wi II not 
be discussed here si nee there apparent I y was no 
large difference in behavior. The lsomet samples 
do not .have any of the absorption band near 
2130 A usually encountered in u~irradiated Harshaw 
material. Neutron bombardments were carried orr 
in Hole 51 of the ORNL Graphite Reactor (8 x 10 
fast neutrons/sec), and the Co 60 facility had a 
dose rate of 8 x 105 r/hr. The ·optical absorption 

1 Co-op employee. 
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3 30 

spectra were measured on the Cary model 14 
spectrophotometer. 

Both types of irradiation indicate that there may 
be three stages in the production of the F band 
and V bands. The initial rapid coloration (stage I) 
and the subsequent steady buildup (stage II) have 
been studied with x-ray and Co 60 radiation fa~ 
cilities, particularly by N~wick 2 using NaCI. 
The present results using Co 60 and fast neutrons 
i nd i cote a I ater even s I owe.r bu i I dup (stage Ill). 

It was difficult to make an estimate. of th,e 
ionization field in the reactor. For the purposes 
of this discussion, it was decided to adjust the 
exposure scale for the recictor irradiation (multiply 
exposure time by a factor of 5) thereby making the 
F- and V-band buildups in stage II approxi·mately 
equal for the fast-neutron and Co 60 irradiations. 
Using this assumption the .growth of the F band 
is indicated in Fig. 117 and the V band· in Fig. 
118. 

With the assumption made for the ioniza.tion field . 
in the· reactor, Fig. 117 indicates that the F band 

2A. S. Nowick, Phys. Rev. 111, 16 ( 1958). 
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rises more rapidly with fast-neutron bombardment 
than with purely ionizing radiation in stage I. 
Though 'the curves coincide during the first 5 min, 
a factor of 8 or 9 would be necessary to make the 
fast-neutron values correspond to the gamma-ray· 
values near 60 min of equivalent gamma irradi
ation. The situation in the V-band region (Fig. 
118) .is quite different from the F-band growth. 
There is ·a band produced in this stage with a 

0 
maximum at 2140 A (5.80 ev) and a half width 
of 0.82 ev for both neutron- and gamma-irradiated 

3 30 

I I 

PERIOD ENDING AUGUST 31, 1959 

samples (Fig. 119). This band bleaches with 
continued irradiation as seen in Fig. 118, par
ticularly with gamma irradiation. If a factor of 
2 was used to multiply the fast-neutron time, the 
maximum of this band growth, that is, the point 
when· it starts to bleach, is about the same for 
fast-neutron and gamma irradiations. 

In stage II the F-band and V-band growth rates 
are about constant for both fast-neutron and gamma 
irradiations (Figs. 117 and 118). Using the factor 
of 5 for the fust-neutron bombardment time, the 
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F~band growth rate is slightly larger than the 
growth rate for gamma irradiation. However, the v
l:iand growth rates are about .the same. With the 
disappearance of the band at 2140 A; there was 

. . 0 

a general rise in absorption from 1850 to 2400 A 
·(this is the reason why the V-band curve in stage I 
never went to zero). . . 

The F-band growth rate is less in stage Ill than 
in stage ·11 for both fast-neutron and _gamma irradi
ations. It appears that the change from stage II 
to stage Ill occurs later for tlie.fast-neutron irradi
ation using the time factqr of ·5. If a value less 
than 5 had been cho·sen for this factor in order 
for the transition between the stages to coincide, 
the growth rate for fast-neutron irradiation would 
be larger than for gamma irradiation. Notice in 
Fig. 117 that the growth rate for fast-neutron 
irradiation is less than for gamma irradiation in 

max1mum occurs at 2080 A after 628 hr' in the 
Co 60 source (Fig. 120). The F bcind for these 
samples was too intense to be mea~ured. How
ever, subtracting the gamma-colored spectrum .from 
the neutron-colored spectr~m indicates. that ther.e 

. 0 . 

is an absorption maximum at 5.4ev (2300 A) which 

stage Ill. However, Fig. 118 shows that the. 

is more abundant after fast-neutron bombardment 
compared to gamma irradiation. Also there is the 
indication of a maximum at 6.5 ev. This excess 
neutron coloration was estimated in the tbree 
stages by irradiating samples .for "equivalent" 
doses, adjusting the F-band maxima to be equal, 
and then subtracting the gamma-colored spectrum 
from the neutron-colored spectrum. The results 
for the three stages are given in Fig. 121. There 
is apparently no difference in stage I. However, 
in stage II the difference curves show maxi rna at 
5;4 ev and possibly 6.5 ev. Stage Ill shows the 
growth of the 5.4-ev maximum over stage II. The 
situation near 6.5 ev is not clear in stage Ill. It 
may be that, there is other absorption developed 

V-band growth is quite different from the F-band 
growth in stage Ill. The ·transition from stage· II 
to stage Ill appears to be earlier for fast-neutron 
bombardment than for gamma irradiation. Also 
the V-band growth rate for fast-neutron bombard
ment is larger than for gamma irradiation. 

Evidently, recictor bombardment is causing some 
di-fference in the coloration of KCI. The absorption 
spectra in the V-band region show the effect of 
the fast 

0
neutrons. An apparent maximum occurs 

at 2140 A after 47 hr in the reactor, whereas the 
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Indications of a fast-neutron effect in the F-band 
region can be noted in Fig. 121. There is an 

0 
increase of optical absorption near 2.5 ev (5000 A) 
in comparing stage Ill with stage II. This is also 
apparent near 1. 7 ev (7300 A). However, a neg
ative absorption (i.e., depressed in fast-neutron 
bombardments) may also be present si nee there is 
an increase in this negative absorption near 2 ev 

2500 3000 

UNCLASSI FlED 
DRNL-LR-DWG 40663 

4000 

11 KC I 4, n- IRRADIATED 47 hr 
o KCI 3, y IRRADIATED 628 hr 
o DIFFERENCE 

7 6 5 
ENERGY (ev) 

4 3 

Fig. 120. Optical Absorption Spectrum of Irradiated KCI in Stage Ill, 
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(6000 A) in comparing stage Ill with stage II. 
These results in the F-band region are not too 
conclusive. However, th~re is probably some fast
neutron effect, since the F-band maximum did not 
shift in value compared to gamma irradiation. 

Perhaps the best illustration of the difference in 
fast-neutron bombardment is given in Fig. 122, 
where the ratio FIV is plotted for the various 
stages. Again the time factor of 5 was used for 
neutron bombardment. After the initial part in 
stage I, the ratio after fast-neutron bombardment 
is quite divergent from the gamma-ray behavior. 
Another observation which can be made from Fig. 
122 is that the P and V bands grow somewhat 
independently of each other in all stages. Though 
the ratio for fast-neutron bombardment in stage I 
is apparently constant, it is known, as mentioned 
above, that the unidentified band at 2140 A grows 
and bleaches in this stage, whereas the F band 
always increases (Fig. 117). 
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VACUUM ULTRAVIOLET ABSORPTION STUDIES 

OF IRRADIATED SILICA AND QUARTZ 

C. M. Nelson W. J. Pegram 1 

In addition to the optical absorption bands 
discussed previously, there _are bands developed 
in fused silica an~ crystalline quartz in the 
vacuum ultraviolet region. Mitchell and Paige 3 

discovered a band developed with reactor bombard
ment at 7.6 ev or 1630 A in both fused si I ica and 
crystalline quartz. A band at 7.15 ev or 1730 A 
was observed with x-ray irradiation but not with 
reactor bombardment. Since this band has a 
maximum extinction coefficient of 0.3 mm- 1 for 
the x-ray Jose and did not develop with neutr~n 
bombardment, this band at 7. 15 ev may be associ
ated with an impurity atom and not with a lattice 

3 E. W. J. Mitchell and E. G. S. Paige, Phil. Mag. 1, 
1085 { 1956). 
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Neutron bombardment time was multiplied by 5 for comparison with gamma 

irradiation. 

defect .color center. These optical absorpt.ion 
measurements were made with a spectrograph .using· 
the variation in film darkening as an indication 
of the absorption in the samp I e. 

A vacuum ultraviolet spectrophotometer4 has 
been constructed at ORNL in order to investigate 
the color centers developed in thi.s spectral region 
bi irradiation. This instrument uses a 1P28 
photomultiplier .tube: coated with .. sodium' sal icy late 
as a detector. 6and ·covers the .spectral- region· of. 
1000 to 2400 A. . Consequently the data obtained 
from this instrument overlap the data obtained from 

0 

the Cary model 14 (1850 to 26,000 A) used for 
previous optical absorption studies. 

The materials used in this study were fused 
quartz, 5 high-purity synthetic fused silica, 6 

natural crystal I ine quartz, 7 and synthetic crys-
talline quartz. 8 Samples were irradiated in a 

60 . 5 
Co source having a flux of 8 x 10 r/hr. In all 
curves of extinction coefficient vs wavelength 

4c. M. Nelson et al., Solid State Ann. Prog. Rep. 
Aug. 31, 1958, ORNL-2614, p 25. 

50btained from Amersil Company, Inc. (opticol grade 
1). 

60btained from Corning Glass Works (7940) and 
Thermal .American Fused Quartz Company (Vitreosil 
O.S.). 

70btained from Cam-bridge Thermionic Corporation. 
8 secured through the courtesy of C. S. Brown, G. E •. 

Co., Ltd., England, and J. M. Stanely, U.S. Army Signal 
Research and Development Lab. (originally grown by 
the Clevite· Research Center). 
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presented here, the absorption of the· unirradiated 
material has· been .subtracted·. Low-temperature 
optical bleaching experiments were conducted with. 
the sample immersed in liquid· nitrogen. Two 
mercury lamps having a different spectral distri
bution were used. The chief difference between 
these- lamps. is that the 4-w germicidal lamp had 
an ordi.eary glass·en.relope wi;th a short-wavelength 
cutoff. riear.. 3000 A, . whereas .. the 250-w · Uvi arc. 
lamp- had .a. fused-silica. container whbch· transmits. 
I ight of wavelength below 2000. A. . Thermal 
bleaching experiments were carried out in air 
using a Leeds and Northrup DAT program con
troller at temperatures up to 1000°C. 

Pre I i mi nary work with fast-neutron bombardment 
confirmed the observations of Mitchell and Paige3 

concerning the appearance of the 7.6-ev band in 
both fused silica and crystalline quartz. However, 
due to the very high extinction coefficient (about 
20 mm- 1) even for 10 17 nvt fast; no further ex
periments were made in our studies. Previous 
research 9 had indicated the similarity in the 
spectra observed after neutron bombardment and 
Co 60 .gamma irradiation except for the much less 
total absorption for gamma-irradiated specimens. 
On this basis it was felt that studies should be 
concentrated on gamma-irradiated samples for ease 
in handling (thicker samples could be used), better 

9c. M. Nelson and J. H. Crawford, Jr., Phys. and 
Chern. Solids (to be pub I i shed). 
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controls over experimental conditions, and absence 
of induced ro"dioactivities. 

It soon became evident, after these studies were 
initiated, that there were a number of absorption 
bands in the region 6 to 9 ev. In an effort to 
analyze and identify these bands, a Lorentzian 
absorption curve was assumed for each band and 
a method of curve fitting to give the observed 
data was used. Fortunately, annealing and 
bleaching experiments changed the shape of the 
total curve so that certain bands became prominent. 
With these assumptions, some generalized state
ments can be made_ as to the properties of these 
bands. It appears that the major absorption bands 
huve maxima at 7.65, 8.05, and 8.20 ev, and there 
are indications of minor absorption bands at 7.25, 
7.40, 7.85, and 7.95 ev. These minor bands were 
difficult to establish because of their relatively 
low intensity and proximity to the major bands. 
An example of a total analysis is given in Fig. 
123 for irradiated synthetic crystal! ine quartz from 
Clevite. 

The 7.65-ev band (the E band of Mitchell and 
Paige 3

) is found in all samples of irradiated quartz 
and silicas. Though it is not the most intense 
band initially, continued irradiation above 109 r 
apparently produces this band in higher yield than 
the others. Neutron-bombarded samples also 
indicated that this band was the most prominent. 
Since the intensity of this band is not the same 
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for different samples after an equivalent irradi
ation, it is apparently structure sensitive. The 
growth of this band with gamma irradiation of 
quartz and silica is shown in Fig. 124. The 
optical and thermal bleaching behavior of crys
talline quartz and fused silica is given in Figs. 
125 and 126, respectively. In crystalline quartz 

0.8U 
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2 3 (X\09) 
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Fig. 124. Growth of E Band with Gamma Irradiation 

of Fused Silica and Crystalline Quartz. 

the 5.~ and 5.9-ev bands do not develop with 
gamma irradiation as they do in fused silica as 
discussed above. 10 Even though these bands are 
absent, bleaching at 78°K with the mercury lamps 
does influence the vacuum ultraviolet bands (Fig. 
125). The germicidal lamp (glass envelope) tended 
to enhance the 7.65-ev band, whereas the Uviarc 
lamp (fused-silica envelope) tended to decrease 
the 7.65-ev band. Heating the sample at 250 and 
300°C for 30 min caused an increase of the 7.65-ev 
band, while higher temperature treatments de
creased this band. 

The vacuum ultraviolet spectra of gamma- irradi
ated Corning fused silica are shown in Fig. 126. 
Though the unirradiated spectrum of this sample 
was unknown, it was assumed that all the induced 
absorption was gone after heating at 700°C for 
30 min, and this spectrum was subtracted from the 
other observed spectra to obtain the curves of 

10 
C. M. Nelson and R. A. WAeks, "Trapped Electrohs 

In Irradiated Silica and Quartz." See abstract, this 
report. 
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Fig. 126. Bleaching with the mercury lamps at 
78°K apparently causes a change in the intensity 
of the 7.65-ev band that is similar to but much 
less than that observed in crystalline quartz (Fig. 
125). As discussed above, 10 the 5.4- and 5. 9-ev 
bands are influenced much more strongly by these 
treatments. In contrast to the behavior of the 
7.65-ev band in quartz (Fig. 125), heating the 
fused-silica sample at 250°C for 30 min caused 
a decrease in the 7.65-ev band. Higher temper
ature treatments continued to reduce this band. 

As can be seen from Figs. 125 and 126, other 
absorption bands are developed in fused silica 
and quartz after gamma irradiation. The most 
prominent is the 8.20-ev band, with the 8.05-ev 
band indicated by subtracting the observed spectra 

160 

after different treatm~nts (e.g., in Fig. 126 subtract 
the spectrum after heating at 450°C from the 
spectrum after heating at 250°C). Apparently 
the 8.20-ev band is thermally more stable than the 
8.05-ev band in this sample. 

Evidence for an absorption band at 7.40 ev is 
gained from curve fitting (Fig. 123) and apparent 
growth by heating between 600 and 700°C (Fig. 
125) in some samples. Another band, noted at 
7.85 ev in Fig. 123, became prominent in samples 
of irradiated Vitreosil O.S. fused silica and natural 
quartz. Other bands at 7.25 and 7.95 ev (Fig. 123) 
are suggested to explain various optical and 
thermal bleaching behavior. 

On the basis of some indirect evidence, Mitchell 
and Paige 3 have suggested that the 7.65-ev band 
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was the result of a trapped hole on an interstitial 
oxygen. As a result of numerous complementary 
experiments, it has been concluded 11 that this 

. band is associated ·with a broad electron spin 
resonance system with a g value characteristic of 
a trapped hole.. Since this becomes the most 
prominent band after long gamma irradiation or 
fast-neutron bombardment, it is suggested that the 
color center responsible is an interstitial oxygen 
ion (O-). Also, this band is the most stable upon 

11
C. M. Nelson and R. A. Weeks, Bull. Am. Phys. 

Soc. [2]4, 158 ( 1959). 

thermal annealing (except for the 7.40-ev band 
increa~ing in some cases). The results presented 
here indicate that there are other absorption 
centers present, but there is no indication as to 
what defects may be associated with them. 

It should be pointed out that the 5.9- and 7.65-ev 
bands do not develop together (witness the great 
difference between fused silica and crystalline 
quartz), nor do they bleach and anneal together 
(notice particularly that only the 7.65-ev band is 
left after a 500 to 550°C anneal, Fig. 126). Thus, 
though the 5.9-ev band has been associated with 
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a trapped electron and the 7.65-ev band with a 
trapped hole, the two defect centers do not appear 
to be necessarily complementary to each other. 
Therefore, other defects are apparently necessary 
in a complete model. 

The following is an abstract of a paper submitted 
for publication. 

Trapped Electrons in Irradiated Silica and Quartz. 

I. Optical Absorption. 12 C. M. Nelson and R. A. 

Weeks. -. Previous studies 13 have associated the 
o· 

2100- A absorption band with on electron spin re.sononce 

system developed in silica and quartz after irradiation. 

Evidence derived from bleaching studies at 78°K after 

gamma irradiation is ·associated with another ESR 

system (described in ,.Trapped Electrons in Silica and 

Quartz. II. Electron Spin Resonance"). After 109 r, 

G.E., Ltd., synthetic
0

quartz slowly devebops this band 

rather than the 2100-A band. The 2300-A band is also 

produced in high-purity fused si I ica as shown by 

bleaching at 78°K with a 4-w germicidal mercury lamp 
0 

(glass envelope); and as the 2300-A band decJeases,_ 

there is a correspci~ding increase in the 2100-A-band. 

Although the 2100-A band is dominant in silica afte~ 

irradiation, bleaching experiments indicate the 2300-A 

band is at· least three ·times the amplitude found in 

synthetic quartz for an equivalent dose. Ble~ching 

with a Uviarc mercury
0

lamp (silica envelope) reverse~ 

the process (the 2100- A band decreases and the 2300- A 

band increases) at 78°K in silica. With G. E., Ltd., 

quartz, bleaching w~th the germicidal lamp at 78°K 

decreases the 2300-A band, but with no apparent in-
. 0 

creas~ in the 2100. t- band. The conversion of· the 

2300-A to the 2100-A.band which occurs in silica at 

78°K apparently will occur near 50°C with the germi

cidal lamp. for the G.E. synthetic quartz. However, this 

conversion does seem to take place in irradiated 'ciatural 

quartz at 78°K where there is already some 2100-A band 

present. Annealing quartz between 250 and 300°C 
. . 0 

causes an increase in the 2100- A band, but it com-

pletely disappears by 450°C. ·synthetic silica always 
0 

shows a decrease in the 2100-A bandupon annealing. 

IR-RADIATION EFFECTS AND SHORT-RANGE 

ORDER IN SILICA AN_D QUARTZ 

R. A. Weeks C. M. Nelson 

Electron spin· resonance (ESR) measurements 14 

have shown that for neutron doses greater than 
10 19 fast neutrons/cm 2 the ESR spectra observed 
at ro,om temperature are the same· in all the 

. various fused silicas and single crystals on which 
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observations have been made. It was also shown 
that the three ESR lines observed in· silicas were 
the same as the ESR lines observed in the single 
crystals and that these paramagnetic centers were 
due to irradiation-produced ionization states of 
the quartz structure and not to impurity atoms. 

In a free paramagnetic -ion the transition energy 
of the Zeeman levels. is determined by the 
spectroscopic splitting factor given by the Lande 
formula. 15 If the paramagnetic ion is introduced 
into a solid, the internal interactions perturb the 
Zeeman levels and the Lande formula is no longer 
applicable. For the spin states only, the energy 
relation is still of the form hv = g{3H, wher.e h is 
Planck's constant, v is the frequency of the 
oscillating magnetic field perpendicular to the 
spin-orienting field H, {3 is the Bohr magneton, 
and g is the spe'ctroscopic splitting factor. The 
introduction of paramagnetic centers into a 
normally diamagnetic crystal and the ESR spectra 
which result may give, through ci knowledge of g, 
a microscopic model of- the crystalline field 
surroundi~g the ·center. 16 · 

In a polycrystalline or an amorphous glasslike 
material; the observed line is the envelope of the 
line in the ·single crystal when averaged over 
random. orientation of the single ·crystal. lnfor· 
mation obtained from such an envelope is of little 
use in constructing a model of the paramagnetic 
center, but when identifying a line observed in a, 
single crystal with one observed in a polycrystal 
it is· necessary. Such a comparison can be made 
experimentally by crushing a single crystal. This 
procedure was used in identifying a group of ESR 
lines, produced by neutron irradiation, in a single 
crystal of quartz with a line observed in silica 
produced by the same _irradiation. 14 Knowing the 
values of the spectroscopic splitting factor it is 
possible to calculate the line expected for a 
polycrystalline or fused ~aterial. A cal~ulation 

12
Submitted for publication· in the journal of the. 

American Ceramic Society. · 
13 

C. M • .Ncrl son and J; H. Crawford, Jr~, Bull. Am. 
Phys. Soc. l2J3, 136 ( 1958). 

14 R. A. Weeks,]. Appl. Phys. 27, 1376 (1956). 
15 . 

W. Gordy, W .. V. Smith, ond R. F. Tromborulo, 
Microwave Spectroscopy, John Wiley and Sons, New 
York, 1953. . . · 

16 . . . 
D. J. Ingram, Spectroscopy at Radio andMicrowave 

Frequencies, Butterworth Publ icati.,;ns, Ltd., London, 
1955. 



of this type has been performed for a cupric ion in 
silica, assuming axial symmetry. 17 

A simi lor calculation for one of the paramagnetic 
defects of the quartz system has been made. The 
calculated line shape is compared with the line 
shape observed in various silicas which have 
been given a variety of irradiation treatments. 
A similarity in the short-range order of some of 
the silicas and the order in a single crystal is 
suggested; likewise, a similarity in the crystalline 
field interacting with the paramagnetic defects in 
one of the silicas is found to be similar to the 
field in a heavily irradiated silica or single 
crystal. The experimental results indicate that 
the short-range order in the heavily irradiated 
specimens of fused silica and single crystals of 
quartz is identical and that it is different from 
that initially present in most silicas. 

