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X-Ray Study of Deuteron-Irradiated Copper near 10'K*t
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Precise measurements of lattice expansion of high-purity
copper held near 10'K during deuteron bombardment were made
using a rotating single-crystal method. An expansion of (4.1&0.2}
&(10 " per 7-Mev deuteron/cm' was found. No broadening
of the Laue-Bragg intensity around the (4,0,0) reciprocal lattice
point occurred. These effects are broadly consistent with the
introduction of small point centers of dilatation. On the assump-
tion that the damage consists of Frenkel defects, published cal-
culations for the volume expansion due to interstitial atoms and
vacant lattice sites in copper and the observed expansion lead
to a concentration of defects which is only 0.08 to 0.22 of that
predicted by the simple theory of displacement. Several independ-
ent measurements of inhomogeneity of the damage indicated
an E ' variation of the probability of lattice-atom displacement

with deuteron energy, E, in agreement with the simple theory.
The ratio of resistivity increase (as determined by Cooper et al.) to
lattice expansion is 7 && 10 ' pohm-cm for such deuteron irradiation.
Use of the empirical defect concentrations then gives a value for
the resistivity of 1% of Frenkel defects as 2.1 to 5.6 pohm-cm.

Thermal recovery of the expansion in the temperature range
10-302'K was measured. It was strikingly similar to the recovery
of electrical resistivity changes produced by deuteron irradiation.
About 55% of the recovery occurred in a range below 42'K and
the recovery was essentially complete at 302'K. Whatever the
activating mechanism may be in each stage of recovery, the
observed recovery appears predominantly due to mutual annihila-
tion of interstitials and vacancies.

I. INTRODUCTION

OPPER is a particularly interesting crystal for~ radiation damage study. ' ' Extensive theoretical
calculation has been carried out for this metal; most
bulk physical properties are well known; it is readily
worked; and it is obtainable in relatively pure form.
On the other hand, liquid-helium temperatures are
required in order to prevent immediate thermal re-
covery of the damage produced by irradiation. ' The
necessity of working at such low temperatures makes
damage and annealing studies dificult.

In recent years a few helium-temperature investiga-
tions of irradiated copper have been carried out using
electrons, ' neutrons, ' and deuterons. ' YVhile electron
irradiation under suitable conditions is thought to
produce the simplest disarrangement of the crystal
lattice, the relative ineS.ciency of electron bombard-
ment in producing atomic displacements has limited
the variety of measurable eGects and prevented the
production of defect concentrations greater than
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chemical impurity concentrations. In nuclear reactors
conditions are complicated by the incident-neutron
energy spectrum, possible anisotropies in the neutron
scattering cross section, gamma- and beta-ray Qux,
nuclear transmutations, and, most important, the large
mean energy transmitted to the initially struck lattice
atom. Cyclotron irradiations do not produce the simplest
type of damage, but experimental conditions are more
strictly defined and direct access to the specimen being
studied is possible during irradiation. In addition, such
experiments produce a relatively high concentration
of defects and hence a variety of effects which can be
measured accurately.

Most previous experiments on irradiated copper at
helium temperature have measured changes in electrical
resistivity. Estimates of crystal defect concentration in
copper made from electrical resistivity changes are
unreliable at present since there is a wide theoretical
disagreement about the resistivity per defect. ' " The
situation may be better in the case of lattice expansion
where the expansion per defect appears fairly well
established. ""Macroscopic volume changes which, of

'D L. Dexter., Phys. Rev. 87, 768 (1952); R. J. Potter and
D. L. Dexter, Phys. Rev. 108, 677 (1957).' P. Jongenburger, Phys. Rev. 90, 710 (1953); Appl. Sci.
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Rev. 99, 1708 (1955).' Laura M. Roth, Bull. Am. Phys. Soc. Ser. II, 2, 214 (1957);
Ph.D. thesis, Radcliffe College, Cambridge, Massachusetts, 1956
(unpublished).
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(1956).

u W. A. Harrison (to be published).
"H. B. Huntington, Phys. Rev. 91, 1092 (1953); Acta Met.

2, 554 (1954).
"H. B.Huntington and F. Seitz, Phys. Rev. 61, 315 (1942).

L. Tewordt, Phys. Rev. 109, 61 (1958).
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P. H. Miller, Jr., and B. R. Russel, J. Appl. Phys. 24, 1248
(1953)."J.Teltow, Ann. Physik 12, 111 (1953)..' J.D. Eshelby, J.Appl. Phys. 24, 1249 (1953);25, 255 (1954);
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experimental trials; "defocusing" due to differing
distances of tube focus and film from the crystal was
found to be slight. Further, the mechanical rigidity of
the arrangement was improved considerably by placing
the heavy x-ray tube close to the center of rotation.

The crystal was maintained at low temperature in
vacuum by attachment to the specimen tail of a helium
cryostat of special design. "All other parts of the diffrac-
tion apparatus were in air at room temperature. The
apparatus had good mechanical rigidity; the recorded
position of the lowest temperature Laue-Bragg line
was found to be independent of any previous tempera-
ture cycle of the specimen, mechanical shocks, or gross
movements of the entire apparatus and cryostat. The
apparatus included precise adjustments for putting the
axis of rotation in the plane of the specimen and making
the intended plane of incident and diffracted x-ray
beams contain the crystal (100) direction.

The profile of the crystal reQection curve for the E~
doublet was obtained using a scintillation counter
detector of 2.2-cm diameter aperture. Point by point
measurements were made using a modified fixed-count
method. Angular positions were set using a vernier
accurate to 0.5' of arc. A single-channel pulse-height
analyzer separated the x-ray quanta counter pulses
from the photomultiplier tube noise and higher energy
pulses from cyclotron radioactivity.

All Ineasurements, with the exception of preliminary
thermal-expansion studies, were made with the cryostat
attached to the target chamber of the Illinois cyclo-
tron. " The cryostat and cyclotron vacuums were
separated by a 0.025-mm thick Duralumin diaphragm
which effectively excluded cyclotron oil and, most im-

portant, greatly reduced adsorption of gas from the
cyclotron arc on the cryostat. In previous experiments'
the evolution of such gas had led to a large and rapid
temperature rise of the specimens during annealing
following irradiation. A high-speed diffusion pumping
system was incorporated in the cryostat. The inte-
grated deuteron Qux was calculated to an estimated
accuracy of 4%%uo from the known area of the grounded
collimator and the total accumulated charge measured
by an electronic current integrator. "

Accurate alignment of the specimen in the cyclotron
beam is critical in this type of experiment where the
specimen height is comparable to the half-width of the
vertical intensity profile of the deuteron beam. Ac-

cordingly the entire cryostat and x-ray apparatus were
mounted on a telescoping stand which could be driven

"D.K. Mapother and F. E. L. Witt, Rev. Sci. Instr. 26, 843
{1955).The mechanical design is essentially the same as described
in this paper but additional precautions have been taken during
cyclotron irradiation and subsequent recovery studies as described
in the text.

~9P. G. Kruger et a/. , Rev. Sci. Instr. 15, 333 {j.944). The
cryostat and diffraction apparatus were located at position B of
Fig. 5 of this paper.

'0 A modified version of a device described by H. T. Gittings,
Jr., Rev. Sci. Instr. 20, 325 (1949).

up or down during operation of the cyclotron. A
bellows provided the necessary Qexible connection to
the cyclotron target chamber. This equipment allowed
the specimen to be set precisely in optimum position
in the beam.

2. Error Analysis

The accuracy required in determining the instru-
mental constants can be analyzed by putting hd/d= $
=68 cot8 For. small angular changes 268=x//, where
x measures the change in position of the Laue-Bragg
reQection on the film and / is the specimen-to-61m
distance. Then the relative error in determining the
lattice expansion is

bp/$= (2lg tan8) '8x+/ 'N+csc8 sec%8.