In the sinyle crystal the defect corresponding to 
the one observed in the s i I icas was found to have 
the following eigenvalues for the spectroscopic 
splitting factor: 

gJ = 2,0018 1 g2 = 2,0006 1 g3 = 2,0003 1 

where subscripts refer to the coordinate system of 
the g tensor. The relative occuracy of these 
values was ±0.0001, the absolute accuracy 
±0.0005. There are six possible orientations of 
the g tensor in the unit cell. These orientations 
with respect to the crystalline axis were also 
determined for this g tensor. 18 

In calculating the envelope shape expected for 
the silica state it has been assumed that the line 
shape is of the Lorentzian form. The contribution 
of each fraction of centers, -dN/ dH from 

hv hv 
--~Ho ~ --' rsd3- - g3f3 

at some field H, can be found by integrating from 

h11 hv 
H 1 = -- to H 3 = -- ; 

gl {3 g3{3 

thus 

A(H) = 
3
--------f 

H TlTT 
X 

!1 1 + 4TT C2 T~ (H0 - H) 2 

dN 
x- dH

0 
• (1) 

dH
0 
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The ratiodN/dH 0 is evaluated from 

and 

hv hv 
--.$ Ho < -
g, f3 - g2(3 

and in the region of H0 = hv/g2(3 the finite line 
amplitude eliminates the singularity. Because of 
the difficulty of obtaining an analytic solution of 
Eq. (1 ), a numerical integration was performed by 
using nine values of H 0 and 12 values of H. 

In Fig. 127 a comparison is made between the 
envelope shapes observed in silica for various 
irradiations and the shape calculated from the 
single-crystal parameter for the same center. 

UNCLASSIFIED 
~------~-----.------,------,--~OR~N~L~~-~~G~4~30~~ 

3. CORNING SILICA (7940), 1018 
FAST NEUTRONS· cm-2 

4. CORNING SILICA(7940), 8x1019 

FAST NEUTRONS· cm-2 

fj,H• H·ffo· MAGNETIC FIELD (oersteds) 

6 

Fig. 127. The Shape of the Envelope Calculated for 

w = 0.2 oersted Is Compared with the Envelope Shape 

Observed in Various Silic;as Given Different Irradiation 

Treatments. 

The gamma-ray-irradiated silica exhibits the best 
agreement with the calculated envelope shape. 
Consideration was given to the effects of center 
concentration, type of irradiation, temperature of 
irradiation, and magnetic interactions with other 
paramagnetic centers. The effects of these 
parameters on the envelope were found to be less 
than that of the crystalline field. 

17R. H. Sands, Phys. Rev. 99, 1222 {1955). 
18 R. H. Silsbee and R. A. Weeks, Solid S!ate Semiann. 

Prog. Rep. Aug. 30, 1956, ORNL-2188, p 105. 
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Figure 128 shows the effect of heat treatment 
on a heavily irradiated single crystal. Curve I of 
Fig. 128 is characteristic of silica or crystals 
after a ~eutron dose ~ 5 x 1 0 1 9 nvt. Curve II of 
Fig. 128.results after the indicated heat treatment. 
There is only a small decrease in the intensity of 
the I ine after the treatment. The change in 
concentration of ·other paramagnetic centers is 
also small. The change in the envelope shape is 
therefore not due to a change in the magnetic 
interactions of this center with similar or dis
simi Ia~ paramagnetic centers. 

UNCLASSIFIED 
ORNL LR DWG 36535 - -

4 

I 
20 I 2 

'A 
3 x 10 fast neutron 19m 

II ANNEALED 300,450, 5oo•c 

I \ 
FOR 30 min 

Ill ANNEALED 500•C FOR 30min 

)"',) . . 
II' I 

If\\" ';' 

3 

2 

L/ ,,,,,, 
/! lit" -- f.' _ ... 

I r· I 
I 
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1 

! I 
I I I I 1 

I I 

.... I"' "" -2 

-3 ,·, 
v I 
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-5 
2.0035 2.0005 1.9975 

Fig. 128. The Shape of the Envelope in a Heavily 

Irradiated Single Crystal as a Function of Annealing. 

The change begins during the 450°C. unneal, The 

amplifier gain for Ill isx10. 

The remaining interaction which can determine 
the line shape in the silicas. is that of the 
crystalline field interacting with the paramagnetic 
center. If this is the case, then the alteration of 
line shape with increasing neutron dose in the 
norma I s iIi cas {Corning 7940, Amets i I 0. G. 1) and 
in the single crystal is due to a change in· the 
crystalline field. This change is apparently 
correlated with the change in density. 19 For a 

19 M. C. Wittels, Phys. Rev. 93, 1117 (1954). 
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neutron dose > 5 x 10 19 fast neutrons/cm 2, the 
line shape does not alter nor does the density. 
Annealing at 450°C for 30 min initiates a change 
in the envelope line shape {Fig. 128) which. is 
then indicative of a reordering of the neighboring 
atoms which gave rise to the crystalline field 
interactions. Further annealing at successively 
higher temperatures continues the reordering 
process, and after 30 min at 550°C the process is 

. complete (Fig. 128, curve Ill). The line shape 
after this anneal is the Same OS that observed in 
gommd-roy-irrodioted normal silica and is in 
agreement with the line shape calculated from the 
single-crystal parameters. 

Although the orientation with respect to the 
crystalline axis and the eigenvalues of the g 

tensor ore known from measurements on a single 
crystal, this information has not been adequate to 
define the nature of this center. The g tensor is 
orthorhombic;· with six possible sites in the unit 
cell. It has been established that this center is a 
defect state of the basic Si-0 tetrahedra. 14 It 
has been suggested that this defect is on electron 
trapped at an oxygen-ion vacancy. Assuming that 
this is the case, the interaction of the electron 
with the nearest neighbor atoms is the dominant 
effect in determining the envelope shape in the 
si licos. The comparison of the envelope shape 
in gamma-roy-irradiated silica, in which the 
defe.cts are assumed to hove a random .distribution, 
with the shape calculated from single-crystal 
parameters shows that they ore in good agreement. 
This agreement of observed and co leu I a ted 
envelope shape ineons that in these silicas the 
interaction · of the surrounding atoms with th~ 

defect is the same as in the single crystal. 
Another way of stating this result is to soy that 
the variation of the orientation of the Si-0 
tetrahedra with r.espect to adjacent tetrahedra in 
the silica is small compared with the extent of 
the interaction of the defect with the surrounding 
atoms. The trapped electron could be considered 
as occupying a molecular orbital connecting the 
two adjacent silicon atoms. The g tensor would 
then be determined primori ly by the way in which 
these Si atoms were affected by the vacancy and 
the three remaining 0 atoms on each silicon. 
The approximate distance from the vacancy to the 

0 
nearest 0 atoms is "-'2.6 A and to the next nearest 

0 
shell of oxygen atoms is "'3.2 A {ref 20). From 

20 R. W. G. Wyckoff, The Structure of Crystals, The 
Chemical Catalog Company, Inc., New York, 1931. 



these atom spacings it seems reasonable to 
conclude that in the silicas the orientation of the 
Si-0 tetrahedra with respect to each other varies 
slowly with respect to a distance between 5 and 

0 

10 A. Thus, around any point in the silica the 
structure of the atoms is similar to that in a 

0 

crystal with in a sphere of diameter ~ 10 A. 

The implication of the envelope shape data is 
that short-range order exists in certain silicas, 
fqr example, Corning 7940 and Amersil. This 
order probably extends over the Si-0 tetrahedra 
surrounding any point in the material and may be 
characterized as an alpha phase. 

Heavy neutron irradiation destroys this order in 
these silicas as it does in a single crystal. If 
there is an ordering process induced by the 
irradiation, it does not produce the same order 
that existed in the unirradiated silica or quartz. 
This short-range order moy be similar to the 
tridymite phase. A short anneal at 550°( can 
re-establish the short-range order existing in most 
silicas prior to irradiation. 

The following are abstracts of papers submitted 
for pub I ication. 

Defects of the Quartz System Produced by Neu!!'on 

lrradiation. 21 R. A. Weeks. - A comparative study of 

.the electron spin resonance (ESR) spectra of neutron

irradiated high-purity silica and quartz single crystals 

confirms the presence of three or probably four defects 

of the quartz system which are paramagnetic. In 

quartz, gamma-ray irradiation not only ionizes defects 

of the lattice already present, but also impurities. 

The saturation concentration of the lattice defects is 

of the same .order as the impurities. Prolonged 

neutron . irrudiation (>5 X 1018 fast neutrons/cm 2) 

increases the concentration of the lattice defects by 

at least an order of magnitude over the impurity 

concentration, thereby separating the two kinds of 

defects. Annealing of the paramagnP.tic lattice defects 

indicates the probable existence of at least two other 

defects of the lattice. 

The defect models suggested by the ESR spectra 

are as follows: The single line 22 8 = 2.0006 is due to 

21 Paper presented ot 13th Annual Frequency Control 
Syonposium, As·bury Park, N.J., May 12-14, 1959. 

22 These terms are only applicable for an orientation. 
of crystal in which the c axis is parallel to the 
magnetic field H. 
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an electron trapped at an oxygen-ion vacancy, in 

agreement with the !l8 < 0. The large increase ob

served for this line upon annealing (300°C, 30 min) a 

specimen irradiated at low temperatures suggests that 

two electrons may be trapped at such a vacancy and 

that this center is then stable at room temperature 

(although annealing has been observed in a specimen 

held at room temperature for several months). The 

anisotropy of a double line centered on the 8 = 2.0006 

line, separation "-'0.4 oersted, suggests an Si with 

three 0 and a trapped electron. The I ine 8 = 2.0065 

also increases with this anneal. Although confirmatory 

evidence fro.m the anisotropy of the line is lacking, 

the only available hole traps (/l8 > 0) excluding 

impurities ore interstitial oxygen ions. A defect model 

for the neutron-specific line 8 = 2.0020 has not been 

devised. The anisotropy of this line indicates that it 

is a hole (/).g > 0). 
0 

The Electron Spin Resonance of the 2300-A Ab· 

sorption Band in lrradi ated Quartz. 23 R. A. Weeks and 

C. M. Nelson. - Several systems of ESR (electron 

spin resonance) lines have been observed in gamma

ray-irradiated natural and synthetic crystals. The 

correlation of one system 
0
of lines with an optical 

absorption band at 2300 A, also observed in the 

crystals, has been established. The correlation was 

made by observations on irradiated crystals of differing 

origin and by bleaching experiments carried out at 

78°K. The system of ESR lines is composed of two 

lines when the c axis [OO.l] is parallel to H, and for 

the [10.0] orientation six lines can be distinguished. 

DuP. to the complexity of the spectrum and the small 

anisotropy, accurate measurements of the 8 tensor 

orientntion and eigenvalues have not been made; 

estimates of the eigenvulues are 8l = 2.004, 82 = ?, 

83 = 2.0020, and for the [OO. 1] orientation 8 is 
0
2.0007 

and 2.0009. This ESR system and the 2300-A band 

have also been observed in neutron-irradiated crystals 

and grow with increasing irradiation. The presence of 

the optical band in irradiated high-purity silica and its 

growth ·with continuing neutron irradiation apparently 

eliminate impurity ionization states os a source of the 

defect. A comparison of the anisotropy and !l8 
(ref 24) of this center with similar quantities for the 

ESR system tentatively associated with on electron 

trapped at an 0 vacancy 1 4• 25 suggests that this 

23Submitted for publication in the journal of The 
American Ceramic Society. 

24/l = -
8 8cen ter 8free electron· 

25 F. J. Adrian, Phys. Rev. 107, 488 (1957). 
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defect has a similar environment. The separation of 

the tw~ I ine.s fo~ the [OO·~ 1] orientation, H"" 0.4 oersted, 

is in agreemen·t with -the difference in angle that two of 

~he Si~O b~nd directions make with the [00:1] direction. 

It is suggest~d that 'this defect may be due to an 

electron .localized in an unsaturated silicon bond. 

IRRADIATION EFFECTS IN NONMETALLIC 

CRYSTALS 

M. C. Wittels F. A.Sherrill 

.Introduction 

Nonmetallic crystals, cis a group, are exceedingly 
difficult to classify due to the wide diversity of 
·crys.tal ·structures and complexity of chemical 
compositions. For these same reasons it is 
clear to see why a systematic understanding of 
the effects of irradiation on this group of crystals 
is not easily att~inable. This report consists of 
a brief review only of the results for a small 
diverse group of crystals irradiat.ed in core 
positions (C-38 and C-28) of the Low-Intensity 
Test Reactor. 

The materials under consideration are oxides, 
mi .. xed. oxi.des; and silicates in which .the cation 
components, for the most part, have low thermal
ne~tron absorption cross sections. This·nuclear 
charatteri stic, together with the refractory nature 
of. the crystals, gives the materials a potential 
re<:Jctor utility. · 

Experimental Method 

Conventional x-ray .techniques, including the 
use of Weissenberg, Buetge_r-precession, and Laue 
methods on small single crystals, were employed. 
The induced radioactivity was kept at a minimum 
level so that the standard film methods cciuiJ be 
employed without the extraneous shielding that is 
often· needed to reduce or eliminate background 
fogging. Similarly, Debye-Scherrer patterns were 
taken when single crystals were not available. 
In addition to these normal film methods a 
special diffractometer apparatus 26 was employed 
in studying larger single crystals. 

The greater part of these studies was .related to 
the damage produced by fast neutrons, but a few 
isolated examples of fission-fragment and heavy
charged-particle irradiations were examined as 

26 F. A. Sherrill, M. C. Wittels, and T. H. Blewitt, 
]. Appl. Phys. 28, 526 (1957). 
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well. All of these irradiations were performed at 
approximately 85°( in a water-cooled facility. 

Effects in Crystals Containing Beryllium 

The remarkable irradiation stabi I ity of the 
moderating material BeO has been extensively 
reported elsewhere 27 and will be only briefly 
mentioned here. Powder samples bombarded with 
fast ·fluxes up to 1.8 x 10 20 neutro.ns/cm 2 showed 
no x-ray line broadening, although there is a very 
small lattice expansion (0.2%) of the c0 axis, arid 
the a

0 
parameter remains unchanged. The mixed 

oxide BeAI
2
0 

4 
(chrysoberyl) ·is also very stable 

under fast-neutron bombardment with integrated 
fluxes up to 8.1 x 1020 neutrons/cm 2• Single
crystal diffraction patterns remain sharp throughout 
this range of irradiations •. An interesting structural 
feature of this material is the com.plete dominance 
of oxygen ions in the lattice, which ~re arrayed 
i"n a nearly perfect hexagonal close packed 
system. This close packing would be expected 
to result in measurable lattice- .parameter shifts 
if atomic displacements were trapped in interstitial 
positions, and this effect would be enhanced if 
the large oxygen ion comprised thetrapped nuclei. 
The expansions of the three orthorhombic axes 
after irradiation with 3.6 x 1020 neutrons/cm 2 

are 0.43% in a
0

, 0.55% in b
0

, and 1.05% in c
0

, 

respectively. Laue transmission photographs of 
BeAI 20 4 after three dosages of irradiation are 
shown in Fig. 129. Note the development of a 
diffuse scattering pattern at ·small and moderate 
angles that is superimposed on the normal Laue 
pattern. This type of scattering is not of thermal 
_ongm and is commonly observed in crystals 
containing irradiation-induced defects. Although 
the scattering I i es outs ide the zones of selective 
reflec.tion, its high degree of symmetry related to 
the parent matrix is suggestive of scattering due 
to inhomogeneous strains developed through the 
trapping of i ntersti ti al atoms at statistical 
positions of the crystal lattice. Phenacite, 
Be 2Si0 4, is stable after irradiation dosages up to 
8.1 x 1020 neutrons/cm 2 and also exhibits diffuse 
scattering patterns in transmission photographs 
(Fig. 130) of heavily irradiated specimens. Unlike 

. 27 J. R. Gi I breath and 0. C. Simpson, Second United 
Nations International Conference on the Peaceful_ 
Uses of Atomic Energy, paper 621 (1958). 
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Fig. 129. BeAI 20 4 (Chrysoberyl). Laue transmission photographs, x-ray beam parallel to a axis; (a) after 

~rradiation with 2.8 X 10 20 neutrons/ cm 2, (b) after irradiation with 3.6 X 1020 neutrons / cm 2, and (c) after irradia

tion with 8.1 X 1020 neutrons/ cm 2• 

UNCLASSIFIED 
PHOTO f7:l92 

Fig. 130. Be2Si04 (Phenacite). Laue transmission photographs, x-ray beam parallel to c axis; (a) after irraclin

tlon with 4.!>:3 X 10 20 neutrons/ cm 2, (b) after irradiation with 6.3 X 10
20 

neutrons/ cm
2• 

BeAI
2
0

4
, however, this crystal has an unusually 

open structure, with open channels roughly parallel 
to c

0
, much like alpha-quartz. And similar to the 

anisotropic behavior of quartz 28 under neutron 
bombardment, Be

2
Si0

4 
exhibits an anisotropic 

expansion in the same direction. After irradiation 
with 4.5 x 102 0 neutrons / cm 2 the a

0 
expansion 

28M. C. Wittels, Phil. Mag. 2, 1445 (1957) . 

is 1.12%, while no change is measurable in c
0

• 

This extreme anisotropic behavior is most likely 
related to the open channels of the structure as 

well as to the directional binding forces within 
the lattice, which are more amenable to expansion 
in the a

0 
direction. 

As a result of neu tron bombardment, the least 
stable crystal structure in this group under 
discussion is Be

3
AI

2
Si

6
0

18 
(beryl), which 1s 
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very simi lor to quartz and phenacite in having 
open channels parallel to the c axis. This 
crystal becomes amorphous following bombardments 
in excess of 6 x 1020 neutrons/ cm 2 when all 
single-crystal reflections disappear and all that 
remains in the diffraction pattern is a broad 
diffuse ring, characteristic of amorphous matter. 

Prior to the complete destruction of long-range 
order, at lower dosages of irradiation, beryl 
expands anisotropically nearly to the same extent 

as quartz . 28 After irradiation with 2.8 x 1020 

neutrons/ cm 2, the expansion of a
0 

is 2.70%, 
while the distention of c

0 
is 0.70%: about a 

factor of 4 lower. It is believed that the open 
c-axis channels in this crystal, as in those previ
ously discussed, furnish ideal sites for trapping 
displacements that result in an anisotropic ex
pansion. This extreme distention results in 
a highly strained and distorted lattice, giving 
smeared-out x-ray reflections (Fig. 131) with 
successive dosages of irradiation and a gradual 
reduction of long-range order. 

Irradiation-Induced Amorphism in Silicates 

The [Si0
4

] tetrahedral unit is the basic building 
block in silicate crystal structures. Since sili
cates are also common glassy bodies, it is 

apparent that the rupture of si I icon-oxygen bonds 

and the subsequent distortion of the arrangement 

of the [Si 0 4 ] tetrahedra resulting from fast
neutron bombardment might tend to produce 
amorphous silicates. If the process is a pro
gressive one that develops with increasing 
irradiation dosages, one observes the gradual 
reduction of long-range order, a depression in 
x-ray peak intensities, and eventually the 
appearance of the diffuse halo that accompanies 
the growth of the amorphous material within the 
skeletal crystal matrix. In the early stages of the 
process the nonrandom, symmetrical, diffuse 
scattering that was described in the previous 
section as arising from inhomogeneous lattice 
strains and statistically trapped displacements is 
observed. An example of this effect is shown in 
Fig. 132 of Ca

3
AI

2
Si 

3
0

12 
(garnet). Bombardment 

with 6 x 1020 neutrons/ cm 2 produces amorphism 
in this crystal. The smearing of x-ray line profiles 
is exhibited in Fig. 133 for AI

2
(0H)

2
Si04 (topaz), 

through a sequence of Weissenberg patterns. 
Diffractometer measurements on single crystals 
irradiated with 4.5 x 10 20 neutrons/ cm 2 showed 
axial expansions for a

0
, 2.87%; b

0
, 0.53%; and 

c0 , 2.05%. With these large lattice parameter 
shifts it is not surprising that x-ray reflections 

UNCLASSIFIED 
PHOTO 47396 

Fig. 131. Be3 AI 2 S; 6o18 (Beryl). Laue transmission photographs, x-ray beam parallel to c axis; (a) unirrodiated, 

(b) after irradiation with 2.8 X 10 20 neutrons / cm 2
• 
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UNCLASSIFIED 
PHOTO 47393 

Fig. 132. Ca 3 AI 2Si 30 12 (Garnet). Laue transmission photographs, x-ray beam parallel to a axis; (a) un-

irradiated, (b) after irradiation with 2.53 X 10 20 neutrons/ cm
2

• 

Fig. 133. AI2(0H)2Si04 (Jopaz). Weissenberg photographs, zero level (Okl) projection; (a ) unirradiated, 

(b) after irradiation with 3.6 X 10 20 
neutrons/ cm 2, (c) after irradiation with 4.5 x 10 20 neutron 5 / cm 2, 

are h~avily broadened. After irradiation with 
6 x 10 20 neutrons/ cm 2 this crystal also becomes 
completely amorphous. 

A third example of radiation- induced amorphism 
in cilicatcs is z.Si04 (zircon), which is com
pletely disordered after irradiation with 6 x 10 20 

neutrons / cm 2
• Here also the progressive growth 

of amorphous regions within a distended crystal 
matrix is seen after successive lower dosages of 
irradiation. Annealing a crystal at 1600° C which 
is only partially amorphous after irradiation with 
3.6 x 10 20 neutrons/ cm 2 produces recrystallization 
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on the skeletal single-crystal matrix to a more 
perfect structure. This is exhibited in the 
precession photographs shown in Fig. 134. 

Oxides with a Higher Degree of Radiation 
Stability 

Single crystals of MgO, Al 2 0
3 

{sapphire), and 

Ti0
2 

(rutile) have been subjected to integrated 
fast-neutron fluxes in excess of 1020 neutrons / em 2• 

Preliminary studies indicate that Ti0 2 is the 
most stable material of the three, because single

crystal diffraction patterns taken after irradiation 
with 1.1 x 1020 neutrons/ cm 2 show no lattice 

distortions or imperfections and no lattice 
parameter shifts, within the limits of measurement. 
Exposure of MgO to 1.8 x 1020 neutrons/ cm 2 

produces a small lattice expansion (0.17%), but 
the over-all lattice perfection is little altered. 

Sapphire (AI
2

0
3

) was irrad iated to a higher 
dosage, 6 x 1020 neutrons / cm 2, and showed 

significant lattice parameter shifts, but, again, 
single-crystal diffraction patterns show that a 
high degree of perfection is retained. After this 
dosage, a

0 
expands 0.3% and c0 lengthens 0.45%. 

Effects in Crystals Due to Thermal-Neutron 
Reactions 

Crystals which contain fissionable nuclei as 
constituents of their lattices are interesting 
materials from a radiation damage viewpoint 
because of the immense amount of energy which 
can be dissipated over short distances. 

By employing the natural boron content of the 
crystal NaMgB

3
Si

6
0

27
(0H)

4 
(tourmaline) as the 

fissionable source, amorphism is produced after 

exposure to 7.8 x 10 19 thermal neutrons / cm 2
• 

The reaction which produces the heavy charged 

(a) 

particle is as follows: B10 (n, a )Li 7 + 2.4 Mev, 
natural cross section 750 barns. The total energy 
as given is divided between the alpha particle 
and the recoi I nuclei, and the very large cross 
section makes the reaction attractive for producing 

damaging effects. 

Similarly, AI
2
0

3 
{sapphire) single crystals 

containing natural lithium (0.15% Li 20) as a 
substitutional replacement for aluminum were 
exposed to an integrated neutron flux of 1.8 x 10 20 

neutrons/ cm 2 and were subjected to fast -neutron 
bombardment as well as charged-particle irradiation 
due to the following reaction for thermal neutrons: 
Li 6 (n, a )H 3 + 4.8 Mev, natural cross section 
70 barns. X-ray transmission patterns of this 
crystal, using unfiltered and monochromoti c 
radiation, ore shown in Fig. 135. It is seen that 
the Laue reflections remain sharp and intense but 
that a diffuse scattering pattern containing a 

symmetry related to the crystal diffraction sym
metry is produced as a result of irradiation. 
Small distentions of the lattice, amounting to 

+0.20% in a0 and +0.21% in c0, were measured. 
Unfortunately, in this case, the effects of fast 
neutrons and heavy charged particles are super
imposed, so that the real contributions of the 
latter were not determined. 

An exceptionally clear case for the differ
entiation of fast-neutron effects and fission 
fragment effects is seen in the case of natural 

Zr0 2 (boddeleyite). More often than not, natural 
samples of this oxide contain uranium and thorium 
impurities in concentrations ranging as high 
as 1%. Polycrystolline samples of the oxide 
containing measured concentrations of uranium 
impurities were measured by the Debye-Scherrer 
method before and after several irradiations. At 

Fig. 134. ZrSi0
4 

(Zircon). Precession photographs, zero level (hOi) projection; (a) unirrodiated, (b) after 

irradiation with 3.6 x 10 20 neutrons / cm 2, (c ) same as (b) after annealing at 1600° C. 
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the same time synthetic single crystals and 
powders of pure oxide were exposed to reactor 

neutrons for prolonged irradiations as well. The 
results 29 of this experiment were that the 
monoclinic structure of Zr0 2 is stable under 
fast-neutron bombardments as high as 3.6 x 1020 

neutrons / cm 2 but that the monoclinic structure 
transforms to the high-temperature face-centered 
cubic phase upon fission-fragment irradiation. 
The fission reaction producing this crystal trans
formation is as follows: U 235{n,f)fission frag
ments + 160 Mev, natural cross section 3.92 

29
M. C. Wittels and F . A. Sherr ill, Phys . Rev. 

L e tters 3, 176 (1959) . 
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barns. Although the cross section for the reaction 
is small, the amount of energy dissipated by the 
pair of fission fragments is enormous. By 
measuring the fraction of trans formed material in 
partially transformed crystals {Fig. 136) it can be 
determined that the energy dissipated by a pair of 

fission fragments in Zr0
2 

affects 2 x 106 atoms, 
thereby causing a transformation in a small 

0 
region ""' 140 A in diameter. The stability of the 
crystals when exposed to fast neutrons alone 
indicates that the transformation mechanism is a 
"fission spike," whereby a small localized 

region is heated above the transition temperature 
and rapidly quenched. 

Fig. 135. AI 20 3 (Sapphire) Containing 0.15% Li 20. Laue transmission photographs, x-ray beam parallel to 

c axis; (a) unirradiated, (b) after irradiation with 1.8 X 10 20 neutrons / cm 2, (c ) transmission photograph of (b) using 

monochromatic Ma K a radiation. 

(a) (b) (c) (d ) (e) 

UNCLASSIFIED 
PHOTO 47397 

Fig. 136. Zr0
2 

(Baddeleyite). Debye-Scherrer photographs of samples irradiated with fission fragments; (a) un

irradiated, (b) after irradiation with 7.66 X 10 14 fission fragment pairs•cm-
3

, 5% transformed, {c) after irradiation 

with 6.67 x 10 15 fission fragment pairs•cm- 3, 50% transformed, (d) after irradiation with 1.07 X 10
16 

fission frag

ment pair5•cm- 3, 80% transformed,( .,) uflt~r irrudiation with 3.39 X 10 16 fission fragment pairs•cm-
3

, completely 

transformed, 
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Phase Transitions Due to Fast•Neutron 

I rradi at ion 

The compounds BaTi0 3, KNb0 3, and PbTi0 3 
are perovskite-type crystals that deviate from 
ideal cubic symmetry at room temperature and 
tran s form at higher temperatures to the cubic 
pha s e. When exposed to fast -neutron dosages in 
exc e ss of 1019 neutrons/ cm 2, these crystals 
transform 30 •31 into the high-temperature cubic 
modification. The transformation in BaTi03 
proceeds by the anisotropic growth of the 
tetragonal axes (Fig. 137). In unirradiated 
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Fig. 137. Lattice Expansion of BaTi03 as a Func

tion of Fast-Neutron Dosage. 

BaTi0 3, at the upper Curie temperature (120°(), 
thermal atomic mot ion is sufficient to overcome 
the weaker restoring force perpendicular to the 
c axis and the subsequent transformation into the 
cubic phase. In the irradiated crystal, at a lower 
temperature (85°C), the internal strains produced 
by interstitial atoms are probably similarly 
rei ieved by a growth in the weaker directions. 
The annealing behavior of the transformed crystal 
(Fig. 138) shows the remarkable thermal stability 
of the irradiated material. After annealing at 
1000°( , the crystal is sti II cubic but with a 

30 M. C. Wittels and F. A. Sherr i ll, ]. Appl. Phys. 
28, 606 (1957). 

31 M. C. Wittels, Bull. Am. Phys. Soc. 4, 285 (1959) . 
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lattice parameter equivalent to that of the original 
tetragonal c axis. After annealing at 1550°(, 
the crystal is still cubic but the lattice parameter 
then jumps downs to that of the original tetragonal 
a axis. In effect, the combination of irradiation 
and annealing results in a transformed crystal 
with a smaller volume than the original unirradiated 
crystal. Through the entire irradiation and 
annealing procedure the single-crystal structure 
is retained. 

The results of fast-neutron irradiation in KNbO 
and PbTi0 3 are very sim i lar to those for BaTi03~ 
with the exception that the irradiation - induced 
phase transition is observed at lower dosages 
(4 x 10 19 neutrons/ cm 2); KNb0 3 is orthorhombic 
at room temperature but transforms to a tetragonal3 2 

cell at '"" 228°( and into a cubic structure at 
'"" 435 °C. After irradiation with 4 x 10 19 
neutrons/ cm 2, the Laue transmission photographs 
(Fig. 139) show the distortion induced by the 
bombardment, together with diffuse scattering that 
was seen from irradiated BaTi0 3 (ref 30). 
Precession, Weissenberg, and powder patterns 
confirmed the formation of a perovskite-type 
crystal as a result of neutron irrad iat ion . An
nealing these transformed c rystals at 1000°( 
produced only small lattice parameter shifts, but 
the cubic crystals retained their perovskite- type 
symmetry. 

32 E. A. Wood, A c ta Crys t. 4, 353 (1951) . 



The compound PbTi0 3 is tetragonal 33 at room 

temperature and transforms into a perovskite-type 

cubic structure at "-' 490° C. Figure 140 shows 

the Laue transmission patterns of a crystal 

irradiated with 4 :·~ 1019 ncutrons / cm 2• Note the 

exact identity of the two projections, indicating 

33 G. Shirane and S. Hoshino, ]. Phys. Soc. j apan 6, 
265 (1951). 
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the higher symmetry. The annealing behavior of 

irradiated PbTi0 3 is similar to that for KNb0 3, 

since the transformed cubic crystal is thermally 

stable and retains its cubic symmetry. 

Macroscopic Integrity of Neutron• Irradiated 

Crystals 

None of the crystals discussed in this review 

suffered any obvious macroscopic damage such as 

UNCL ASSI FIED 
PHOTO 47398 

Fig. 139. KNb0 3• Laue transmission photographs, x-ray beam parallel to c axis; (a ) unirradiated, (b) after 

irradiation with 4 X 1019 neutrons / cm 2, 

UNCLASSI FlED 
PHOTO 47399 

Fis. 140. PbTi03• Laue transmission photographs, both after irraJiut ion with 4 x 10 19 
neutrons / cm 2; (a) x-ray 

beam parallel to tetragonal c ax is , (b ) x-ray beam parallel to tetragonal a ax is. 
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cracks, bubbles, or flaws as a result of fast 
neutron irradiat ion. Although volume changes 
ranging from a few tenths of a per cent to more 
than 14% were produced it is notable that natural 
crystal faces were left unperturbed. An interesting 
if somewhat unrelated effect is the strain pattern 

ind uced 1n irradiated and annealed Brazilian 
twinned quartz (Fig. 141) . This twinned crystal 

was irrad iated with 7.6 x 10 19 neutrons/ cm 2, 

still retaining some long-range order, and then 
annealed at 950°C for 30 min. Note the develop
ment of slotted holes within the twin bands and 
the associated strains which are visible in 

polarized light. 

Discussion 

The structural effects of irradiation upon non
metallic crystals are highly variable, as deter
mined by x-ray diffraction techniques. Some 
crystals become amorphous after bombardment 
with fast-neutron fluxes as little as 1.6 x 1020 

neutrons / cm 2 (quartz), while others display a 

high degree of perfection even after irradiation 
dosages as high as 8 x 10 20 • There are no clear
cut answers to explain these wide differences in 
stability, but it would appear that the type of 
binding, atomic packing in the lattice, and crystal 
structure all play a role in the ultimate stability 
of a crystal under fast-neutron bombardment. 

Those crystals which contain more ionic binding 
appear to be more resistant to radiation effects, 
but this does not seem to be a useful general 
rule. It should be pointed out that this possible 
explanation was first given by Goldschmidt and 
Thomassen 34 in their study of the so-called 
metamict crystals. 

If displacements are produced in an anisotropic 
crystal, however, the effects which are observed 
are invariably anisotropic as well. As a result, 
lattice parameter shifts in such crystals are 

anisotropic, and bombardment- induced defects 
are often strategically trapped, thus restricting 
normal thermal atomic motion. From these effects 
one finds irrad iation-induced phase transitions to 
high - temperature forms and a very high thermal 
stability for the transformed crystals, as well. 

In addit ion to the effects due to fast neutrons, 
a few examples of effects due to charged-particle 
irradiations employing thermal -neutron reactions 
with the B 10 nucleus and the Li 6 nucleus have 
been investigated. 
found to be due 
fission frogmen ts 

Another phase transition was 
to the energy dissipated by 
in a crystal lattice (Zr0

2
), 

34v. M. Goldschmidt and L. Thomassen, Skri fter 
Norske V idenskaps-Akad. Os lo. /. Mat.-Naturv. Kl. 
1, No. 5, 58 (1924). 

Fig. 141. Quartz Crystal. Braz i lian twins viewed parallel to c axis in polarized l ight; irrad iated w ith 7.6 x 10 19 

neutrons / cm 2 and annealed for 30 min at 950° C. 
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and again. the transition was to a more sym

metrical high-temperature form. From this anal

ysis it was found that the energy dissipated by a 

single fission fragment in ZrO affected ""106 
2 

atoms through what is believed to be a "fission 

spike" mechanism. 

The displacement of atoms in nonmetallic 

crystals by knock-on collisions produces inter· 

stitials, vacancies, and complex aggregates. 

When the concentrations of these defects are 

sufficiently high, x-ray reflections are broadened, 

I ott ice parameters are distended and often a I I I 

diffuse x-ray scattering appears in diffraction 

patterns of irradiated crystals. It· is interesting 

to note that crystals which suffer volume changes 

as high as several per cent continue to retain 
macroscopic integrity. 

FISSION FRAGMENT DAMAGE IN ZIRCONIA 

M. C. Wittels F. A. Sherrill 

The effect of fission able impurities on the 

structural integrity of Zr0
2 

in a thermal-neutron 

environment was studied. The following has 

been published in the open literature: 

Fission Fragment Damoge in Zirconia. 35 M. C. 

Wittels and F. A. Sherrill. - Polycrystalline samples 

of Zr0 2 containing known concentrations of fissionable 

impurities were subjected to thermal-neutron dosages 

at irradiation level,; capable of producing partial 

transformation from the monoclinic to the cubic 

structure. By determining the fraction of trondormed 

material in partially transformed crystals it can be 

estimated that ""2 X 106 atoms are affected by each 

fission-fragmP.nt pnir through a "fission spike" 

mechanism. Contrary to earlier beliefs, it was also 

determined that pure monoclinic ZrO is stable under 
2 

fast-neutron dosages as high as 3.6 X 1020 ntll. 

35 M. C. Wittels and F. A. Sherrill, Phys. Rev. 
Letters 3, 176 ( 1959). 
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MAGNETIC SUSCEPTIBILITY OF POTASSIUM 

RHENIUM CHLORIDE 

E. Sonder 

Measurement of the magnetic suscepti bi I ity 

of K
2
ReCI

6 
was motivated by the di·scovery of a 

number of anomalies in the specific heat of that 

compound. 36 Speci fie heat peaks were observed 

at 76, 103, and 111°K, and it seemed probable 

that some of these were due to magnetic changes 

in the material. 

A small amount of powdered K ReCI was 2 6 
placed in a cavity in a small (0.5 x 0.5 x 2 em) 

piece of fused silica and measured in that con· 

tainer. Since the magnetic susceptibility of 

fused s iIi co is independent of temperature 

(actual measurement of the empty container 

confirmed that X was temperature-independent 

except for a very small paramagnetic term below 

l0°K, for which a correction of about 1% was 

made), it was possible to separate the para

magnetic component of the K 
2

ReCI
6 

from the 

temperature-independent diamagnetic contributions 

of the silica and the rhenium compound. Normal

izing in the vicinity of room temperature to the 

known 37 expression X = 3.5 x 10- 3/(T + 57) 
yielded the curves shown in Fig. 142. 

The reversal in the temperature dependence of 

X near 15°K was unexpected, indicating that an 

anti ferromagnetic phase might be present at I ow 

temperatures. However, the temperature of the 

reversal is nowhere near the temperature of the 

specific heat anomalies. On the other hand a I 

closer look at the curve of llx vs T does indi

cate that deviations from the p Curie-Weiss law 

become apparent at temperatures much higher 

than the 15°K at which the reversal of the slope 

occurs. 

36 R. H. Busey, H. H D d Q V L • earman, an • • arson, 
Chern. Semiann. Prog. Rep. june 20, 1956, ORNL-2159, 
p 11-16. 

37 C. M_. Nelson, Magnetochemistry of Technetium 
and Rhenzum, Doctoral Thesis, University of Tennessee 
(1Y!i2). · 
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POLYMERS AND CERAMICS 

0. Sisman W. W. Parkinson, Jr. C. D. Bopp 

A major objective of the investigation of the 

effects of radiation on organic polymers and 

ceramics is to obtain information on which to 

base the selection of nonmetallic materials for 
use in reactors and for the prediction of service 

lifetimes of these materials in reactor uses. The 

studies are also directed toward providing funda

mental information about the nature of the changes 

produced by radiation. 

The current investigations of organic polymers 
are aimed at determining changes in molecular 

structure, measurement of the radiation energy 

required for cross-linking or scission of various 
po.lymers, and determining the influence of vari

ables of the radiation field or of the physical 

state of the polymer. Changes in molecular struc

ture are being studied by infrared spectrometry 

and by measurement of the gaseous decomposition 

products. Cross-linking and scission are measured 

by changes in molecular weight. 

The studies of ceramics include changes in 

physical properties and certain changes in com

position, specifically, loss of water. The physical 

properties which are being measured are elastic 

modulus, density, hardness, thermal conductivity, 

and specific heat. These properties provide in
formation about changes in structure as well as 
engineering information. · 

In the mixed radiation and energetic-particle 

field of a nuclear reactor, the energy imparted to 
on i rrod i a ted matP.r i o I rlepends on the P.neroy 

spectrum of the neutrons and gamma radiation and 

on the composition of the irradiated material. 

Rather than measure the exact energy spectra 

it has been found that satisfactory approximations 

of the energy deposited in sample materials of 

known composition can be obtained from measure

ments of the energy deposition in seleded ele

ments by the components of the radiation field. 

Such a monitoriil9 program is of J.ll'ime importance 

in the study of radiation effects on nonmetallic 

materials, since energy absorbed both from the 

gamma radiation and from the energetic neutrons 

produces large changes in the materials. 

During the period of this report, most of the 

personnel working in this program have been in

volved in writing chapters for two books. As a 

result, some of the problems discussed in previous 

reports have been inactive during the past year. 

One of the books is an AEC-sponsored project, 

Radiation Effects in Organic Materials; the other 

deals with the uses of various sources of radiation 

in the study of radiation effects, to be published 

by Pergamon Press under the editorship of A. 

Charlesby. 

POSTIRRADIATION MOLECULAR WEIGHT 

CHANGES IN POLYMETHYL METHACRYLATE 

W~ W. Parkinson D. Binder W. K. Kirkland 

An investigation of the radiation-induced scission 

of polymethyl methacrylate revealed that the mo

lecular weight of this material continued to change 
after removal from the radiation field. The post

irradiation change in a physical property is of 
importance in the measurement of radiation effects, 

ai"though it has been known for several years 

that free rod i co Is and perhaps other reactive 

species are trapped in solid polymers during ir
radiation.1•2 

Samples of polymethyl methacrylate were sealed. 

in Pyrex glass tubes after evacuation to 2p. 
for 24 or more hours. The samples were then 

irradiated in a Co 60 source and stored at room 

temperature in their evacuated capsules for periods 

up to 500 hr. At the end of the storage period, 

the capsule was opened and the sample was 

dissolved in chloroform for viscosity measure

ments. The solution viscosities were converted 
to molecular weights by the relations: 

where (ry] is the intrinsic viscosity 

extrapolation to zero concentration, 

viscosity average molecular weight, 

the number average molecular weight. 

obtained by 

M is the 
v 

and M is 
n 

Three series of specimens were irradiated ini-

tially. Two were irradiated at an intensity of 

1 
R. J. Abraham et al., Trans. Faraday Soc. 54, 1133 

(1958). 
2

L. A. Wall and D. W. Brown, f. Research Nat/. Bur. 
Standards 57, 131 (1956). 

177 



SOLID STATE PROGRESS REPORT 

about 10 7 rads/hr to total doses of 1.36 and 
0.82 x 106 rods, respectively. The third series 
was irradi.ated at 10 6 rads/hr to 1.35 x 10 6 rods. 
For convenience in evaluating the radiation and 
aging effects, the data were plotted in terms of 
the number of molecules per gram, Lnversely pro
portional to molecular weight, since each radiation
induced scission produces one new molecule. 
Figure 143 shows the increase in number of mole
cules. per gram with postirradiation storage time. 