For the present apparatus this becomes

8$/$= (7.6X10 '/mm)g'8x+(1. 3X10 '/mm)N+8. 5M.

The value of 8 can be inferred accurately from
known thermal-expansion and room-temperature lat tice-
parameter values, while l can be measured easily to
better than 1 mm. Hence Q and M errors contribute at
most a residual 1%%u~ relative error, independent of the
expansion. Film shrinkage effects due to processing

, were appropriately corrected using measurements on
a known array of fiduciary marks.

The subjective errors in measuring line position are
mostly random. A systematic one, vis. , measuring to a
region of maximum blackening verses measuring to the
mean blackening, was negligible since only small incre-
ments x were measured and all lines had the same
appearance. Random errors in observing the line posi-
tion can be evaluated in several ways. The distance x
was measured using an X cross hair with low magnifica-
tion on the cursor of a vernier film reader graduated
directly to 0.05 mm. Repeated readings by the same
observer and by different observers on the same film
were examined for consistency. For any given film the
mean absolute deviation of individual readings from
the mean for a single observer was less than 0.03 mm,
while the mean values for different observers varied
by an average 0.05 mm. It is concluded that a reason-
able value for bx is 0.06 mm, which corresponds to an
expansion (=5X10 '.

Several systematic errors are very small because 8 is
near 90'. These include eccentric placement of the
specimen and of the incident x-ray beam relative to the
axis of rotation, finite specimen height, and absorption
in the specimen. Those systematic errors which do not
vanish at 8=90, such as uncertainty in the wavelength
standard and refraction in the specimen, are unim-
portant because only small changes in 8 were measured.

Any rotation of the specimen crystal about an axis
perpendicular to the (100) direction used will produce
a displacement of the diffracted line perpendicular
to the measuring direction, because the collimator
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permits vertical divergence of rays from the source
(see Fig. 1). Displacements of this type were observed
but were found to be suSciently small so that resulting
shifts in the measuring direction could be neglected.

The problem of temperature measurement is localized
at the specimen. All other parts of the diffraction
apparatus are at room temperature, and normal varia-
tions in room temperature produce negligible dimen-
sional changes in the apparatus. Variations in lattice
parameter due to specimen temperature changes are
negligible at low temperatures because even at 30'K
the linear thermal-expansion coe@.cient is less than 10 '
per degree. Recovery studies following bombardment
were carried to higher temperatures and knowledge
of specimen temperature and thermal expansion is
required in order to allow separation of the dilation due
to the recovery of the damage from the lattice expansion
due to heating; the type of cryostat used does not
permit pulse annealing with measurements at a 6xed
reference temperature. The same technique was em-

ployed for making thermal-expansion measurements
and for recovery studies. A detailed report of the
thermal-expansion measurements has appeared else-
where. "Film exposures of 20 minutes were made (with
1' crystal rotation) as the specimen warmed con-
tinuously following exhaustion of the liquid helium from
the cryostat. The temperature assigned to each ex-
posure was the temperature of the crystal at the
known time the intensity maximum was registering
on the 61m. The resulting temperature errors are all
small because as the temperature, and hence the
thermal-expansion coeScient, increased the temperature
increment during measurement decreased. The largest
error of this type corresponded to a lattice expansion
of only 1X10 '. The inQuence of temperature gradients
in the specimen is believed to be negligible because of
the high thermal conductivity of the material.

From the above analysis it is believed that the total
error in any single lattice-expansion measurement is
less than 1X10 '.

3. Crystal Preparation and Mounting

The high-purity single-crystal copper foil used in this
investigation was prepared by secondary recrystalliza-
tion of heavily cold-rolled sheet possessing a special
deformation texture. This method was chosen in
preference to others because it was desired that the
resulting very thin crystal be undeformed and of a
predictable orientation.

The starting material was American Smelting and
Reining Company continuously cast copper rod."A
rectangular ingot was cast in vacuum by solidification

"R. O. Simmons and R. W. BalluK, Phys. Rev. 108, 278
(1957).

Smart, Smith, and Phillips, Trans. Am. Inst. Mining Met.
Engrs. 143, 272 (1941). This material has a residual resistivity(1.3X10 'obm-cm, a stated purity of about 99.999%, and is
quite coarse-grained.

of a melt from one end. The high-purity end of the
ingot which solidified 6rst was treated to reduce the
grain size below 0.1 mm. A final heavy reduction of
98% by cold rolling then produced sheet of the desired
0.089 mm thickness and deformation texture. " Speci-
men foils were cut out of sheet material prepared in this
manner and were clamped at one end between blocks of
A. S. and R. copper held tightly together by an A. S.
and R. copper screw. This assembly was then im-
mediately placed in a vacuum furnace for the Anal

heat treatment. Continuous slow heating at 10'/hour
in vacuum to a final temperature 950'C then produced
in some cases very large crystals of suitable orientation
at the free end of the foil. The heavy clamp permitted
handling of the very easily damaged foils. Excellent
heat conduction from foil to clamp, which was necessary
to prevent overheating during bombardment, was
obtained since a substantial area of metal to metal
contact developed by sintering during the final high
temperature treatment. A separate foil of the same
material, subjected to the identical cycle of deformation
and heat treatment, served to monitor the purity of the
final crystal. The residual resistivity of the relevant
monitor foil was 5.4X10 ' ohm-cm.

Crystal perfection of similar large crystal sheets
produced by this method was studied by using an x-ray
monochromator technique. '4 "These measurements in-
dicated that the material had a dislocation density of
order & 1X10"/cm', characteristic of well-annealed
high-purity recrystallized copper.

The angle between the normal to the (400) planes
whose interplanar spacing was studied and the direction
of the incident deuterons was about 49', and the
deuteron path lay only approximately in the plane
defined by (100) and (110) directions. Hence the
incident deuteron path was inclined about 5' to the
close-packed (110)direction. This condition is believed
to be a representative choice in view of possible small
anisotropic effects during bombardment.

The clamp holding the foil was screwed to the upper
inside face of a heavy hollow OFHC copper block
(hereafter called block) which was attached to the
specimen tail of the cryostat by screws and General
Electric 7031 adhesive as shown in Fig. 2. The crystal
under study occupied the extreme end of the specimen
foil for 3.5 mm. Between the crystal and the clamp,
small crystals of 0.1-mm diameter and less were present.
The x-rays were incident on a 2.5-mm high by 1.0-mm

3' Heating this sheet to above 300'C for a suitable time produces
polycrystalline cube texture sheet by recrystallization. This
cubically aligned copper is the material in which very large
"secondary" grains of highly preferred orientation may grow.
See, for example, M. L. Kronberg and F. H. Wilson, Trans. Am.
Inst. Mining Met. Engrs. 18S, 501 (1949).

'4 Lambot, Vassamillet, and Dejace, Acta Met. 1, 711 (1953);
Acta Met. 3, 150 (1955).

'~ T. S. Noggle and J. S. Koehler, Acta Met, 3, 260 (1955).
The authors are indebted to Dr. G. S. Baker for taking these

photographs.
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FIG. 2. Vertical section of specimen block assembly. c=tail of

cryostat, b=OFHC copper block, d=cross section of deuteron
beam, s = region on specimen crystal studied by x-rays, tc =dummy
foil thermocouple, t =platinum resistance thermometer. The block
has front and back faceplates as thermal radiation shielding for
the specimen; the deuteron and x-ray ports subtend only about
s./3 steradian.

wide region centered on the extreme tip. Thus, the
boundary between irradiated and unirradiated regions
of the foil lay in the 6ne-grained region well separated
from the crystal being studied.