To investigate the possibility that .dissolved 
oxygen in the specimens was giving rise to the 
postirradiation instability through the formation 
of an unstable oxidation product, another series of 
specimens was prepared. These specimens were 
e~acuated at 140°C for 24 hr at 2p. before sealing 
the sampl~ tubes prior to irradiation. This series 
was irradiated at 106 rads/hr to . a dose of 
1.35 x 106 rods. The specimens were stored, fol
lowing irradiation, for suitable periods at room 
temperature, as before. The number of molecules 
per gram varied as .a function of time in these 
specimens (Fig. 144) in a manner which was 
approximately the same as that of the specimens 
outgassed at room temperature. 
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Fig. 143. Scission of Polymethyl Methacrylate Fol-

lowing Irradiation. Samples evacuated at room tem-
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Fig. 144. Scission of Heat-Treated Polymethyl Meth-

acrylate Following Irradiation. Samples irradiated to 

1.35 X 10 6 rods at 106 rads/hr; 

In an effort to deactivate the reactive species, 
two additional series- of specimens were irradiated 
at room temperature ·and then heated to 80°C for 
1 hr. These specimens also received a dose of 
1.35 x 106 rods at a rate of 106 rads/hr; One of 
these series had been evacuated ·at room tem
perature, the other at l40°C for 24 hr, during 
encapsulation prior to irradiation .. After the post
irradiation heat treatment both series were aged 
at room temperqture in their evacuated· irradiation 
capsules. As in the earlier series, capsules were 
opened at intervals for disscil.ution of the samples 
and for ·viscosity measurements. As shown in 

Fig. 144, the postirradiation heating produced 
about the same increase in the number of mole
cules per gram {decrease in average molecular 
weight) as had aging at room temperature for 
500 hr. Subsequent to the heat treat_ment, a slow 
decrease in number ~f. molecules per gram {in
crease in molecular weight) was observed, ap
parently from a ·recombination or polymerization 
reaction. 

The experimental data were treated analytically, 
according to equations. derived f~om two possible 
reaction mechanisms .. T.he first possible mecha
nism was that qf th~ conventional thermal depoly
merization chain reaction. Rate constants and 
activation energies available f~om the literature 3 

. 3 N •. Grcissie, Chemi~try of High Polymer Degradation 
Processes, · p 40, lnterscience Publishers, Inc., New 
York, 1956. 



were used to calculate the number of molecules 
as a function of time. The results were consider· 
ably higher than the experimental values, possibly 
because the measured values represented the 
number of molecules of average molecular weight, 
while the pub I i shed reaction rate constants repre
sent the production of the much smaller monomer 
molecules. 

The second possible mechanism examined was 
slow inactivation of the free radicals during 
storage, with immediate bimolecular coupling of 
any remaining radicals at the instant of dissolu
tion for viscosity measurements. The application 
of equations derived from these ·reactions to the 
experimental data leads to concentrations of free 
radicals and reaction rate constants differing by 
orders of magnitude from pub I i shed values. 

For the purposes of practical testing, it may 
be concluded that heating to 80°C for 1 hr, fol
lowed by 24 hr of storage at room temperature, 
will give molecular weights within 5% of that 
after 500 hr of aging at room temperature. 

INFLUENCE OF THE PHYSICAL PROPERTIES 

OF POLYMERS ON THE EFFECTS 

OF RADIATION 

W. W. Parkinson J. E. White 4 

W. K. Kirkland 

In the previous report 5 differences in the radi
ation energy required for cross- I inking in oriented 
and random samples of polystyrene were described. 
Because of the method of preparation, there were 
differences in the thickness and perhaps in ox· 
ygen content of the specimens, in addition to the 
ditferences in molecular orientation. Further ex
periments on randomized samples have been per· 
formed to determine the effect of thickness and 
heating in air on the behavior under irradiation. 

The thicknesses of the oriented and random 
specimens in the earlier work were 0.010 and 
0.080 in., respectively. Randomized specimens of 
these thicknesses have been irradiated for two 
irradiation doses. The thickness of the specimens 
appears to influence the energy required for 
cross-linking, with the thinner specimens requiring 
less energy per cross link. This thickness effect 

4Summer Research Participant, Lafayette College, 
Easton, Pa. 

5w, W. Park in!<on P./ a/,, Solid St.ata Ann. Pro g. Rep. 
Aug. 31, 1958, ORNL-2614, p 117. 
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is in the direction to contribute to the difference 
in cross-linking energy observed earlier 5 between 
the thin, oriented specimens and the thicker random 
specimens. 

The magnitude of the thickness effect at the 
higher doses is adequate to account for the dif
ference observed between oriented and random 
specimens. At lower doses, however, the dif
ference in cross-linking energy for oriented and 
random specimens appears to be real and to 
exceed the effect of differences in thickness. 

Specimens are now being prepared in various 
thicknesses and with different heat treatments 
to determine whether the thickness effect is 
caused by reactive material generated during ir
radiation or during the preirradiation heat treat
ment. Exposure of the specimens to air after 
irradiation has indicated that thickness effects 
are not due to postirradiation oxidation of the 
thin samples. 

RADIATION STABILITY OFDEUTERATED 

BASIC BERYLLIUM ACETATE COMPLEX 

W. W. Parkinson 

Beryllium forms an unusual series of complex 
derivatives with monobasic carboxylic acids. 
These complexes are volatile, non ionized, soluble 
in hydrocarbons but insoluble in water. The best 
known of these complexes is basic beryllium 
acetate which has the formula Be 40(0COCH 3)

6
• 

This compound melts at 285-2860C and boils 
without decomposition at 330°C. 

The completely deuterated compound is similar 
in properties to the hydrogen compound. The 
stability of the complex and the nuclear properties 
of the elements in the deuterated compound have 
led to the suggestion that it be used as a mod
erator in nuclear reactors. 6 One of the decisive 
criteria in such an application is the stability 
of the material in the neutron and gamma-radiation 
field of a nuclear reactor. The gas evolution and 
weight loss of the deuterated compound resulting 
from irradiation in a Co 60 source have been 
measured by Roilier and Maxi a. 7 A series of 
irradiations has been carried out in the ORNL 
Graphite Reactor to determine the effect of the 

6M. A, Roilier, Second U.N. Con{. on Atomic Energy, 
1958, paper 2325. 

7M. A. Roilier and V. Maxia, Nucleonics 17(5), 162 
(1959). 
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combined neutron and photon bombardment en
countered in reactor service. Gas evolution was 
measured as an indication of decomposition, and 
the melting point and x-ray diffraction pattern 
were determined in order to show changes in 
the residual solid. 

The material was in the form of a white powder, 
supplied by M. A. Roilier, University of Cagliari, 
Sardinia, Italy. The powder was baked at 80°C 
for 3 hr under about 30 mm Hg pressure to remove. 
occluded gas. Samples were then weighed into 

quartz . tubes· of 10 mm diame~er which had a 
standard-taper male joint conta-ining a breakoff-tip 
closure at one end. Aluminum foil was tamped 
into the irradiation tube to act as a heat reflector. 
The tube was evacuated to 2/l Hg pressure for 
24 or more hours and sealed. The irradiation tube 
was ·then wrapped in aluminum foil along with a 
cobalt ·monitor foil (3-5 mg) and inserted in a 
watertight alumi~um can. 

irradiations were carried out in water-cooled 
Hole 19 in the Graphite Reactor for periods up 
to 400 hr. The thermal-neutron flux in· this facility 
is 6 x .10 11 neutrons•cm-2 ·sec- 1• ·The fast-neutron 
flux is about one-tenth of this, while the gamma 
radiation intensity is about 200 r/sec~ The cooling 
water temperature. is -15-20°€. 

After irradiation, the .irradiation tubes ·were con-. 
nected to a gas. collection apparatus· consisting-
of a. nitrogen-cooled .trap; a- Toepler .pump,_ three. 
bulbs of known volume, and a mercury man9meter. 
The gas evolved by radiation was then trans
ferred and measured in the calibrated bulbs, with 
the trap at I iquid-n itrogen temperatures. The I iqu id 
nitrogen was removed from the trap, and the gases 
condensable at -190°( were measured .. The gas. 
evolved per gram of sample is plotted in Fig. 145 
vs reactor exposure, express~d in terms of energy 
deposited per gram of sample by both neutrons 
and gamma radiation and in terms of integrated 
thermal-neutron flux. 

The melting points of the specimens were de
termined in a copper-block apparatus which held 
several capillary sample tubes in contact with 
a thermometer bulb. The copper block was elec
trically heated, at 2-3 deg/min in the melting 
range, and the sample tubes were observed through 
a viewing port. The melting points are shown in 
Fig. 146, as a function of radiation dose. 

Exposures are expressed in terms of energy 
absorbed per gram of sample, based on calorimetric 
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measurements in Hole 19, by Bopp. 8 These meas
surements yielded the energy imp~rted to the ele
ments hydrogen and carbon for a known thermo!
neutron flux. The values for these elements were 
converted to the energy deposited in deuterated 
basic beryllium_ acetate l:ty using the ratio of 
the energy deposited in deuterium to that de
posited in hydrogen and the ratio of the energy 
deposited in beryllium and oxygen to that de
posited in carbon. These ratios were calculated 

8c. D. Bopp, this report. 



from integra Is of the neutron spectrum and the 
neutron scattering cross section reported by 
Richardson, Allen, and Boyle. 9 

.The x-ray diffraction patterns of irradiated and 
unirradiated samples were obtained by conven
tional powder techniques. No changes were noted 
after irradiation. Very faint lines from BeO ap

pear~d in both irradiated and unirradiated samples. 
The minimum change in BeO content which could 
have been detected was probably 3-5% of the 
sample weight. 

The gas evolution measurements gave a G value 
(yield in molecules per 100 ev) of 0.52 ± 0.05 
for total gas. The G value for gases uncondensed 
at liquid-nitrogen temperatures was 0.41 ±0.04. 
The gas evolved was not analyzed, but the mixture 
would be expected to consist of H

2
, CO, CH

4
, 

C0 2, and H20, with the latter two making up the 
fraction condensed in the trap at liquid-nitrogen 
temperature. These G values are about twice 
the values reported for smaller gamma irradi
ations. 7 

Although no change was noted in the x-ray dif
fraction pattern of the samples after irradiation, 
the change. in melting point is an indication that 
the composition of the residual material has 
changed in some respect. The sensitivity of the 
x-ray determination was inadequate to detect the 
change in BeO content if it is assumed that three 
molecules of gas are evolved for one molecule of 
BeO produced. 

RADIATION STABILITY OF CERAMIC 

MATERIALS 

C. D. Bopp R. L. Towns 

The limit on the temperature for the service· 
Qbility of asbestos is ordinarily set by the loss 
of chemically combined water, since the strength 
is greatly decreased after the water is driven 
off. In order to investigate the effect of irradi
ation on the thermal stability, samples of Cassiar, 
Thetford, crocidolite, and amosite asbestos were 
irradiated in the isotope stringer of the ORR 
to an integrated thermal flux of 2 x 1020 nvt. 

(Roughly, the epithermal flux is of the same 

90. M. Richardson, A. 0. Allen, and J. W~ Boyle, 
U.N. Con(. on Uses of Atomic Energy 1955, paper 575. 
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order.) It is planned to measure the epithermal 
flux at this position with threshold detectors. 
The samples were all irradiated in the same 
quartz capsule, which was evacuated and then' 
filled with helium. 

The weight change was measured after heating 
in vacuum to 1000°C, at about 200°C/hr. In the 
present work, the best sensitivity was attained 
by weighing the sample and its container before 
and after heating. The weight of the quartz tube 
which was used as a sample container remained 
constant within 0.05%. The weight change was 
also followed during heating by measuring the 
change in the deflection of a spring, according 
to a method which has been described, 10 except 
that a Chromel spring was used and the deflection 
was followed with a differential transformer. 11 

The sensitivity was limited by a false signal 
due to the change in furnace alignment on heating. 
It is planned to remove this defect by increasing 
the clearance in order that the furnace wi II not 
contact the other apparatus. 

The preirradiation weight loss for the Cassiar 
and Thetford chrysoti le was 14%, corresponding 
to the water content. 12 Irradiation did not change 
the weight loss for the Cassiar asbestos, but the 
weight loss for the Thetford was increased to 20%. 
The difference in behavior may be associated 
with the carbonate content, since this may vary 
from zero to severo I per cent for different kinds 
of chrysotile. The temperature for the loss of 
water was not changed from 600 ± 50°C by the 
irradiation exposure, for either of the two kinds 
of chrysotile. The additional weight loss for 
Thetford asbestos occurred in the range from 
200 to 300°C. The weight loss of crocidolite 
asbestos changed from a preirradiation value of 
2% to a postirradiation value of 4%. It was not 
determined in what temperature range the addi
tional loss occurred. The weight loss of amosite 
asbestos was I es s than 1%, both before and after 
irradiation. It is planned to extend this study to 
longer exposures. 

10s. L. Madorsky, ]. Polymer Sci. 9, 133 (1952), 

ll C. Campbe II ond S. Gordon, Anal. Chern. 29, 298 
(1957). 

12c. Z. Corroii-Porczynski, Asbestos, The Textile 
_Institute, Manchester, Eng., 1956. 
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.ENERGY ABSORPTION IN A REACTOR 

·C. D. Bopp D. Binder R. L. Towns 

Calorimetric Measurements 

The energy absorption in a mixed radiation field 

may be separated into. the components from fast 

neutrons and from gamma radiation by measurement 

of the energy absorption in graphite and in a 

hydrogen-containing material. 13 The values de

t.ermined are listed in Table 20. The values for 

Hole 51 were determined with the modified calo

ri111eter, which is described below. The values 

for Hole 19 are the same values reported pre

viously 13 except that the correction to thin speci

mens and the correction to account for the effect 

of the thermo 1-neutron reaction with N 14 have 

been app I ied. . The I ower percentage of energy 
absorption from gamma radiation in Hole 19 as 
compared to that in Hole 51 resu Its from ·the 

shielding of the fission gamma radiation by the. 

graphite. The channel in the .graphite for Hole 51 
is larger than the ch~nnel for Hole 19. 

The calorimeter· described previously was modi
fied for use at higher temperature and high~r 

flux intensity by omitting the Styrofoam supports.· 

and i~sulators and by supporting the inner cyl

inders with wir.es (Fig. 147). As before, the tem

perature difference is measured across the .. air 

gap between' .. a heat shield surrounding_ the inner. 

cylinder and the .outer aluminum can; The copper 

foil employed previously for the heat shield was 

13c. D. Bopp, 0. Sismon, ond R. L. Towns, So)id 
StateAnn. Prog. Rep. Aug. 31, 1958, ORNL-2614, p 121 •. 

replaced with aluminum in order to reduce the 

energy absorption from the decay products of the 
thermo 1-neutron capture reaction. Sma II fluc

tuat i oris in the temperature of the coo I i ng water 
which surrounded the outer can in the previous 

design necessitated averaging readings taken 

over long periods. In the present design the outer 

can was made thinner (20 mi Is) in order to elimi· 

nate the need for cooling water, and no fluctuation 

in the reading was observed after the steady 

state was reached. The size of the inner cyl

inder ( ~ in. in diameter and 51g in. long) represents 

a compromise. A smaller size would give less 

self-shielding of the neutron and gamma fluxes; 

TO.POTENTIOMETER 

0 
I 

''2 I 
I 1. • I. 

INCH TO BATTERY 

UNCLASSIFIED 
ORNL-LR-DWG 34756 

I CAN 

Fig. 147. Schematic af Neutron and Gamma-Radiation 

Calorimeter. 

Table 20. Energy Absorption in the-Graphite Reactor at 3500 kw Power 

Position Element 
From Go,:,ma Radiation From Fast Neutrons 

X 10 17 X 10 17 

In Hole 51, in center of converter Hydrogen 6.1.±0.3 .· 0.70 

Carbon . 0.08 0.35 ± 0.02 

In Hole ·s1, outside the converter, Hydr(!gen 1.6 ± 0.2 0.20 

12 in. from center Carbon 0.02 0.10 ± 0.01 

1 
In Hole 19, Sf:! ft from center Hyd.rogen 1.5 ± 0.2 0.11 

toward north face Carbon 0.02 0.06 ± 0.01 
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however, the energy absorption from the decoy 
products of thermal-neutron capture by the support 
wires, heat shield, thermocouple, and heater 
would constitute a larger fraction of the total 
absorption. 

Calibration of the temperature difference in 
terms of energy absorption was obtained in a 
Co 60 source in which the radiation field was 
known from eerie sulfate dosimetry. Electric 
heaters in the inner cylinders provided a second 
means of calibration. Comparison of the two 
methods showed that, to produce a given tem· 
perature difference, about 10% more electrical 
energy was required than energy absorbed from 
the radiation field. This condition results be
cause more energy is lost by convection currents 
at the heater lead wires when the heater is hot. 
This effect was not significant in the previous 
design, since the heater lead wires were insu
lated with Styrofoam. Even though the electrical 
method does not give on absolute calibration, it 
is useful in testing the linearity and in testing 
the constancy of the thermal resistance. 

Energy absorption from decoy products from 
thermal-neutron reactions in the inner cylinder 
is appreciable only for the N 14 (n,p) reaction in 
the nylon cylinder. (Nylon, which was employed 
as a hydrogen-containing material, has the dis
advantage of having a 12% nitrogen content, 
but the advantages of having a high melting point 
and a high hydrogen content.) In accord with 

the difference in the energy absorption from fast 
neutrons to thermo I flux roti os for the two pos 1-
tions, the energy from the N14(n,p) reaction with 
thermal neutrons is 4% of the energy absorption 
from fast neutrons in the, converter in HoiP. .51 
and 25% in Hole 19. 

The number of first collisions with fast neutrons 
in a thick specimen is decreased by self
shielding. 14 Second collisions portly compensate 
for the decrease in first collisions. The inner 
nylon cylinder was approximated as a sphere of 
0.8 em radius, and a uniform source of neutrons 
from first collisions was token for the calculation 
of second collisions. For a fission spectrum, 
6% less energy is absorbed from fast neutrons 
than for a thin specimen; for the moderated spec
trum in Hole 19, 13% less. 

It is conceivable that the electron flux from 
the decoy of Al 2 8 in the outer con may contribute 
to the energy absorption in the inner cylinder. 
It is difficult to calculate this effect since a 
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spectrum of electron energies is involved and 

both elastic and inelastic scattering ore impor· 
tont. In order to test for on electron contribution, 

\-i n.-th i ck sheets of me thy I methacrylate were 
irradiated bare and sandwiched between %2- and 
3~ 6-in.-thick graphite sheets. The energy absorbed 
was determined by solution viscosity. 15 The re· 
duction by the shielding was approximately linear 
with graphite thickness and was (6 ± 2)% for 
3~ 6-in.-thick graphite. The reduction to be ex
pected only from attenuation of the gamma and 
neutron radiation is (5 ± 2)%. It follows that the 
contribution from Al 28 electrons for the sheets 
is less than 5% of the total energy absorption, 
or 10% of the gnmmo component. In order to re
late the effects for the sheet and for the cy I inder 
used in the colorimeter, it is necessary to know 
the absorption coefficient. The coefficient which 
gives the reduction in the number of electrons 16 

represents a lower limit, since it gives no measure 
of the softening of the spectrum, and it gives on 
upper limit for the effect in the cylinder as com
pored with the effect in the sheet. On this basis, 
the effect in the colorimeter is not greater than 
half that for the sheet, or the electron component 
is from 0 to 5% of the gamma component for Hole 
19. 

The calculation of the neutron component from 
the measurements for graphite and nylon is af
fected by the size of the electron component. For 
an electron component which is 5% of the gamma 
component, the calculation gives a neutron com
ponent 10% greater than if the electron component 
is negligible. This represents the uncertainty by 
which the results listed in Table 21 may be low 
for Hole 19 und for Hole 51 outside the converter. 
There is no effect inside the converter in Hole 51 
since the energy absorption to thermal flux ratio 

is several fold greater. Changes in the design of 
the calorimeter which would reduce interaction 
with thermal neutrons ore the use of graphite in 
place of aluminum for the outer con and the sub
stitution of a hydrogen-containing material which 
does not contain nitrogen for nylon. 

14 A, Weinberg and E. Wigner, The Pbysical Theory 
of Neutron Chain Reactions, p 714, Eq. 20.19, Univ. of 
Chicago Press, Chicago, 1958. 

15 0. Binder, W, W, Parkinson, and W. K. Kirkland, 
Solid State Ann. Prog. Rep. Aug. 31, 1957, ORNL-2413, 
p 100. 

16R. G. Baker and L. Katz, Nucleo.nics 11(2), 14 
(1953). 

183 



SOLID STATE PROGRESS REPORT 

Table 21. Neutron Flux i.n Holes 19 and Sl.of the G~aphite Reactor ... 

Hole .Position 
¢o 

x 10 11 

19 5.5 ft from center 0.33 ± 0.05 

51 Center of converter 0.30 

51 12 in. from center of converter 0.30 

Heutron F I ux Measurements 

The energy absorption from fast neutrons may 
be calculated from foil activation data, from 
which a neutron flux spectrum is derived. The 
accuracy of the calculation is dependent on the 
effect of· errors in the construction of the neutron 
flux spectrum. As a test of this method, the values 
derived from foil· activation data were compared 
to the calorimetric measurements made in Holes 
19 and 51. The input data ore shown in Table 
21. 

The flux per In E interval in an assumed 1/E 
spectrum is tabulated as ¢ 0• This spectrum is 
assumed to extend to 0.6 Mev and was measured 
outside the uranium converter in Hole 51 iw the 
cadmium ratios for several resonance r~actions. 

The va I ue at the center of the converter is as· 
sumed to be the same. The value of ¢ 0 in Hole 
19 is estimated from the thermal flux and cadmium 
ratios in similar holes in the pile. 

The flux greater than 0.6 Mev [¢(> 0.6 Mev)] was 
measured by the Np 237 fission re·action, 17 

[¢(> 1.5 Mev)] by the U238 fission reaction, 
[¢(> 3.0 Mev)] by the S32(n,p) reaction. The 
fluxes in Hole 51 ore given for the center of the 
converter and 12 in. from the center, or outside 
the converter. Subtracting the fluxes outside from 
those at the center, . the remaining values of 
[¢(>0.6 Mev)] arid [¢(> 1.5 Mev)] have a ratio 
within 7% of the ratio for a fission spectrum. It 
was therefore assumed that the converter added 
a fission spectrum to the spectrum outsid~ the 
converter. 

170. Binder, Solid State Ann. Prog. Rep. Aug. 31, 
1957. ORNL-2413, p 122. 
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Neutron Flux (neutrons•cm.,..2·sec..:..1) 

¢(>0.6 Mev) cp(> 1.5 Me~) ¢(>3.0 Mev) 

X ·10 ll x 10 11. X 1.0 11 

1.0 0.26 ±0.04 ·.· 0.08 

3.2 1.75 

1.09 0.51 

The spectrum outside the converter as· well 
as the spectrum in H;le 19, was ap~roximated 
by assuming a 1/E. variation below 0.6Mev. Above 
0.6 Mev the spectrum· was divided into blocks 
between 0.6 and 1.5 Mev, 1.5 and 3.0 Mev (or 
abo..,e 1.5 Mev), with average energies of 1.0 
and 2.3. Mev. The spect~um inside the converter 
is then the sum of a well-known fissionc9mponent 
anCJ an approximate block spe.ctr~m. The results 
of the calculation of. the· energy .absorbed' in 
hydrogen in Holes 19. and 51 for.. these ~pectra 
are shown in Table 22 along with the calo~imetric 
values. 

The ·two methods agree. wit~ in experimental 
error at the three positions in 'the .reactor, out 
the test is s.ensitive only at. the center of .the 
converter. At the other positions, the errors pre· 
elude any conclusi.on about the calculation of 
the energy· absorbed if foil .activation data are 
used. 

Table 22. Comporis·a~ of Energy Absorption in 

Hydrogen as Calculated fro~ Neutron Fl~x 
and Calorimetric: Measurements 

. ,·.·· 

Energy Absorbed in 

Hydrogen (ev•g -1 . -1 

Hole Position 
•sec ) 

Neutron 

F.l~x Co iodmeter. 

. ·•.·. 

' X 10 17 ~ 1017 
,. 

51 Center of conv;;rter 
.. 

5.8 ± 0~4 ± 0.3 6.1 

51 12 in. from center 1.8 ± 0.1 1.6 ± 0.2 

of converter 

19 5.5 ft from center .1.9 ± 0.2 LS ± 0.2 
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RELATIVE EFFICIENCIES OF NEUTRONS AND GAMMA RAYS 
IN POLYMER IRRADIATION EFFECTS 

D. Binder W. K. Kirkland R. L. Towns 

Poly.mers hove been irradiated in a reactor and 
in a cobalt gamma-ray source to determine the 
relative efficiencies of fast neutrons and gamma 
rays in producing irradiation effects. The results 
are compared to the heat absorbed, as measured 
by ca I or i rnetry, in order to determine whether 
neutrons or gamma rays are more efficient. The 
significant index for ·the fast-neutron effect on 
polymers is assumed to be the hydrogen content. 

In the present work the irradiation effects were 
studied at the same position in Hole 19 as the 

I . . 1 Th · ca or1metnc measurement. e prev1ous assump-
tion2 of symmetry relative to the center of the 
hole was found to be incorrect. 

In Table 23 the polymer effects and the calori
metric measu.rements are listed along· with the 
"gamma equivalents," or the coba It gamma-ray 
intensity equivalent to the reactor. The gamma 
equivalent is made up, in general, of two com
ponents, one from the hydrogenous fraction of the · 
substanc~ and one from the nonhydrogenous fraction. 
The nonhydrogenous fraction absorbs energy mostly 
from gamma rays, and the hydrogenous component 
mostly from neutrons. The agreement between the 

1c. D. Bopp et al., this report. 
20. Binder, W. K. Kirkland, and R. L. Towns, Solid 

State Ann. _Prog. Rep. Aug. 31, 1958, ORNL-2614, p 115. 

heat absorbed in graphite and the Teflon density 
increase indicates that the Teflon effect is caused 
mainly by gamma rays. 

To separate the hydrogen component from the 
gamma equivalent, the nonhydrogenous component 
must be subtracted. The latter is determined by 
multiplying the gamma equivalent for the heat 
absorbed in graphite by the weight fraction that 
is not hydrogenous, for each substance. This 
procedure determines the results listed under 
"hydrogen component" except for a correction for 
the N 14 (n,p)C 14 reaction in the nylon gassing 
reaction. The corresponding correction in the 
heat absorbed in nylon was canceled by another 
effect. 2 

The final column in the table, the "hydrogen 
sensitivity," is the hydrogen component divided 
by the weight fraction of hydrogen. For the calori
metric measurement, it is the gamma-ray intensity 
that would produce the same heat in hydrogen 
as the reactor, or approximately the gamma in
tensity equivalent to the reactor neutron intensity 
for pure hydrogen. The two cleavage reactions 
show a hydrogen sensitivity about half that in
dicated by calorimetry, and the gassing reactions 
show greater sensitivities. This indicates that 
the cleavage reactions have a lower efficiency 
for fast neutrons than for gamma rays, and that 
the gassing_ reactions have a higher efficiency. 

Table 23. Hydrogen Sensitivities for Polymer Effects vs Calorimetric Result 

Substance 

Teflon 

Lucite 

Polyisobutylene 

Graphite 

Nylon 

Allyl diglycol carbonate 

Nylon 

Polyethylene 

Reaction 

Density increase 

Viscosity decrease 

Viscosity decrease 

Heat absorbed 

Heat absorbed 

·Gassing 

Gassing 

Gassing 

Gamma 

Equivalent 

(r/hr) 

X 106 

0.45 

0.86 

1.05 

0.48 

1.38 

1.6 ± 0.2 

2.4 

2.3 ± 0.3 

Hydrogen Hydrogen 

Component Sensitivity 

(r /hr) (r/hr) 

X 106 X 106 

0.42 5.3 

0.64 4.5 

0.95 9.8 

1.2 ± 0.2 18 ± 3 

1.8 19 

1.9 ± 0.3 13 ± 2 
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EVALUATION OF THE ORNL GRAPHITE REACTOR 

M. C. Wittels 

Stored 

samples 

Graphite 

whether 

formed. 

energy measurements were made on 

of moderator graphite from the ORNL 

Reactor for purposes of determining 

an annealing operat-ion should be per

This work has been published, and an 

.abstract appears below: 

Evaluation of the ORNL Graphite Reoctor.
1 

M. C. 

Wittels. - Measurements were c_onducted at several 

laboratories, and. each of the laboratories mode dif

ferent ty.pe~ o{ stored ·energy meosurem~nts. in order 

t.ha·t ·independent ana lyses would be ovci.i lob le; The 

samples were cored from the most severely- damaged 

186 

region of tlie graphite mo4erot.or for the purpose of 

determining. the mos-t serious situation that exists. 

Favorable agreement between the different kinds of

measurements was obto in~ed, and it was estob I i shed 

that the stored energy content was at a reasonably 

safe level. It was shown that the growth of stored 

energy_ .. in ORNL Graphite Reactor graphite is con· 

siderobly retarded as a result of moderately high. 

operating temperatures, particularly during the summer 

months. 

1M. C. Wittels, US/UK Graphite Conference, Part I, 
p 64-81 (Mar. 16, 1959). 

•. ·.· 
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CRYOSTAT FOR HOLE 50, ORNL GRAPHITE REACTOR 

J. T. Howe W. E. Busby R. R. Coltman 

The cryostat irradiation facility described pre
viously 1 was installed in Hole 50 of the ORNL 

. .11 . 
Graphite Reactor. A flux of about 3 x 10 n;;f 

and 7 X 10 11 nv th iS OVO i lob le 'Jt 0 reactor pow~r 
of 3400 kw. ·The ambient temperature is about 
320°K. 

The cryostat consists of a 1 31a-in~-OD aluminum 
sample tube with a 2-ft-!ong heat exchanger at 
the inner end and a 2-ft-long stainless steel heat 
trap at the outer end. The cryostat readily ac
commodates samples up to 1 in. in diameter. A 
curved passage is provided through the Hole 50 
shield so that samples may be inserted or with
drawn during pile operation. This curved passage is 
made of a 1 ~ 6 -in.-ID telescopic tube on a 24 ~ 6 -
in. center line radius, as shown in Fig. 148. It 
is this radius which restricts the length of the 
sample, although, if it were necessary to irradiate 
a longer sample, the curved passage could be 
removed and a straight insertion could be made 
by removing the shield door. 

A line diagram of the helium circulating system 
is shown in Fig. 149. Helium from the cryostat 
passes through a counterflow heat exchanger in 
order to cool the helium from the compressor, so 
that the helium entering the compressor system is 
at approximately room temperature and the helium 
entering the liquid-nitrogen tan,k is at a tempera
ture ·appro1.1ching that of the gas from the cryostat. 
The amount of cooling required of the liquid 
nitrogen after steady operation has been attained 
is, therefore, little mo_re than the heat dissipated 
in the cryostat. The vaporized nitrogen gas' is 

1J. T. Howe, W. E. Busby, and R .. R. Coltmon, Solid 
State Ann. Prog. Rep. Aus. 31~ 19?8, ORNL-2n1.4, 
P n. 

utilized to lower the temperature of shields sur
rounding the nitrogen tank and the counterflow 
exchanger, so that the entire heat content of the 
nitrogen from liquid.to room temperature is utilized. 

The initial test of the cryostat indicates that 
about 50 I iters. of liquid nitrQgen i.s. required !o 
cool the low-temperature portions to operating 
temperature. The tank capacity is 50 liters; 
therefore, 100 liters is required to begin operation. 
Steady-state operation was maintained with 50 
liters/day. A helium flow of 16 scfm, with o 
heat load of 32 w.in the sample chamber, resulted 
in a helium temperature of 81°K to the cryostat 
and 88°K from the cryostat, with a sample tem
perature of 106°K. Full-capacity tests have not 
been made· and will be incorporated with future 
experiments .. · 

UNCLASSIFIED 
ORNL-LR-OWG 42770 

CURVED SAMPLE TUBE AND LOADING CAP 

Ci;. HOLE 50 

Fig. 148. Section Through Hole 50 Shield. 
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HIGH· TEMPERATURE REACTOR FUELS 

0. Sisman 

The study of the behavior of high-temperature 
reactor fuels is directed exclusively to the de
velopment of fuel materials for gas-cooled reactors. 
This work is being done in support of the EGCR 
(Experimental Gas-Cooled Reactor), the first gas
cooled power reactor in this country, and for more 
advanced gas-cooled reactors to be developed in 
the future. Materials of current interest are U0

2
, 

U0
2

- Th0
2

, BeO, UC, mixtures of UC and graphite, 
and to a lesser extent the cermets SiC-Si-U0

2 
and 

Cr-AI
2
0

3
-U0

2
• 

The fuel element for the EGCR will consist of 
uo2 pellets canned in stainless steel, and the 
most press ing need is for sufficient radiation 
damage data to guarantee a reasonable I i fe for 
the first fuel loading. At present, therefore, most 
of the work in this area is devoted to studying 
the breakup and movement of uo2 in various 
configurations proposed for the EGCR fuel element, 
and to the study of fission-gas release from uo2 
under varying conditions. 

It is antic ipated that the mechanism of fission 
product release will be a continuing fundamental 
problem for high-temperature fue Is. Other funda
mental studies that will be undertaken as man
power becomes ova i lable are thermo I conductivity, 
thermal expansion, specific heat, Young's modulus, 
strength, and changes in microstructure. 

Much of the work reported here has already been 
reported in deta i I in the GCR Quarterly Progress 
Reports. The discussions presented here have 
therefore been kept quite brief. The status of 
certain associated work (hot-cell development, in
pile thermocouple calibration, graphite and coated 
graphite for fuel element cladding) is also pre
sented. 

U0 2 IRRADIATION STUDIES 

M. T. Morgan J. F. Murdock 1 

M. F. Osborne J. Gooch 

A series of U0
2 

irradiations are being conducted 
in the LITR (Low-Intensity Test Reactor), ORR 
(Oak Ridge Reactor), GETR (General Electric 
Testing Reactor), and ETR (Engineering Test 

1 
Summer employee . 

J. G. Morgan 

Reactor). With the exception of the LITR, these 
are prototype or reduced prototype fuel elements 
proposed for the EGCR (Experimental Gas-Cooled 
Reactor). The LITR irrad iation samples (the only 
material that has been examined so far) are 
miniaturized (Fig. 150), and the U235 content is 
increased to produce accelerated burnup. Fission 
gas sampling was made after irradiation, and 
stability of the pellets was investigated. A 
summary of the operating conditions is given in 
Table 24, and the fission gas release data ob
tained thus far in Table 25. 

It is premature to try to relate the available 
fission gas release data to existing diffusion 
equations for fiss ion ·gas release because of un
certain ties in the temperature measurements and 
the difficulty of interpreting the effect of the 
temperature gradient between the inside and out
side of the fuel pellets. The data show that 
below central operating temperatures of approxi
mately 2250° F the atom ratio of radioactive gas 
existing outside the uo2 pellet (95% theoretical 
density) to the total existing at the time of 
sampling is small (-v 0.04%) and that the variation 
with temperature is less than 0.005% per 100° F. 
Only one capsule has been examined that had a 
centra I operating temperature higher than 2250° F. 
This capsule contained pellets of U0

2 
of 85% of 

theoretical density, and the central operating 
temperature was 2550° F. The fission gas Xe 133 

released was 9% of that existing in the pellet, 
which is more than 200 times that found for any 
of the lower-temperature experiments. It seems 
that this increase in fission gas release can be 
attributed mostly to temperature rather than to the 
decrease in density, because anot.her capsule 
containing pellets of 95% theoretical density 
evolved 5.5% of the Xe 133 existing at the time 
of heating when subjected to a postirradiation heat 
treatment at 2500° F. 

Postirradiation heat treatments of the encap

sulated U0
2

, in hel ium at 2100 and 2500° F, 
caused the evolution of considerable amounts of 
solid fission products. These data are shown in 
Table 26. The evolution of Xe 133 from capsule 
L-14 was 5.6%, compared with 0.02% before 
heating. 
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Experiment 

Number 

L-1a 

1 b 

L-2a 

2b 

L-3a 

3b 

L-4a 

4b 

L-6a 

6b 

L-7a 

7b 

L-8a 

8b 
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Fig. 150. uo2 Pellets from Capsule U02-1-1 After Irradiation. Hollow 

pellets, subjected to thermal stress, cracked radially and also, to a lesser 

extent, transversely. No fine powdering was observed. 

Table 24. Operating Condit ions for Miniature Capsules lrrad ioted in the LITR 

lrrad iation 
U02 Pellet 

Pe I let Pellet Central 
Date Present Theoretica I 

Enrichment Time Temperature 
Ins ta lied Status 

(hr) 
Density 

(% u23s) (o F) 
(%) 

10-23-58 Removed 2-25-59 2479 93.2 10 1850 

93.2 10 2100a 

2-25-59 Ruptured and removed 726 84.8 20 2480 

4·7-59 84.8 20 2540a 

5-19-59 Removed 8·10-59 1820 75 10 b 

75 10 

9-30-58 Removed 4-28-59 4194 92.5 10 2350 

92.5 10 2500a 

10-23-58 Removed 5-18·59 4208 73.6 10 2250 

74.2 10 2500a 

3-17-59 Removed 6-8-59 1750 95.3 10 2160 

95.3 20 2600a 

4-28-59 Removed 6·29-59 1324 84.6 20 2660 

85.0 20 

LITR 

Core 

Location 

C-47 

C-47 

C-47 

C-47 

C-28 

C-28 

C-42 

C-42 

C-28 

C-28 

C-57 

C-57 

C-47 

C-47 
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Table 24 (continued) 

lrrod iotion 
U02 Pellet 

Pellet Pellet Central LITR 
Experiment Dote Present Time 

Theoretico I 
Enrichment Temperature Core 

Number Ins to lied . Status (hr) 
Density (% u2Jsl f' F) Location 

{%) 

L-13o 11-11-58 Removed 6-8-59 4170 92.9 10 2230 C-46 

13b 92.9 10 2560a C-46 

L-14o 12-30-58 Removed 3-17-59 1565 94.7 20 2080 C-57 

14b 94.7 20 2260a C-57 

L-1.5o 12-22·58 Removed 4-7-59 2155 91.6 :.w 1620 C-58 

1Sb 89.7 20 2055
12 

C·58 

L-18o 4·28-59' Removed 6·29-59 1324 84.9 30 c C-42 

18b 85.2 30 C-42 

L-17o 4-7-59 Removed 8-10-59 2695 93.7 30 2410 C-58 

17b 93.8 30 260012 C-58 

L-11o 7-7-59 In operation 85 20 2140 C·47 

11b 85 20 2575 C-47 

L·16o 6·16·59 In operation 95 30 1950 C-57 

16b 95 30 2050 C-57 

L-18xo 7·7-59 In operation 85 30 2200 C-42 

18xb 85 30 2450 C-42 

L-21 o 8-11-59 In operation 20 1460 C-58 

21b 20 1690 C-58 

L-20xo 8-18·59 Ruptured on startup, 75 15 C-28 

20xb removed 8-18-59 75 15 C-28 

L-10 8-18·59 In operation 95 20 2800 C·44 

a Estimated from capsule wo II and "a" capsule center tempernture measurements. 

bCa leu Ia ted tempe;oture 3000° F; rhenium-tungsten thermocouple foiled during heotup. 

cColculoted temperature 2760°F; rhenium-tungsten thermocouple foiled during heotup, 

191 



_. 

"" ...0 0 IV r -0 

"" 
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'""' Table 25. Fission Gas Release from LITR Capsules 1'11 
"'0 
::0 
0 
() 

Central Temperature Pellet Irradiation uo2 Fission Gas Existing at Time of Reactor Shutdown Percentage of Existing Fission Gas Which ::0 
Capsule uo2 Difference 

Enrichment 
Flux Bum up Density (dis integrations/min) Escaped from the uo2 1'11 

Number Temperature Across U02 (neutrons• (Mwd/MT) (%of "" (% u235) Kr85m Kr88 1131 xe133 xe135 Kr85m Kr88 1131 xe133 xe135 "" (Of) (Of) cm-2•sec-1) theoretical) ::0 
1'11 

X 1013 "'0 
0 

U02-1-1* 1760 100 15 4,000 96 3.2 x 1012 5.8 X 1012 1.4 X 1013 5.6x 1012 0.026 1.3 X 10-4 9.1 x 1o-3 2,4 X 10-3 ::0 

'""' UOT1-2a* 1770 280 15 3.1 11,000 96 2.4 X 1013 1.9 X 1013 4.2 X 1013 7.8 X 1012 0.01 2.7 X 10-6 0.033 0.012 

uo2-1-2b* 2000 15 3.1 11,000 97 2.4x 1013 1.9 X 1013 4.2 X 1013 7.8 X 1012 0.02 4,9 X 10-6 0.033 0.012 

L-lo** 1600 300 10 2.8 8,000 95 

L-1b** 2100 10 2.8 8,000 95 

L-14o 2100 300 20 1.6 6,000 95 8.5 X 1012 2.1 X 1013 1.7 X 1013 3.8 X 1013 1.1 X 1013 0.029 0.011 1.3 x 1 o-5 0.014 0.006 

L-14b 2200 20 1.6 6,000 95 8.5x1012 2.1 X 1013 1.7 X 1013 3.8 X 1013 1.1 X 1013 0.057 0.019 1.7 x 10-5 0.029 0.017 

L-15a 1600.- 200 20 1.4 7,000 95 7.1x1012 1.8x 1013 1.6 X 1013 3.2 X 1013 l.Ox1o 13 0.019 0.004 5.5 x 10-5 0.010 0.004 

L-15b** 1900 20 1.4 7,000 95 

L-2a** 2400 500 20 2.5 4,000 85 

L-2b 2500 20 2.5 4,000 85 5.0 X 1013 9.0 

L-4o 1600 200 10 1.5 13,000 95 6.9 X 1012 1.7 X 1013 3.1x1013 6.3 X 10 12 0.011 0.021 0.028 8.5x 1o-3 

L-4b 1900 10 1.5 13,000 95 7.0 X 1012 1.7 X 1013 3.1 X 1013 6.4x 1012 0.012 0.020 0.04 7.5 x 1 o-3 

L-6a 2200 300 10 2.5 13,000 75 5.4 X 10 12 2.4 X 1013 4.9 X 1012 0.091 0.29 0.049 

L-6b 2500 10 2.5 13,000 75 5.3x1012 2.4 X 1013 4.9 X 1012 0.035 0.13 0.026 

*Data reported previously were miscalculated and have been corrected. 