With this type of mounting there was a question
whether the rigid clamp would restrain the irradiation-
induced lattice expansion at the region of interest
near the foil extremity. A separate study was therefore
carried out to determine the constraining effect of the
clamp. Two large scale models of the irradiated part of
the specimen foil, in which all dimensions were scaled
up by a factor of twelve, were prepared of copper and
one end of each soldered to the sides of a brass cylinder.
One model was Rat and the other had an initial curva-
ture in order to test for buckling eGects. Strain gauges"
were glued to the model foil ends and the brass cylinder
was then compressed longitudinally, thereby producing
a compressive strain in the base of the model foils. This
procedure approximated the restraint experienced by
the actual specimen. For applied strains )6X10 4 at
the base of the foil, strains at the tips never exceeded
2X10 '. It thus appears certain that the region of the
irradiated crystal studied by x-rays was essentially
unconstrained by the clamp which supported and
cooled the foil. Considerations using elasticity theory
also support this conclusion.

4. Temperature Measurement

The actual crystal foil was, of course, much too
delicate to allow direct temperature measurements to

& ggldvyin-I, jmg-Hymjfgon Company $R-4 Type A,-7.
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FIG. 3. Crystal lattice expansion under deuteron irradiation
near 10'K. Changes in (400) interplanar spacing of single-crystal
copper for incident deuteron energy near 7 Mey,

be made on it. Such measurements were therefore made
using a dummy of identical dimensions and character-
istics with a fine copper-constantan thermocouple spot
welded at the free end. The thermocouple leads were
0.10-mm diameter copper and 0.25-mm diameter con-
stantan and a considerable lead length was coiled
around the inside of the cold block cavity in order to
minimize errors due to heat conduction through the
leads. The specimen and dummy foils received essen-
tially identical exposures to the deuteron beam which
tends to fan out horizontally as it leaves the cyclotron
target chamber.

The thermocouple assembly was first annealed and
was then calibrated against the block resistance
thermometer in final position in the block by enclosing
the entire block assembly within an isothermal copper
container suspended in a conventional glass helium
cryostat. The reference thermometer was a platinum
resistance thermometer calibrated by the National
Bureau of Standards down to 10'K. Between 4.2 and
10'K an interpolation method was used. These calibra-
tions are believed to be accurate to 0.1 of a degree
above 7'K. Particular care was taken to keep the
thermocouple lead wires undeformed and to approxi-
mate the thermal gradients expected in the bombard-
ment cryostat.

The average deuteron beam current of 0.053 pa/cm'
raised the dummy temperature to the vicinity of 10'K.
For a constant value of cyclotron current the dummy
temperature gradually rose during the course of the
entire irradiation. This rise is attributed to a steady
decrease of thermal conductivity of the irradiated
copper. The cyclotron current was limited so that the
dummy temperature never exceeded 12.5'K during
irradiation.

III. RESULTS

1. Lattice Expansion and x-Ray Line Broadening

The erst quantity of interest is the change of lattice
parameter, a, as a function of irradiation near 10'K.
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From Fig. 3, ha/u= (4.1+0.2) X10 "per deuteron/cm',
taken from the slope of a straight line drawn through
the experimental points. This value applies to a
deuteron energy of 7 Mev since the measurements
of lattice expansion were made on the foil face
from which the deuterons emerged. " Thermal re-
covery data for temperatures below 90'K, taken
during continuous warming and corrected for thermal
expansion, "are shown in Pig. 4. The warmup rate was
an average 4 degrees per hour in the range 10 to 50'K
and less than 3 degrees per hour above 50'K. The rate
was variable, having a maximum at about 30'K, since
it represented the natural warmup of the cryostat
after the liquid helium was exhausted, as complicated
by the release of adsorbed gas. Two further recovery
points at maximum annealing temperatures of 227
and 302'K were measured, with the specimen again
cooled each time to below 10'K where thermal-expan-
sion corrections were unnecessary. At 227'K, 25% of
the initial lattice expansion remained while at 302'K
only 3% (or Du/a=9X10 ' which is about the esti-
mated error) remained.

The appearance of the Co Eni(400) line below 10'K
as a function of irradiation and annealing is shown
in Fig. 5 by typical microphotometer records of films.
The intensity units are arbitrary. No broadening was
detectable; the half-width at half-maximum intensity
is constant within the measurement error of 2%.
Spectral width of the x-ray emission line accounts for
about 65% of the observed line width.

I I

ss- oo
Oo0

O
x 20-
0
Q l5-

l0-
Q
F)
QJ 5~
CL

oo
ooo oo

l I

IO 20 30 40 50 60 70 80 90
T'K

FIG. 4. Thermal recovery of irradiation-induced lattice expansion.

'SThe deuteron energy is degraded about 800 kev from an
original 12 Mev by the Dural and copper windows before striking
the inclined specimen foil.

"A previous direct measurement was made in alpha-particle
bombarded germanium by W. H. Brattain and G. L. Pearson,
Phys. Rev. 80, 846 (1950).

2. Inhomogeneity of Damage

In the present experiment it was expected that a
slight macroscopic bellying of the specimen would occur
as a result of the inhomogeneity of damage through the
foil thickness. "Several x-ray e8ects were found which

Ge-
Q7

06

04

0.2

0

FIG. 5. Di8raction line width on film. Typical microphotometer
records of films taken below 10'K before irradiation (I), after
irradiation (II), and after irradiation and annealing at 302'K
{III).No apparent line broadening is produced by an irradiation
of 6.3X10"deuterons/cms.

gave clear evidence that such bending did occur.
Displacement and lengthening of the Laue-Bragg reQec-
tion perpendicular to the measuring direction were
observed where the final displacement corresponded to
an inclination of the crystal tip by 18' of arc and the
final lengthening amounted to 17%. Independent sub-
stantiation of the bellying of the specimen foil as a
result of irradiation was given by an 18% broadening
of the reQection curve for the En doublet taken with
the diffractometer below 10'K (Fig. 6). The angular
measure C represents the crystal orientation relative
to the incident x-ray beam. Macroscopic bending con-
tributed to broadening of the diGractometer profile
because of the finite width of the x-ray beam incident
on the specimen and the large counter aperture. The
areas under the reflection curves have been normalized
for comparison.

The radius of curvature, R, of the bellied foil may
be calculated from these measurements. The inclination
of the crystal tip and effective length of foil irradiated
give R=114&20cm. The width of the x-ray beam
striking the crystal was 0.10 cm so that from the ob-
served profile broadening of 3.7' of arc, R=93&10cm.
Further, the profile broadening and film-line vertical
lengthening were the same on a percentage basis. The
absence of line broadening on the films showed, in
addition, that the x-ray measurement was made in a
small homogeneously damaged volume adjacent to
the specimen surface, as desired.

IV. DISCUSSION

1. Bombaxdment Expansion

It appears that temperatures near 10'K are ade-

quately low to suppress thermal recovery of the defects
produced initially in copper. Variations in bombardment
temperature of a few degrees may possibly have a small

diect on the defect pattern for deuteron irradiation, '



I-
zCO

4J

I- 2

LLI
IZ

oPO pO

FIG. 6. Before and after irradiation. The di8ractometer profile
of the (400) Co Ea doublet near 10'K. Initial profile (solid line);
final profile (dashed line). Here 4 =a—eo, where s is the Bragg
angle (about 83') and 80 is an arbitrary reference angle. The
profile shows 18% broadening due to macroscopic bending of the
specimen crystal. The bending agrees with that predicted by dis-
placement-theory calculations of inhomogeneity of damage
through the thickness of the crystal.