**Capsule L-1 was used only for the postirradiation heatup experiment; capsules L-15b and L-2a had lost their gas. 
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Table 26. Evolution of Solid Fission Products by Postirradiation Heat Treatment 

Fission Product Isotope 

Csl37 Ru 103 

Capsule L-1 

Totolfissionproductisotopeoctivity 2.8x10 13 4.4x10 13 3.0x10 13 4.3x10 11 2.2x10 13 2.4x10 13 

at time of reactor shutdown, disin• 

tegrotions/min 

Percentage of fission product isotope 

evolved by postirradiation heating 

to 2100° F 

Capsule L-14 

0.16 0.05 12.4 11.4 0.02 0.007 

Totolfissionproductisotopeoctivity 1.7x1o 13 3.7x1o 13 3.3x1o 13 3.0x10 11 3.0x1o 13 2.3x1o 13 

at time of reo ctor shutdown, dis in· 

tegrotions/min 

Percentage of fission product isotope 

evolved by.postirrodiotion heating 

to 2500° F 

0.005 

Measurements of fission products from LITR 
experiments to date have involved the use of 
beta- and gamma-ray spectrometry or ion chamber 
measurements. The stable fission products have 
not been reported previously because their con
centrations in samples of gas taken directly from 
the capsules were· too small to be measured on 
the moss spectrometer when the concentration of 
radioactive products was low enough for safe 
hand I in g. An apparatus has been constructed 
which will remove nonfission gas contaminants 
and concentrate the xenon and krypton by means 
of a Toepfer pump (see Fig. 151). Gas samples 
have been saved from most of the LITR experi
ments and wi II be processed (as soon as most of 
the radioactive components have decayed) to 
obtain suitable mass spectrometer samples. One 
sample taken from L-14 during postirradiation heat 
treatment has already been analyzed. Relative 
quantities of the isotopes of xenon and krypton 
are given in Table 27 and compared with the 
values predicted by the graphs compiled by 
Blomeke and Todd. 2 Absolute values wi II not 

2 J. 0. Blomeke and M. F. Todd, Uranium-235 Fission
Product Production as. a Function of Thermal Neutron 
Flux, Irradiation Time, and Decay Time, ORNL-2127 
(Aug. 19, 1957). 

0.007 7.4 5.5 0.01 0.001 

be available until the Kr8 5 is analyzed by gamma
ray spectrometry. 

INSTANTANEOUS FISSION GAS RELEASE 

EX PE RIME NT 

R. M. Carroll C. D. Baumann 

The ability of fuel materials to retain fission 
products is of great importance to reactor design. 
The following experiment was designed to study 
the continuing release of fission products from 
bare fuel materials cit high temperatures and as 
a function of temperature, power, and volume-to
surface ratio of the fuel. Testing of the first fuel 
material, Th0

2
-4% U0

2
, is in progress. The 

next materia I to be examined wi II be UO 
2

• 

The experiment is installed in posit ion C-1 of 
the ORR, and the fuel is heated by fission and 
gamma heat. Evolved fission products are en
trained in a helium sweep gas and carried outside 
the reactor for analysis. Power generated in the 
fue I is controlled by positioning the sample 
vertically in the reactor to obtain the desired flux. 
The temperature, for a given power, is attained 
bL regulating the flow of cooling air past the 
capsule. The rate of flow of the sweep gas can 
be varied to determine the half lives of short-lived 
fission products. Fission products evolved from 
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Table 27. Relative A bun dance of Xenon and Krypton 

Isotopes Evolved from U0 2 

Relative Abundance (%) 
Isotope and Mass 

Predicted * Experimental (l·14) 

Xenon 

131 10.3 11.54 

132 17.4 18.59 

134 31.2 32.05 

136 41.1 37.82 

Krypton 

82 0.001 0.35 

83 11.8 14.49 

84 27.8 27.92 

85 7.1 6.89 

86 53.3 50.35 

*J. 0. Blomeke and M. F. Todd, Uran ium·235 Fission· 
Product Produc tion as a Fun c tion of Th e rmal Ne utron 
Flux, Irrad iat ion T ime, and Decay Time, ORNL-2127 
(Aug. 19. 1957). 
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the sample are carried past a high-level G-M 
counter and an Nal-crystal scintillation counter, 
The output of the scintillation counter is fed to 
a single-channel pulse-height analyzer, A layout 
of the experiment is shown in Fig. 152. A flow 
diagram is shown in Fig. 153. 

The activity of the fission products in the gas 
stream was unexpectedly high. This was not 
pred icted by capsule tests, which had measured 
only longer-lived isotopes, The activity of the 
entrained fission products, at a constant fuel 
temperature and power, was measured as a function 
of the time required for the sweep gas to travel 
from the fuel sample to the counter (see Fig. 154). 
At decay times of the order of 0.5 min, the half 
life of the gas is about 0.5 min, At decay times 
between 2 and 5 min, the half life of the gas is 
around 2 min. Although these short-1 ived gases 
would reach production-decay equilibrium rapidly, 
the fue I was a I lowed to remain under the sa me 
conditions for 175 hr to see if the increasing 
contribution of longer-lived isotopes would be 
detected. No significant change was measured 
up to 5 min delay time, which is the minimum 
sweep velocity available. 

UNCLASSIFIED 
ORNL-LR-OWG 3S83l 

Fig. 152. Instantaneous Fission Gas Release Experiment Layout in the ORR. 
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Fig. 153. Flow Diagram for Instantaneous Fission Gas Release Experiment. 

A hi gh-leve I G-M counter was used to obtain the 
data given in Fig. 154; this counter was 
periodically calibrated with standard Co 60 sources. 
For this system, 1 mr/hr is equivalent to 1.86 x 104 

photons (of Co60 ) per second for each cubic 
centimeter of gas. 

By allowing a trapped sample of gas to decay 
and observing the half lives and gamma energies, 

the following isotopes were identified: Kr 85m, 
Krs7, Krss, Xel33, Xel35, Xel38, Csl38, Rbss, 

11 3 1, and La 140. Other isotopes were present but 
could not be identified. Since none of the above 
products have ha If I ives of less than 17 min, it 
is obvious (from Fig. 154) that they are not a 
dominating factor in the high activity of the 
evolved gas. 

Because of the short ha If I i fe of the gross 
fission product gas, it is apparent that the gas 
could not have spent much time in getting out of 

196 

the sample. The calculated activities of gross 
fission products, at 1 min decay time after fission, 
gave a half life of approximately 0.7 min, in 
approximate agreement with the measured value. 3 
These observations lead to the speculation that 
the greater part of the fission release is due to 
direct recoil. A diffusion process is temperature 
dependent, but a recoil release should not be 
affected by temperature. In order to determine 
the nature of the fission product release, the 
sample was maintained at constant power while 
the temperature was decreased by increasing the 
cooling air flow. The activity of the sweep gas, 
at a constant he I ium flow, was plotted as a 
function of temperature (Fig. 155). The non
temperature-dependent portion of the curve is due 

3 Gas -Coo le d Reactor Project Semiann. Prog. Rep. 
Dec. 31, 1958, ORNL-2676, p 135-37. 
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Fig. 154. Gross Fission Product Activity fron1 Th0 2-

U02. 

both to recoils and to fission products (primarily 
iod inc) that plate on the wa lis of the sys tern and 
then decay to a product that is released. 

The activity of fission gas released from a 
fuel by a diffusion process should be proportional 
to an exponential function of the reciprocal of 
the temperature, The constant non-temperature
dependent contribution is subtracted from the total 
activity and the difference plotted vs the reciprocal 
of the temperature in Fig. 156. "The conclusion is 
that the diffusion process of fission product re
lease dominates .at temperatures above 1300° F. 

The short- I ived products that are released by 
diffusion, whic:h rlnminr:1tt:> the observed activity, 
may have diffused only a short distance. The 
observed activity represents only about 30% of 
the total expected 40 sec after fission for all 
fission products from a depth of 9.4 x 10- 4 em 
(the recoil distance in the fuel). 

The spectrum of the gases evolved from the fue I 
is too compli~ated for direct quontitative analysis 
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Fig. 155. Activity of Fission Products as a Function 

of Fuel Temperature. 

by gamma-ray spectrometry, A system of traps 
has been installed to remove all fission gases 
except krypton from the helium sweep. This trap 
system is controlled remotely and can be used to 
measure gross activity, xenon and krypton, or 
krypton only. 

Krypton measurements made on trapped gas from 
the Th0 2-U0

2 
sample show escap~ of about 0.06% 

of the Kr88 formed, in the 1700-1900°F range, 
Very small temperature dependence was observed. 
Xenon-133 escapes at a greater rate, by a factor 
of 5. About 0.3% of the Xe 133 formed escaped 
at 1680°F. The Xe 133 escape appeared highly 
temperature Jeflt:!IIJI::!III. 

The next experiment will be performed with 
plates of U0

2
, 1 in. long, 0.65 in, wide, and 

0.032 in. thick (see Fig. 157). Two plates are 
placed together so that two thermocouples are 
sandwiched between them. Thermocouples are also 
pressed against the outer surfaces of the sample. 
The temperature difference between the outer and 
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Temperature. 

inner surfaces may be useful for a rough measure
ment of thermal conductivity as a function of 

. irradiation. 

CLOSED-CYCLE GAS-COOLED EXPERIMENT 

P. E. Reagan H. P. Moser 4 

The experiment, described previously, 5 was 
installed in the ORR, and a series of performance 
tests were conducted. By using Cr-AI

2
0

3
-U0

2 
cermet plates for a heat source in the B-9 lattice 
position, flow and compressor characteristics were 
established. Compressor rod seal leakage proved 
the most bothersome problem, although there was 
some temperature-pressure feedback which caused 
control oscillations. Two special compressors 

40n loan from Reactor Ltd., Wuerenlingen, Switzer
land. 

5 Gas-Cooled Reactor Project Semiann. Pro g. Rep. 
Dec, 31, 1958, ORNL-2676, p 120. 
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have arrived which will eliminate the excessive 
seal leakage problem. The first samples to,be 
tested are uo2 pellets canned in graphite and 
coated with SiC-Si. The -experiment is ready to 
go into operation at the present writing •. 

HOT CELL MODIFICATIONS 

H. E. Robertson M.·F. Osborne. 
T. W. Fulton 

The structural changes have been completed on 
a modified hot cell to examine irradiated samples 
containing plutonium. The in-cell equipment is 
ready for installation. The plan of the altered 
cell is shown in Fig. 158. Two viewing windows 
and three master-slave manipulat()rs allow the 
entire floor area of the cell to .be utilized. The 
rear rotary door provides acces.s . for radioactive 
samples into the cell. Samples will be removed 
through a wa;h station, not shown·,.·using the same 
door. The cell is provided with rear access plugs, 
bridge crane, and a rear gam~a-shield door for 
access into the decontamination ~oom. In this 
room, equipment may be repaired and decontami

. noted by use of glove ports ~nd a viewing window. 
The cell and decontaminatio~-room have· a filtered 
venti lotion sys tern separa.te from the rest of the 
cells in that area. Person~el will be restricted 
to the rear room, Equipment will be provided to 
measure the pressure and volumes of fission gas 
released from samples, the profile of the sample 
containers, and the density of the lest materials. 
A remote slitting and machining apparatus will 
be used for opening the fuel containers,· and 
meta llographic equipment wi II prepar_e polished 
samples for photomicrographs. 

Equipment has also been developed for use in' 
the hot cell in the ORR building. Here, experi
ments withdrawn from· the ORR y.-ill b~ dis
assembled and the fuel capsules prepared for 
removal to the Solid State Division hot cell. This 
equipment has already been checked out on flux 
depress ion experiments. 

GRAPHITE AND GRAPHiT.E COATINGS 

R. M. Carroll 

In some of the advanced gcis-cooled . reactor 
concepts the fuel material is c.anned iri graphite. 
New high-density and low-permeiabdity graphites 
are being developed for this ~ppliccition, and, for 
reactors which are operate·d :at hi gli temperatures 
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in an oxidizing atmosphere, it is necessary to 
coat the graphite with an oxidation-resistant 
material. Radi~tion effects studies on the new 
low-permeability graphites are just getting under 
way. Some work has a I ready been done on an 
SiC-Si-coated graphite which was developed by 
J. R. Johnson of the Minnesota Mining and Manu
facturing Company. 

Out-of-pile tests 6 have shown small samples 
of this material to be unaffected for periods up 
to 1000 hr in air at 2000° F. Near-sonic air blasts 
at 1830° F did not produce erosion damage, and 
rapid thermal cycling from 1830° F to room temper
ature did not crack or damage the specimen. 

The coating on the graphite was demonstrated 
to be gastight, according to weight loss measure
ments vs time at elevated temperatures. To 
determine the effect of an internal pressure, such 
as might be produced by buildup of fission gas 
upon the cladding, a special sample was prepared. 
A 6-in.-long graphite tube, ~2 in. OD x ~4 in. ID, 
closed at one end, was coated on the outside only 
and threaded at the open end. The threaded end 
of the tube was copper plated and then screwed 

6Ib id .. p 132. 

PERIOD ENDING AUGUST 31, 1959 

and silver soldered onto an lnconel tube. A 
platinum-wound heater was placed over the lower 
3 in. of the tube. The graphite tube was 
pressurized to 100 psig with helium and the 
temperature brought to 2000° F. The system was 
periodically checked for leaks by closing off the 
he I ium supply and observing the pressure. After 
1050 hr at 2000° F, the tube was examined, and 
no evidence of damage was found. No detectable 
leakage of helium had occurred. 

Two coated graphite cy I inders irradiated to 
6 x 10 19 neutrons/ cm 2 were found to be practically 
unchanged in density. Oxidation tests indicated 
that the coating was intact. These cylinders were 
replaced in the reactor and irradiated to 5 x 1020 

neutrons / cm 2 at reactor water temperatures. At 
discharge the cylinders had a decrease in density 
of 1%. One of the cy I inders appeared unchanged, 
but the other had a blistered appearance (Fig. 
159). The blistered sample had a metallic ap
pearance before irradiation (sample A , Fig. 160). 
When the blistered sample was immersed in CCI

4
, 

bubbles were observed and the weight of the 
sample increased with time of immersion, in· 
d icating cladding failure. The other sample was 
oxidation tested for 207 hr at 2000° F, without 

A 

UNCLASSI FlED 
PHOTO 47607 

Fig . 159. One of Two SiC-Si-Cooted Graphite Cylinders That Were Irradiated to on nvt of 5 X 10
20

• Sample 

/\ blistered; the other sample was unchanged. 
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B 

Fig. 160. SiC·Si Coated Graphite Rods Before Irradiation. 

weight change. This sample returned to its pre· 

irradiation density after the high-temperature an

nealing. 

Two more samples, which had been irradiated to 

6.3 x 1020 neutrons/ cm 2 at reactor water temper

ature, have now also been taken out of the reactor. 

The densities of these specimens had decreased 

by 2%. Both specimens appeared sound and did 

not exhibit leaks when placed in hot silicone oil. 

These specimens have been tested for oxidation 

resistance at 2000° F in air for 186 hr, and no 

weight change was observed (± 0.0007 g). These 

samples also returned to their original density 

during the 20000 F oxidation test. 

THERMOCOUPLE IRRADIATION STUDIES 

C. D. Baumann 

The change in response of thermocouples due 

to neutron exposure is of obvious interest in high

temperature fuels studies. Both base-metal 

(Chromei-Aiumel) and noble-metal (platinum vs 

platinum-10% rhodium) thermocouples have been 

irradiated in the LITR, ORR, and MTR up to 

exposures of 4 x 1020 nv t thermal, and the change 

1n thermal response measured after irradiation. 

The error in emf output of the platinum vs 

platinum-! 0% rhod i urn couples depends upon the 

location of the thermal gradient with respect to 
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rhodium transformation, as well as upon the time

integrated exposure. The change in emf output 

of irradiated Chromei-Aiumel thermocouples did 

not exceed the ~4% commercial tolerance for 

unirradiated wires. 

Either short thermocouples, 15 to 18 in. long, 

or clusters of three wires of the same material 

welded together at one end were inserted in weld

sealed aluminum capsules. The capsules were 

irradiated in the C-47 hollow beryllium piece 

adjacent to the active lattice of the LITR or in 

a simi lor B-9 piece in the ORR for the des ired 

number of reactor cycles. 

A cluster of three irradiated Chromel or Alumel 

wires was welded to an unirradiated wire from the 

original spool by means of a remotely operated 

thermocouple welder (Fig. 161). The cluster of 

four wires was inserted in a furnace (Fig . 162) 

and the difference emf between the unirradiated 

and one of the irradiated wires was obtained as 

a function of temperature. At least three complete 

sets of error-vs-temperature plots were obtained 

for each irradiated wire from ambient to IOOOOC 

and back to ambient . Generally, for a given time

integrated exposure, the error emf for Alumel 

wire was greater in magnitude, and in percentage 

deviation, than for Chromel wire. The errors at 

all exposures up to 4 x 1020 nvt tend to be 
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compensating (rather than additive) in the complete 
couple and less than or approximately equal to 
the ~4% tolerance for unirradiated wires. 
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Fig. 161. Remote Thermocouple Welder. 
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The method of attaching an unirradiated wire 
to a cluster of irradiated Chromel or Alumel wires 
was not satisfactory for platinum or platinum
rhodium wires. The normal method of fabricating 
couples (arc welding in a protective atmosphere -
used by the Standards Laboratory of the Instrument 
Department) was used to attach an unirradiated 
couple to the irradiated cluster or couple. The 
wires were then insulated and calibrated by the 
ORNL Instrument Department Standards Laboratory 
by the routine methods for calibrating standard 
platinum-platinum-rhod iuni thermocouples. The 
results for the normal calibration, using a. 24-in; 
tube furnace (12 in. of thermocouple immersion), 
are shown in Figs. 163 and 164. A summary of 
error emf's at 10 mv output (1900° F), as measured 
in a 7-in. tube furnace, 3 ~-in. immersion, is 
shown in Fig. 165. 

In comparing Figs. 165 and 164, it becomes 
apparent that the location of the temperature 
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gradient, with respect to the neutron flux gradient, 
has a great effect upon the error emf. The furnace
temperature grodie~t in Fig. 165 is much closer 
to the junction ofthe couples than is the gradient 
in Fig. 164, hence the temperature gradient in the 
short furnace occurs in a region of higher rhodium 
tr-ansmutation than it does in the norma I furnace 
used for obtaining the data listed in Fig. 164. 
Thus the error is greatest when the temperature 
gradient occurs at the point of the highest inte
groted-fl ux exposure. This is more clearly shown 
by comparing the Cohn with the L & N couples of 
Fig. 166. The L & N couples received a uniform 
neutron dosage ·throughout their length, whereas 
the Cohn ·couple dosage varied over its length, 
with the maximum near the junction of the couples. 

Additiono.l Sigmund Cohn couples hove been 
irradiated. in the ORR to 4 x 1020 nvt, but their 
activity after eight months of decoy is still too 
high to. permit calibration by standard methods. 
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BRITTLE FRACTURE OF METALS 

J. C. Wi I son 

This is a new project less than a month old, 
and the work to date has been confined to ex
periment planning and completing tests of a 
number of pertinent specimens irradiated earlier 
on HRP and GCR projects. New or improved 
apparatus for hot-cell testing, for measurement of 
delay time for plastic deformation, and for internal 
friction measurements on tensile specimens are 
being designed or built. 

Embrittlement (or significant loss of useful 
ducti I ity) of metals by i rradi at ion has been ob
served in a number of metals and alloys as 
follows: 1 

1. In iron, steels, and other body-centered cubic 
metals the transition temperature (from ducti I e, 
shear fracture to brittle, cleavage fracture) may 
be greatly increased by irradiation. 

2. In steel, high neutron doses at high irradiation 
temperatures (on the order of 3000 C and higher) 
have produced intergranular fractures in pearl
itic steels at low strains in room-temperature 
tensile tests. 

3. In irradiated nickel, embrittlement (believed to 
be caused by intergranular fracture) has been 
observed. 

4. In high-temperature creep of lnconel, grain 
boundary embrittlement of an unknown mecha· 
ni sm has been observed to shorten the rupture 
life. 

5. In many face-centered cubic, body-centered 
cubic, and hexagonal metals irradiation causes 
a marked decrease (sometimes almost to zero) 
of the uniform elongation: that is, the el on
gat ion before necking begins. Although the 
fractures may not be truly brittle, the irradiated 
metals are effectively brittle for engineering 
purposes, because fracture may take place with 
decreasing load after yielding: the general 
deformation and high level of plastic energy 
absorption of a truly ductile metal are lacking. 

6. It seems possible for the irradiation-induced 
strain-rate (or temperature) dependence of the 

1J. C. Wilson, Proc. U.N. lntem, Conf, Peaceful 
Uses Atomic Energy, 2nd, Geneva, 1958 5, 431 (1958). 

yield stress in face-centered cubic metals to 
allow easier crack initiation by raising the 
yield stress relative to the fracture stress, 
particularly at high deformation rates. 

It appears that there are a number of mechanisms 
by which irradiation may cause brittle, or effec
tively brittle, fractures in metals used in reactors. 
Probably the most important effect at present is 
the irradiation embrittlement of steels and possibly 
other body-centered cubic metal.s. 

Although b.c.c. metals other than iron have 
certain advantages for study of radiation em
brittlement, iron will be used initially because 
of its relevance to radiation effects in pressure
vessel steels and because it is by no means 
certain that some of the other b. c. c. metals that 
appear I ess comp I i cated than iron are rea II y so. 
It may be that the complexities have not yet been 
discovered. 

Iron (and its alloys) appear particularly in
teresting because it has been shown that radiation 
effects (measured by the transition temperature 
increase) in high-purity iron and high-purity iron 
alloys are much less than in steels of equivalent 
carbon content. The large increases in transition 
temperature of commercial steels must, iri large 
part, be due directly or indirectly to impurity 
effects. A thorough understanding of the purer 
iron and iron alloys must be obtained in order to 
study the effects in steels. Comprehensive data 
on the mechanical properties of iron in the I iter
ature are confusing and outdated. 

The initial work wi II be confined to iron (vacuum
melted, zone-refined, and decarburized steels) 
with variable carbon and nitrogen contents. The 
mechanical properties will be determined as a 
function of temperature and strain rate, and the 
delay time for initiation of plastic deformation wi II 
be measured. Internal friction or magnetic methods 
wi II be used to follow the progress of carbon and 
nitrogen precipita•ion. Working and heat-treating 
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cycles will be developed to give variations in 
grain size, substructure, and dispersion of carbon 
or nitrogen precipitates. 

The data obtained will define the mechanical 
properties of iron over a wide range of conditions 
to serve as a· base line for other studies. Par
ticular attention wi I( be given to achieving 
structures that eire stable for periods of weeks 
or months at temperatures up to 300°C in order 

· ....... 
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to be· able to study the effects of irradiation 
temperatures separately from thermal effects. 

When the properties of iron and its alloys can 
be reproduced and predicted over a wide range of 
conditions it wi II then be possible for the first 
time to 'study the effects of irr~diation; irradiati.~n 
temperatures, and. state of the material with less 
complications than· are known .. to have obfusca.ted 
interpretation of ear I i er data on ·steels. 
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RADIATION METALLURGY 

J. C. Wilson 

The radiation metal I urgy program is reported 
primarily in two parts. The brittle fracture work, 
as in the past, is mainly concerned with evaluating 
the effect of fast-neutron irradiation on steels and 
wei ds used in pressure-vessel construction. The 
effect of fast-neutron irradiation on the stress
rupture life is being determined for lnconel and 
stainless steel, and a number of other metals are 
being added to this program. During the past year 
all of the irradiation programs have been trans
ferred from the MTR to the ORR, and improved 
instrumentation has been developed for these 
experiments along with the development of the 
new facilities. 

Both the stress-rupture and the brittle fracture 
irradiations in the ORR are performed in the pool
side facility. Use of the pool-side irradiation 
facility has indicated that the experiments pre
viously conducted in beam holes of the MTR and 
LITR can be more expeditiously conducted in 
this ORR facility. By proper positioning of the 
experiment in the pool-side facility, fast-neutron 
fluxes can be obtained in the experiment that are 
equivalent to those obtained in experiments in 
either the MTR or the LITR beam holes. As a 
result, experiments are mounted "piggy-back" to 
achieve simultaneous exposure at various flux 
levels and. to increase specimen capacity. 

Temperature control of the stress-rupture ex
periments has proved quite troublesome because 
of changes in reactor power. Sati £factory in· 
strumentation has now been worked out which 
wi II automatically control the temperature of the 
specimens within the limits desired, even with 
large changes in reactor power. This instrumen· 
tation is now being installed on all stress-rupture 
experiments. 

GCR BRITTLE FRACTURE OF METALS 

R. G. Berggren F. M. Grizzell 
J. C. Wilson T. J. Humphries 1 

K. T anosaki 2 

Two irradiation experiments have been con· 
ducted in the ORR and several more in the LITR. 

1co-op student, University of Tennessee. 
2Hitachi Ltd., Japcm, on assignment ta ORNL. 

0. Sisman 

A large backlog of specimens remain to be tested 
from these irradiations, but most of the earlier 
MTR and LITR irradiations have now been 
processed in the hot cell. The objectives sought 
in this irradiation program are to determine the 
variations of sensitivity to irradiation of several 
steels, the effect of ef evated temperature, and 
the effects of postirradiation annealing. 

Brittle fracture studies have shifted from an 
emphasis on subsize fzod tests to standard-size 
Charpy Y-notch tests. The reasons for this 
change are: (1) Subsize specimens were used 
originally because of the limited irradiation space 
available. This consideration has now become 
a minor factor. (2) A large body of data exists 
correlating Charpy-V tests with service behavior. 
Such correlation data do not exist for subsize 
impact tests. (3) The Charpy V-notch test is a 
standard in many laboratories and well accepted, 
while there is no uniformity among the numerous 
subsize tests. 

The Charpy V-notch impact properties of several 
steels irradiated at temperatures from 175 to 
330° F, to fast-neutron doses up to 1 x 10 20 nvt 

(> 1 Mev) were determined as a function of fast
neutron dose. The results, given in Figs; 167-
174, show the now familiar rise in impact tran
sition temperature and decrease of ductile energy 
absorption with increasing i rradi at ion dose. 
There is a very striking simi.larity in the changes 
observed for the commercial steels (Figs. 167-
172). The change of impact transition temperature 
(10 ft·lb level) is plotted ir:t Fig. 175 as a function 
of the neutron dose to which the specimens were 
exposed. lnduded on this plot are data for all 
Charpy· V i rradi at ion experiments, conducted on 
a variety of steels (listed in Table 28) at irradi
ation temperatures vp throvgh 330° F. The datq 
for all but two (items 60 and 111) of the steels 
fall within a relatively narrow band. Above about 
10 18 nvt the changes of impact transition temper
ature are a linear function of the logarithm of the 
exposure for this temperature range. A similar 
plot is obtained for the drop in energy absorption 
above the transition temperature as a function of 
exposure. 
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Fig. 173. Charpy·Y Impact Strength of Irradiated 

Iron-Carbon Alloy. Air-cooled from 1650°F. Item 111. 

The shift in transition temperature as measured 
by subsi ze lzod impact tests on many of the same 
steels differs somewhat from the Charpy data of 
Fig. 175. Subsize lzod data indicated slightly 
greater changes at about 2 x 10 18 nvt and, about 
100° F, less change at 1 x 1020 nvt, Thus the 
slope of the curve for the subsize lzod data was 
less than for full-size Charpy-V data. Because 
of the I arge difference in geometry between the 
two specimens each may be affected to a different 
degree l)y"· certain phenomena, such as crack 
initiation at the root of the notch, brittle crack 
propagation in the interior of the specimen, and 
shear failure at the sides of the specimen ("shear 
I ip"). 

The steel designated "item 60" is from an early 
heat of a high- strength, quenched and tempered 
structural steel known as Carri loy T-1. The 
change in transition temperature of this steel as 
a result of irradiation was greater than for the 
other steels tested, but its final transition temper
ature was approximately the same as for the other 
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Fig. 174. Charpy-V Impact Strength of Irradiated 

Iron-Carbon Alloy. Air-cooled from 2000° F. Item 111. 

steels tested because of a inuch lower initial 
transiti~n te~perature. Early heats of this steel 
are believed to vary considerably in properties, 
and since item 60 is from .an early heat, these 
data may not be typical of the present-day product. 
Irradiation results are not yet available on a more 
recent heat of thi.s steel. 

The steel designated "item 111': is a vacuum
melted high-purity iron-carbon alloy (Table 26). 
Thi~ steel showed much less change~f impact 
transition temperature than the .commercial steels 
exposed to the same integrated neutron flux (see 
Fig. 175, item 111). The results for this materi.al, 
Figs. 173 and 174, are very similar to the subs1ze 
lzod impact results for the supercritical annealed 
high-purity iron reported pri:wiously 3 in that there 
is only a small change .. in transition temperat~re 
and that no observable drop in energy absorption 

3 J; C. Wilson et al., Solid State Ann. Prog. Rep. Aug. 
31, 1958, ORNL-2614, p 98. 
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occurs above the transition temperature. It 
appears, therefore, that metal purity has con
siderable effect on the response to. irradiation and 
that there is hope of improving properties of 
irradiated steels by c~ntrol of alloy composition. 

The Effect of. Elevated Temperature 

Studies of the effects of eleva ted i rrad i ati on 
temperatures on the brittle fracture properties of 
steel have continued. Results obtained this year 
have substantiated the previous conclus.ion 3 that 
irradiation at 575°F leads to less change than 
irradiation at lower temperatures but that these 
effects vary even in steels of simi lor types. 
Factors control! ing this variation of response to 
elevated irradiation temperature have riot been 
determined. 

Charpy V-notch impact specimens from the lid 
forging, carbon steel. pi ate; and wei ds for the 
Halden Reactor (Norway) were made available for 
irradiation tests. The lid forging (Table 29, 
item 141) was 132 in. in diameter and 28 in. thick 
and was forged at approximately ·l200°F to ASTM 
standard A-105-SST. Specimens were. taken from 
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Table 28 • Impact Test Stee Is 
..... I 

Item Chemica I Composition (%} 

No. 
Description 

c Mn p s Si Others 

18 ASTM A·212 grade B carbon-silicon 0.24 0.81 0.020 0.040 0.248 

steel; ~2-in. plate; normalized 

43 · ASTM A·212 grade B carbon-silicon 0.20 0.82 0.018 0.030 0.22 

steel; %-in, plate 

44 AS TM A-285 grade A carbon stee I; 0.11 0.32 0.018 0.020 

7,.-in, platA 

-15 ASTM A-301 grade B chromium-me• 0.11 0.36 0.020 0.026 0.22 0.98 Cr; 0.47 Mo 

lybdenum steel; 7,.-in. plate 

49 ASTM A-200 grad~ T-22 Croloy 2~- 0.10 0.45 ' 0.018 0.019 0.031 2.18 Cr; 1.00 Mo 

in. allov steel !Jioe. }2 in. wall bv 

6 in. OD 

60 High-strength quenched and tern• Not available 

pered steel (Carriloy T-1) 

92 ASTM A-212 grade B carbon-silicon Not available 

steel; ~4-in. plate 

111 High-purity iron-carbon alloy; ~4 by 0.180 0.002 <0.003 0.003 0.03 0.0039 0; 0.0003 H; 0.0001 N; 

3~ in. bar other meta Is ~0.01 

115 ASTM A-212 grade B carbon-silicon 0.27 0.82 0.016 0.028 0.19 

steel; 6 ~-in. plate 

127 AS TM A-302 B mangonese-molyb- 0.19 1.36 0.020 0.025 0.26 0.48 Mo 

denum steel; 8~-in. plate 

133 Swedish 2112 carbon-silicon steel; 0.16 1.29 0.012 0.031 0.32 0.08 Cr; 0.08 Ni; 0.14 Cu 

3~4-in. plate 

Table 29. Halden Reactor Stee Is 

Item Chemica I Composition (%) 

No. 
Description 

c Mn p s Si Cr Cu 

141 ASTM A·105·55T steel forging 0.23 0.56 0.016 0.021 0.21 

142 ASTM A·212 grade B carbon-silicon 0.19 1.25 0.013 0.040 0.26 0.03 0.19 

stee I plate ., 
143 Weld metal; low-hydrogen basic type Not available 
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the surface of this forging. The carbon steel plate 
(Table 29, item 142) is the 60-mm-thick mild steel 
component of the compound pi ate used for the 
reactor pressure vessel and was manufactured to 
ASTM standard A-212 grade B. It was normalized, 
welded, and stress-relieved (about 1200°F). The 
weld metal was tested separately.· The weld metal 
was deposited with electrodes4 of the low
hydrogen basic type similar to American E-7016 
electrodes. Charpy V-notch specimens of these 
steels were irradiated at 390° F in two positions 
in the HB-3 facility of the LITR. The values for 
thermal flux in Table 30 are from cobalt monitors 
in this experiment; the values for fast"'neutron flux 

(> 1 Mev), Table 30, are based on values pre
viously obtained in this facility. The results of 
these experiments are given in Figs. 176-178. 
These results are not plotted in Fig. 175 because 
of the elevated irradiation temperature but would 
fall sf ightly below the scatter band of Fig. 175. 
Data are not available for these steels irradiated 
at lower temperatures, but, if it is assumed that 
they would behave like the commercial steels for 
~hfch data are plotted in Fig. 175, it appears that 
irradiation at 390° F results in less change than 
irradiation at less than 200° F. Results .obtained 

. in England 5 from notch-bend tests of several 
steels indicated a greater change in transition 
temperature for irradiation at 270° F than at 100° F. 
Simi far behavior has been observed here3 for 
i rradi at ions of some steels at 440° F. · lrradi at ion 

4"0K-48'.' manufactured by Esab of Goteborg, Sweden. 
5 R. G. Burnett, J. M. N. Allen, and D. R. Harries, 

The Effects of Neutron Irradiation on the Ductile-Brittle 
Transition Temperatures of Weldable Structural Steel 
Plates, AERE M/R 2536 (1958). 

(: 

effects in the temperature range from about 200 
to 5000F, on the basis of the few data available, 
are an undetermined funCtion of the matericil, 
irradiation dose, and irradiation temperdture and 
may be either larger or smaller than the effects 
observed at irradiation temperatures less than 
200° F, where the largest body of data exists. 
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Fig. 176. Chorpy-V Impact Strength of Irradiated 

Holden Reactor Pressure-Shell Plate (ASTM A-212 

Grade B). Item 142. ·. 

Table 30. Irradiation Conditions for Holden Reactor Steels 

Reactor at po.;..,er: 1413 hr 

Specimen Position 

High flux 

low flux 

*Bare cobo It monitors. 

**> 1 Mev. 

·212 

lrrad iotion temperature: 390°F 

Neutron Flux (nv) 

Thermal* Fast** 

4.6X10 12 1.8X10 12 

2.8x 10 12 

Integrated Neutron Dose (nvt) 

Thermal· F.ost 

2.3x1o 19 . 9 X lO 18 
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Halden Reactor Lid Forging (ASTM A-105-SST). Item 

141. 

Postirradiation Annealing 

Preliminary data from step-annealing of hardness 
specimens irradiated to 1 x 10 18 nvt (> 1 Mev) at 
140° F and to 5 x 10 18 nvt at 140 and 575° F are 
given in Fig. 179 with simi lor data for unirradiated 
specimens of the same steel with 5% cold work. 
It may be noted ~hat the annealing behavior of 
the specimens irradiated at 140°F is different 
than that for the cold-worked steel but that there 
is considerable sim i larity between the annealing 
behaviors of the cold-worked specimens and 
specimens irradiated at 575° F. Annealing of the 
specimens irradiated to 5 x 10 18 nvt at 140°F 
was more rapid than tor those irradiated to the 
same dose at 575°F, and, in fact, they became 

160 

140 

- 120 
,e 
I 

~ 100 
a: 
LU 
z 
LU 

LU 
0: 80 
::> 
f-
u 
<l 
a: 
u. 
> 60 
I 
> 
Q_ 

a: 

"' I 40 u 

20 

0 
-200 -100 

PERIOD ENDING AUGUST 31, 1959 

~· I 
~-~ . 
~r- : 
f= 
t= 

0 100 

UNCLASSIFIED 
ORNL-LR-DWG 41952 

I 1 I 
§ UNIRRAOIATED 

~ 5 x I018nv/ (>I Mev); 390°F 

~ 9 x 1018nvl (>1 Mt!v), 390°F 

200 300 400 500 
TEST TEMPERATURE (°F) 

Fig. 178. Charpy· V Impact Strength of lrrad i a ted 
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Fig. 179. Postirradiation Annealing of Irradiated 

ASTM A-212 Grade B Carbon-Silicon Steel. 

softer than those irradiated at the higher temper
ature. Some time- and temperature-dependent 
change had undoubtedly occurred during the 575° F 
irradiation such that the imperfections introduced 
by irradiation had changed character or distri
bution, resulting in a change of annealing kinetics . 
This study is being pursued further with i so
thermal annealing tests and annealing tests on 
Charpy- V and tensile specimens. 
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Comparison of Neutron Fluxes 

It has been diffi cult to compare ORNL, Harwell, 

and Chalk River data on radiation effects in steels 

because the flux units differ. By comparing the 

yield strength increase as a function of integrated 

flux for Harwell, Chalk River, and ORNL it is 

possible to convert all data to a common base. 

ORNL data are reported for neutrons of energy 

greater t han 1 Mev; sulfur monitors (effective 

threshold 2.9 Mev) ore actually used and the 

values for 1 Mev deduced from spectral measure

ments made by Trice. If the Harwell fluxes 

(thermal neutrons) are divided by 10 and the 

Chalk River fluxes (above 500 ev neutrons) 

divided by 8, the damage in steels will be the 

same as a numerically equivalent ORNL (> 1 Mev) 

flux. Note that this is a com pari son of damage 

in steels and is not intended to imply any com

parisons of reactor flux. The relationship seems 

valid for (1) irradiations at less than 200°F, 

(2) Chalk River transformer rod irradiations, and 

(3) Harwell irradiations in BEPO. Chalk River 

or Harwell data for irradiations performed in other 

reactors have not been correlated to these con- . 

version factors. 

CREEP AND STRESS RUPTURE 

N. E. Hinkle 

W. E. Brundage 

W. W. Davis 

J. C. Wilson 

J . C. Zukas 

D. G. Gates 

Detai Is of the construction and operation of the 

tube burst tests were presented in the last Solid 

State Division progress report, 6 along with a 

discussion of the method of neutron flux monitoring 

for these experiments, and some discussion of the 

meaning of the data. The series of tests to 

determine the effect of neutron bombardment on 

the rupture life of lnconel (started in the MTR) 

is continuing in the pool-side facility of the 

ORR. The specimens here are positioned hori

zontally in two parallel vertical columns with 

the specimen axes normal to the face of the 

reactor core. This arrangement permits assembly 

of ten specimens in a 14-in. vertical space, 

equally divided above and below the plane of 

maximum flux. Figure 180 shows an ORR tube 

burst experiment prior to insertion in the exposure 

can. 

6 
j. C. W i Is on e t al., So lid Sta te Ann. Pro g. Re p. Aug. 

3 1, 1958, ORNL-2614, p 98. 

Fig. 180. Assembled Tube Burst Experiment for the ORR. At the extreme left is the top plate of the exposure 

can. The capillary pressure tubes from the specimens can be seen emerging from the furnaces. The specimen 

ends located at the bottom of the photograph face the pool - side face of the re actor core when installed in t he irradia

tion foci I ity. 
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The ORR tube burst tests have been conducted 
at 1500°F in air. The data are presented in 

Table 31. Figure 181 is a graph of all the rupture 

data on lnconel tested in air at the MTR, at the 

ORR, and on the bench. The unirradiated test 

data are within the scatter band of the data 

reported by the Metallurgy Division. The graph 

shows a reduction in rupture I ife by a factor of 

3 to 5 for the irradiated specimens. The reduction 

in strength for rupture is well over 1000 psi over 

the entire curve. Postirradiation examination of 

the ORR experiments is under way. 

Postirradiation examination of the second MTR 

experiment6 has been completed. The total strain 

data exhibit very broad scatter. This is probably 

due to the effect of repressurizing the ruptured 

specimens, as previously reported. 6 Inspection 

of the as-polished metallographic specimens re

vealed normal intergranul or, high-temperature frac

ture for both the in-pile (Figs. 182 and 183) and 

out-of-pile tests (Figs. 184 and 185), except that 

the irradiated specimens appeared to have less 

ducti I i ty and the frnctures were more I oca I i zed. 

PERIOD ENDING AUGUST 31, 1959 

The reduced ductility was also apparent in one 

irradiated specimen which fractured in a brittle 

manner during a cutting operation with an abrasive 
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at 1500° F. 

Stress vs Rupture Life of lnconel in Air 

Table 31. Effect of Neutron Bombardment on the Rupture Life of lnconel at 1500° F in Air: ORR Experiments 

Specimen No. 
Stress Irradiation Dose at Rupture Rupture Life 

(ps i) (Mwhr)* (hr} 

2-2 3000 10,000 470 

2-5 5000 2,200 100 

2-6 5000 2,000 91.5 

4-1 2000 19,796 Not ruptured 

4-2 2000 19,796 Not ruptured 

4-3 2500 19,796 Not ruptured 

4-4 2500 19,796 Not rupt11ren 

4-5** 5000 4,285 109 

4-6** 5000 13,230 110.5 

4-7 6250 1,219 56 

4-8 6250 975 43.5 

4-9 3000 13,120 787 

4-10 3000 12,884 774 

* Integrated neutron flux may be es ti mated by mult iply ing the number of megawatt-hours by 4 X 10 15 (thermal neu

trons / Mwhr} or 1.3 X 10 15 (fast neutrons / Mwh r). Cobalt and sulfur monitors will be counted shortly. 