but apparently do not for electron irradiation. 4 No
recovery of irradiation eQ'ects is observed if the copper
is maintained below 10 K for an extended time, and
thermal recovery does not begin until the material is
warmed to about 15'K. Presence of the process termed
"radiation annealing, " as indicated by a curvature of
the bombardment curve, is not detectable within the
accuracy of the present experiment. The experimental
accuracy of a single point in Fig. 3 is about 1X10 ',
and all measurements lie within this value for either a
suitable straight line or a line of curvature similar to
that observed in electrical resistivity experiments. '

The possibility of anisotropy of the expansion is not
excluded by this experiment, which measured changes
in (400) interplanar spacing only. It is considered
likely that this eGect would be small for cubic metals.

Various possible models for the defects produced by
irradiation have different contributions to electrical
resistivity changes and lattice expansions, and an ex-
perimental value for Dp/(Da/u) is therefore of interest.
Electrical resistivity changes during similar bom-
bardment have been measured on 0.13-mm diameter
copper wires of somewhat lower purity. ' The measured
resistivity change was 2.1X10 " ohm-cm per (deu-
teron/cm') as taken from a suitable average slope of
the bombardment curve extending to the integrated
Qux of the present experiment. Correcting for the inho-
mogeneity of the damage, one obtains 9.5 Mev as the
equivalent deuteron energy. If deuterons of 7 Mev had
been used the resistivity change would have been
larger, sis. , Ap= 2.8X 10 '4 ohm-cm per (deuteron/cm').
Therefore, for the type of defects produced by deuteron
bombardment near 10'K,

Ap

r
=7+10 ' ohm-cm,

to about 20%.This experimental number is independent
of any theoretical model but does depend on the E '
dependence of damage on deuteron energy E which
appears to be veri&ed in this work.

2. Thermal Recovery of Expansion

The entire course of the thermal recovery of the
lattice expansion is shown in I'ig. 7. In the narrow
temperature range 15-42'K (Stage I) about 55% of the
residual expansion annealed out. Between 42 and 227'K
(Stage II) a further 20% disappeared, and in the range
22/ —302'K (Stage III) the remaining amount essen-
tially recovered. The di6raction line breadth remained
unchanged during recovery. The apparent slight hump
in the thermal-recovery curve between the bombard-
ment temperature and 20'K, while probably lying
within experimental error, is reminiscent of the initial
behavior of tempering curves for nuclear-reactor in-
duced expansion of artificial graphite. "

Recovery of electrical resistivity changes measured
under similar conditions' is strikingly similar to the
recovery of lattice expansion. The results indicate
that the ratio Dp/(Au/u) is approximately constant
throughout all stages of deuteron damage and thermal
recovery. Differences in behavior in Stage I can be at
least partly ascribed to the five times more rapid
warmup rate during the resistivity measurements.

Some justification is required for the present method
of correcting thermal-recovery data after irradiation
using the thermal expansion of the well-annealed
material. While the introduction of localized static
defects undoubtedly changes somewhat the frequency
distribution of lattice vibrations, 4' 4' the evidence on
actual crystals as to the nature and magnitude of the
change is fragmentary and inconclusive. Some changes
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FIG. 7. Thermal recovery of deuteron damage in copper. o The
present lattice expansion measurements; electrical resistivity
(Cooper et al. ,' Run II; ———indicates the effect of an initial
one-minute temperature pulse to near 30'K).

@'Woods, Bupp, and Fletcher, Proceedings of the International
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1955
(United Nations, New York, 1956), Paper No. P/746.

4' R. W. Montroll and R. B.Potts, Phys. Rev. 100, 525 (1955);
102, 72 (1956).