** These specimens were irradiated at temperature prior to appl ication of stress. 
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. ' 
t 

I \ ., I' 

\ 

Fig. 182. Transverse Section in the Fracture Region 

of an lnconel Tube-Burst Specimen Tested at 1500° F in 

Air at the MTR. The stress was 5000 psi and the 

rupture time was 94 hr. lOOX. Reduced 50%. 
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Fig. 183. Transverse Section in the Fracture Region 

of an lnconel Tube-Burst Specimen Tested at 1500° F 

in Air at the MTR. The stress was 5000 ps i and the 

rupture time was 94 hr. Notice the scalloped edges of 

many of the grains along the major separations and the 

series of voids in the grain boundary prior to separation. 

250X. Reduced 17%. 

cutting saw. The irradiated specimens appeared 

also to contain bubble-shaped voids at grain 

boundaries both normal and parallel to the major 

stress direction and a fairly regular scalloped 

edge on the metal along the fracture. The 

scalloped edge appears to have been formed by 

the joining of adjacent voids to create a fracture 

path. 
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Fig. 184. Transverse Section in the Fracture Region 

of an lnconel Tube-Burst Specimen Tested at 1500° F 

in Air Out•of-Pile. The stress was 4000 psi and the 

rupture I ife was 800 hr. lOOX. Reduced 38%. 

The appearance of these voids led to the 

suggestion that a gas is being produced in the 

metal and making its appearance at the grain 

boundary. It was further suggested that this gas 

is he I i urn, produced by thermal-neutron capture 

in B 10
• Spectrographic examination indicates that 

boron is present in the I nconel being tested in 

the range of 10 to 50 ppm by weight. The helium, 

collected into small gas pockets, would either 

weaken the grain boundary or act as stress 

raisers. In addition, the lithium by-product of 

the nuclear reaction might in some way (as the 

element or its oxide) reduce the ability for grain 

boundary deformation and thus cause separation 

at the groin boundary. Supporting evidence for 

this idea of gas voids is the observation of voids 

in boron stainless steel control rods (containing 

1% boron) 7 and in the braze material used until 

recently in the tests reported here. Figures 186 

and 187 show the irradiated and unirradiated braze 

material. Many small voids are clearly indicated 

in and around the intermetallic boride areas. 

Several investigations are under way in an effort 

to verify the theory that boron is responsible for 

the decrease in creep rupture I ife of lnconel. It 

is planned to test additional heats of lnconel 

with similar boron concentration but varying 8 10 

concentration, and also to test materials with 

7 w. 0. Schaffnit, Radiation Damage Studies of Boron 
Sta inless Steel, ID0-16502 (Jan. 28, 1959). 
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Fig. 185. Transverse Section in the Fracture Region of an lnconel Tube- Burst Specimen Tested at 

1500° F in Air Out-of-Pile. The stress was 4000 psi and the rupture life was 800 hr. This control specimen 

exhibited more ductility at the grain boundaries than the specimen shown in Fig. 183. 250X. 

different boron content. It may be necessary to 
know whether or not the boron is concentrated at 

grain boundaries, and methods of determining this 

are being investigated. In the interim, two lnconel 

specimens from the same heat ot material as 

previously tested have been given 100- and 550-hr 

irradiations, respectively, before subjecting them 

to stress (5000 psi at 1500a F). In the event that 

the specimen with the higher B 10 burnup (longest 

unstressed irradiation) would have accumulated 

more gas or other impurities at the grain 

boundaries, it was thought that this specimen 

might show a shorter creep-rupture l'ife. The 

calculated B 10 burnups prior to stressing were 

7 and 30%. No appreciable difference in rupture 

life was noted, but perhaps the difference in total 

atoms reacted was too small. Other specimens 

with greater amounts of B 10 burnup will be tried. 

Other boron-containing alloys (type 304 stainless 

steel, type 304 ELC stainless steel, and INOR-8) 

are being studied to determine if decreased rupture 

I i fe and decreased ducti I ity are observed in these 

alloys also. 

Creep and stress-rupture studies have been 

initiated on beryllium. This is a potential fuel 

element conning materia I for severo I future gas

cooled power reactors. The expected fast-neutron 

dose for the life of the fuel element is 1021 

neutrons/ cm 2 or greater. Large changes may be 

expected in the properties of beryl I ium because 

of two reactions: an (n,2n) reaction resulting in 

two atoms of helium, and an (n,a ) reaction re

sulting in two atoms of helium and one of tritium. 

Approximately 2 cc of gas is produced per cc of 

beryllium at 1021 nvt fast. 8• 9 

8c. E. E lis, The Swelling of Beryllium from Neutron
Induced Gases, AE C L-719 (November 1958). 

9D, W. White, Jr., and J. E. Burke, The Metal Be
ryllium, American Society far Metals, Cleveland, 1955. 
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Tube burst tests are planned for a core position 
in the ORR, and earlier experiments are planned 
for irradiation of beryllium both hot (500 to 700°C} 
and cold in capsules. In addition to measuring 
the gas production in the capsule tests, these 

UNCLASS IFIED 
RMG 2719 
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Fig. 186. Braze Region in an Out-of-Pile Creep Test. 

The dark particles are a boride intermetallic compound. 

250X. 

218 

tests w iII be used to study the change in micro
structure of the material irradiated hot and cold, 
and after postirradiation annealing. Material of 
Iorge and small groin size will be studied, as well 
as the effect of crystal orientation, 

Fig. 187. Braze Region from an In-Pile Creep Test. 

This region was at the in-pile end of an MTR test 

specimen, Notice the voids in and around the particles 

of the dark boride intermetallic compound, 250X. 
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R. G. Berggren 
"Radiation Effects in Structural Metals," talk presented to Penn State Chapter, American 

Society for Metals, University Park, Pennsylvania, Dec. 9, 1958 . 

D. S. Billington 
"Effect of Fast Neutron Bombardment on the Properties of Metals and Alloys," talk pre

sented to Santa Clara Chapter, American Society for Metals, Santa Clara, California, 
October 1958. 

"Effect of Nuclear Radiation on Metals and Alloys," talk presented to Milwaukee Chapter, 
American Society for Metals, Milwaukee, Wisconsin, Dec. 16, 1958. 

D. Binder, W. K. Kirkland, and R. L. Towns 
"Polymers as Pile Radiation Detectors," Bull. Am. Pbys. Sue. [2]4, 161 (1959). 

T. H. Blewitt 
"Low Temperature Radiation Effects in Metals," paper presented at Conference on Solid 

State Physics, University of Melbourne, Australia, Aug. 17-21, 1959. 

Participation in "General Discussion," in Vacancies and Other Point Defects in Metals and 
Alloys, p 213, Symposium held at Harwell, Berks, Dec. 10, 1957 [lnst. Metals (London), 
Monograph and Rept. Ser. No. 23 (1958)1. 

"Radiation Effects in Copper," talk presented at Greater Washington Solid State Physics 
Colloquium, Washington, D.C., Apr. 9, 1959. 

"Radiation Hardness in Copper," paper presented at Conference on Solid State Physics, 
University of Melbourne, Australia, Aug. 17-21, 1959. 

T. H. Blewitt, R. R. Coltman, and C. E. Klabunde 
"Stored Energy of Irradiated-Copper," Phys. Rev. Letters 3, 132 (1959). 

T. H. Blewitt, R. R. Coltman, C. E. Klabunde, J. K. Redman, and J. Diehl 
"Annealing Kinetics of Irradiated Copper and Alun;inum," Bull. Am. Phys. Soc. [2]4, 135 

(1959). 

A. F. Cohen 
"Low Temperature Thermal Conductivity of Non-Metals, Including Radiation Effects," in 

Proceedings of the Fifth /ntemational l.nnference on Low Temperature Physics (ed. by 
J. R. Dillinqer), University of Wisconsin Press, Madison, 1958. 

R. R. Coltman, T. H. Blewitt, C. E. Klabunde, and J. K. Redman 
"Low Temperature Radiation Damage in Metals," Bull. Am. Pbys. Soc. [2]4, 135 (1959). 

J. H. Crawford, Jr. 
"Effect of Neutron Irradiation on Crystalline and Glassy Inorganic Solids," in Progr. in 

Nuclear F.nergy, Ser. V, 2, 531-50 (1959). 
J. H. Crawford, Jr., and J. W. Cleland 

"Nature of Bombardment Damage and Energy Levels in Semiconductors,"]. Appl. Phys. 30, 
1204 (1959). 

J. H. Crawford, Jr., and M. C. Wittels 
"Radiation Stability of Nonmetals and Ceramics," in Proc. U.N. Intern. Con{. Peaceful 

Uses Atomic l:!'nergy, 2nd, Geneva, 1958 5, 300 (1958). 

0. L. Curtis, Jr. 
"Radiation Effects on Recombination in Germanium," f. Appl. Phys. 30, 1174 (1959). 

0. L. Curtis, Jr., and J. W. Cleland 
"Monoenergetic Neutron Irradiation of Germanium," .Bull. Am. Phys. Soc, [2]4, 47 (1959). 
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0. L. Curtis, Jr., J. W. Cleland, and J; H. Crawford, Jr. 
"Radiation-Induced Recombination Centers in Germanium,"]. Appl. Phys. 29, 1722 (1958). · 

J. Diehl and R. Berner 
"Temperature Dependence of the Flow Stress of Copper Single Crystals," Bull. Am. Phys. 

Soc. [2]4, 132 (1959). 

S. E. Dismuke 
"A Proposed High-Radiation-Level Examination Laboratory," in Proceedings of the Seventh 

Hot Laboratories and Equipment Conference, Session V, p 199, American Soci~ty of 
Mechanical Engineers, Cleveland, 1959. 

B. R. Gossick and J. H. Crawford, Jr. 
"Disordered Regions in n-Type Germanium Bombarded by Fast Neutrons," Bull. Am. Phys. 

Soc. [2]3, 400 (1958). 

W. R. Grimes, D. R. Cuneo, F. F. Blankenship, G. W. Keilholtz, H. F. Poppendiek, and M. T. 
Robinson 
"Chemical Aspects of Molten-Fluoride-Salt Reactor Fuels," in Fluid Fuel Reactors (ed. by 

J. A. Lone, H. G. MacPherson and F. Moslon), p 569, Addison-Wesley, New YQrk1 1958. 

W. R. Grimes, F. F. Blankenship, G. W. Kellholtz, H. F. Poppendiek, and M. T. Robinson 
"Chemical Aspects. of. Molten. Fluoride Reactors," in Proc. U.N. Intern •. Con{. Peaceful· 

Uses Atomic Energy, 2nd, Geneva, 1958 28, 99 (1958). 

D. K; Holmes 
"Effects of lrrqdiotion in Materials," paper presented at the Summer General Meeting, 

American Institute• of Electrical Engineers, Seattle, Washington, Jun·e 21-26, 1959. 

D. K. Holmes, J. W. Corbett, R. M. Walker~ J. S. Koehler, and F. Seitz 
"Production and Recovery of Radiation Effects in ·Metals," Paper No. 2385, presented at 

Second UnHed Notions International Conference on the· Peaceful Uses of Atomic. Energy., 
Geneva, 1958. 

J. T. Howe, R. R. Coltmon, and T. H. Blewitt·· 
"Liquid Helium Temperatures in on Atomic Reactor," in ProceediT}gs ofthe 1957 Cryogenic 

Engineering Conference, p 173, Notional Bureau of Standards, Bo~lder, Colorado, 1958. 

L. H. Jenkins 
"Dissolution of Copper Single Crystals in Aqueous Solution," talk presented at a conference 

on crystals, University of Virginia, Jan. 31-Feb. 1, 1959. 

G. W. Keilholtz, J. G. Morgan, and W. E. Browning 
"Effect of Radiation on Corrosion of Structural Material by Molten Fluorides," Nuclear Sci. 

andEng.S, 15(1959). 

R. H. Kernahan and M.S. Wechsler 
"Irradiation and Quenching Experiments on Cu-AI,'' Bull. Am. Phys. Soc. [2]4, 136 (1959). 

C. E. Klabunde, R. R. Coltmon, and T. H. Blew.itt 
"Liquid Helium Cryostat for Reactor Irradiation of Metals," Bull. Am. Phys. Soc. [2]4, 135 

( 1959). 

J. A. Krumhonsl 
"The Magnetic Susceptibility of Solids,"]. Appl. Phys. 30, 1183 (1959). 

S. 0. Lewis and S. E. Dismuke 
"Dry Storage Facility for Irradiated Materials," in Proceedings of the Seventh Hot· Lab·o
rato~ies and Equipment Conference, Session V, p 199, American Society of Mechanical 
Engineers, Clevelond,.1959 • 
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E. J. Manthos 
Metallographic Examination of Zirconium Alloy Coupons from HRP In-Pile Loop L·2·17 -

Part II, ORNL CF-58·10-38 (Oct. 8, 1958). 

C. M. Nelson and R. A. Weeks 
"TheE Band in Silica and Quartz," Bull. Am. Phys. Soc. [2]4, 158 (1959). 

T. S. Noggle 
"Effect of Nuclear. Radiation on Metals and Alloys," talk presented to Kansas City Chapter, 

American Society for Metals, Kansas City, Missouri, Apr. 15, 1959. 

"Electron Microscope Observation of Radiation Damage in Gold Films," Bull. Am. Phys. 
Soc. [2]4, 137 (1959). 

T. S. Noggle and J. 0. Stiegler 
"Electron Microscope Studies on the Etching of Irradiated Germanium,"]. Appl. Phys. 30, 

1279 ( 1959). 

0. S. Oen and D. K. Holmes 
"Cross Sections for Atomic Displacements in Solids by Gamma Rays,"]". Appl. Phys. 30, 

1289 ( 1959). 

W. W. Parkinson and 0. Sisman 
Liquid Metal Loops Irradiated in the ORN L Graphite Reactor and the L/TR, ORNL-2630 

(May 15, 1959). 

J. K. Redman, R. R. Collman, T. H. Blewitt, and C. E. Klabunde 
"The Effect of Gaseous Impurities on the Residual Resistivity of Copper," Bull. Am. Phys • 

Soc. [2]4, 150 (1959). 

A. E. Richt 
MetalloJ?,Taphic Examination of Components and Coupons from HRP In-Pile Loop L-2·21 -

Part I, ORNL CF-58·9·15 (Sept. 2, 1958). 

Post-Irradiation Examination of APPR Fuel Element Irradiation Program Specimens, ORNL 
CF-59·3·33 (Mar. 9, 1959). 

M. T. Robinson 
"On the Chemistry of the Fission Process in Reactor Fuels Containing UF 4 and U0 2," 

Nuclear Sci. and Eng. 4, 263 (1958). 

"The Crystal Structure of Beta-K
2
S0

4 
and of Beta·KiP0

3
F," f. Phys. Chern. 62, 925 (1958). 

"Xenon Poisoning Kinetics in Gas-Sparged, Molten Fluoride Fueled Nuclear Reactors," 
Nuclear Sci. and Eng. 4, 270 (1958). 

M. T. Robinson, W. A. Brooksbank, Jr., S. A. Reynolds, H. W. Wright, and T. H. Handley 
"The Behavior of Fission P"roducts in Molten Fluoride Reactor Fuels," Nuclear Sci. and 

Eng. 4, 286 (1958). 

H. C. Schweinler 
"Some Consequences of Thermal Neutron Capture in Silicon and Germanium,"]. Appl. Phys, 

30, 1125 (1959). . . . 

E. Sonder 
"Magnetic and Electrical Proper~ies of Reactor-Irradiated Silicon," J. Appl. Phys. 30, 1186 

(1959). 

E. Sonder and L. C. Templeton 
"Gamma-Irradiation of n· Type Si I icon," Bull. Am. Phys. Soc. [2]3, 375 (1958). 

221 



SOLID STATE 'PROGRESS REPORT· 

222 

J. 0. Stiegler and T. S. Noggle 
"Electron Microscope Observation of Fission Tracks in U0 2 Films," Bull. Am • .Phys. Soc. 

[2]4, 141 (1959). 

D. 0. Thompson and F. M. Glass 
"Elastic Constant-Internal Friction Spectrometer," Rev, Sci. /nstr. 29, 1034 (1958). 

D. 0. Thompson and D. K. Holmes 
"The Dislocation Contribution to the Temperature Dependence of the Internal Friction and 

Young's Modulus of Copper,"]. Appl. Phys, 30, 525 (1959). 

D. 0. Thompson and V. K. Pare 
"The Effect of Neutron Bombardment at Various Temperatures upon the Young's Modulus 

and Internal Friction of Copper," Bull. Am. Phys. Soc, [2]4, 136 (1959). 

J. B. Trice 
"Measuring .Reactor Spectra with Thresholds and Resonances," Nucleonics 16, 81 (1958). 

"Miniature Fission Chamber," Nucleonics 16, 84 (1958). 

M. S. Wechsler 
"Neutron Radiation Effects on Metals and Alloys," talk presented to Oak Ridge Chapter, 

American Society for Metals, Oak Ridge, Tennessee, Feb. 25, 1959. 

Participation.·in discussion of. "Precipitation, Quenching and -E>islocatior:~s/' by A~ G. Tweet, 
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"Use of a Radiation.Calorimeter in Measurement of Stored Eriergy· in. Irradiated· Graphite/' 

T. Appl. Phys. 30, 42 (1959). 

M. S. Wechsler and R. H. Kernohan 
"Neutron-Irradiation Effects ·on· Copper-Aluminum< Alloys·,". Phys. ·.and: Chern. Solids 7, 307 
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R. A. Weeks 
"Defects of. the ·Quartz: System . .Produced -.by .. Neutron Irradiation/:': paper .. presented. at ·Fre,, ·. · 
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. R. A. Weeks and D. Binder 
"Effects of Neutron and Gamma-Ray Irradiation on the Dielectric Constant and Loss Tangent 

of Some Plastic Materials," in Power Apparatus a.nd Systems, AlEE publication, paper 

58-878, p 88. 

R. A. Weeks and C. M. Nelson 
"lrradiat.ion Effects and Short-Range Order in Silica and Quartz," Bull. Am. Phys. Soc. 
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J. C. Wilson 
"Effects of Irradiation on the Structural Materials in Nuclear Power Reactors," in Proc, 

U.N. Intern. Con/. Peaceful Uses Atomic EnerR,y, 2nd, Geneva, 1958 5, 431 (1959). 

"Effets de radiations intenses des reacteurs nucleaires sur les materiaux," EnerR,ie 
nucleaire 2, 207 (1958). 

"Radiation Effects in Pressure Vessel Steels," in Fluid Fuel Reactors (ed. by J. A. Lane, 
H. G. MacPherson,.and F. Maslanh p 279, Addison-Wesley, New York, 1958. 

"Radiation Effects in Structural Materials at Elevated Temperatures," in ProR,r. in Nuclear 
Energy, Ser, V, 2, 88 (1958). 

"Radiation Effects on Metals," in Mechanical Properties of Metals (ed. by L. W. Hu and 
J. Marin), p 263, Pennsylvania State University, University Park, 1958. 
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"Evaluation of the ORNL Graphite Reactor," p 64 in The US/UK Graphite Conference, Held 
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"Irradiation-Induced Phase Transformations in Perovskite· Type Crystals," Bull. Am. Phys. 
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M. C. Wittels and F. A. Sherrill 
"Fission Fragment Damage in Zirconia," Phys. Rev. Letters 3, 176 (1959) • 

. "Some Irradiation Effects in Non-Metallic Crystals," paper presented by M. C. Wittels at 
Eighth Annual Confere11ce on Applications of X-Ray Analysis, Estes Park, Colorado, 
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F. W. Young, Jr. 
"Etch Pits and Dislocations in Irradiated Copper, ... Bull. Am. Phys. Soc. [2]4,. 136 (1959). 

"Oxide Nuclei and .Dislocations," talk presented at a conference on crystals, University 
of Virginia, Jan. 31-Feb. 1, l959. 
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Reports previously issued in this series are: 

ORNL-1 025* Period Ending January 31, 1951 

ORNL-1095 Period Ending April 30, 1951 

ORNL-1128* Period Ending July 31, 1951 

ORNL-1214* Period Ending October 31, 1951 

ORNL-1261* Period Ending January 31, 1952 

ORNL-1301* Period Ending May 10, 1952 

ORNL-1359* Period Ending August 10, 1952 

ORNL-1429* Period Ending November 10, 1952 

ORNL-1506* Period Ending February 10, 1953 

ORNL-1606 Period Ending August 31, 1953 

ORNL-1677 Period Ending February 28, 1954 · 

ORNL-1762* Period Ending August 30, 1954 

ORNL-1851* Period Ending February 28, 1955 

ORNL-1852 Period Ending February 28, 1955 

·• ORNL-1944 Period Ending August 30, 1955 

ORNL-1945 Period Ending August 30, 1955 

ORNL-2051 Period Ending February 29, 1956 

ORNL-2052* Period Ending February 29, 1956 

ORNL-2188 Period Ending August 30, 1956 

ORNL-2189* Period Ending August 30, 1956 

ORNL-2413 Period Ending August 31, 1957 

ORNL-2614 Period Ending August 31, 1958 

*Classified. 
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