4' M. Lax, Phys. Rev. 94, 1391 (1954).
4' R. J. Elliott, Phil. Mag. 1, 298 (1956).
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in the temperature dependence of electrical resistivity
have been reported for copper bombarded and copper
cold worked at liquid-nitrogen temperature, 4' but other
work indicates that only very small changes in the
temperature-dependent part of the resistivity of copper
remain after Stage I recovery, for a deuteron bombard-
ment comparable to the present one.""It should be
noted that thermal corrections to the expansion become
appreciable only after Stage I.

Earlier measurements on deuteron-irradiated copper
in the range 120-290'K indicate that U/hp is about 1.7
cal/gram per pohm-cm, where U is the stored energy
released upon warming. 4' For deuteron bombardment,
it appears therefore that U/(Aa/a) 10' cal/gram. On
the other hand, neutron-irradiated copper has been
reported as having U/Ap(0. 8 cal/gram per pohm-cm
for warming from 17 to 50'K.' It is to be noted that
neutron damage may be qualitatively diGerent from
deuteron damage and also that the two experimental
values are not necessarily in disagreement in view of
the expected experimental accuracy of such dificult
stored-energy measurements.

A detailed postulation of atomic processes to account
for each thermal-recovery stage observed here appears
inappropriate at present. The limited number of
critical experimental measurements performed on
copper does not yet permit assignment of a unique
scheme. The tempering curve of the present experim. ent
has qualitative significance but it is not useful in
elucidating the kinetics of the annealing. If, as appears
probable, a spectrum of activation energies is present
for annealing (even in Stage I), the determination of
frequency factors and orders of reaction would require
a very detailed combination of measurements of a
suitable physical property. "

3. X-Ray Scattering EBects

Treatments of the x-ray scattering by imperfect
crystals have been presented elsewhere. '~23 '~" Point
defects, for example vacancies and interstitials. produce
changes in scattering analogous to thermal eGects.
The positions of the Laue-Bragg intensity maxima
are shifted but the maxima are not broadened; a reduc-
tion of intensity of certain maxima occurs and patches
of disuse scattering of characteristic shape appear.

Observed lattice expansions can be related quite
directly to the number of defects if the solid is regarded
as an isotropic elastic continuum containing spherically

44 D. Bowen and G. W. Rodeback, Acta Met. 1, 649 (1953).
45 Magnuson, Palmer, and Koehler (to be published); Bull.

Am. Phys. Soc. Ser. II, 2, 356 (1957).
46 A. W. Overhauser, Phys. Rev. 90, 393 (1953).
'7 A. W. Overhauser, Phys. Rev. 94, 1551 (1954).

W. Primak, Phys. Rev. 100, 1677 (1955).
"H. Ekstein, Phys. Rev. 68, 120 (1945); W. H. Zachariasen,

Theory of I-ray DQ"raction ~n Crystals (John Wiley and Sons,
Inc. , New York, 1945).

~0 T. J. Matsubara, J. Phys. Soc. Japan 7, 270 (1952).
H. Kanzaki, J. Phys. Chem. Solids 2, 24 (1957); J. Phys.

Chem. Solids 2, 107 (1957).

symmetric centers of dilatation. A mole fraction

p of defects, randomly distributed, produces an
apparent isotropic strain Du/a= A p." "The constant
A=4~c(1—0)/v(1+0), where c is the strength of the
centers of dilatation, 0- is Poisson s ratio, and v is the
atomic volume; here correction has been made for the
eGect of the free surface of a finite crystal. """"The
constant c must be evaluated from a detailed calculation
of atomic positions around each type of defect. This has
been done for interstitials and vacancies in copper. ""
Lattice distortions are more pronounced around an
interstitial atom than around a vacant lattice site,
hence an observed lattice expansion of a crystal con-
taining Frenkel defects is primarily due to the interstitial
atoms. For interstitials and vacancies in copper A has
been estimated as 1.0 and —0.2, respectively. ""
These values, as absolute magnitudes, should probably
be regarded as upper limits. The appropriate lower
limit for cubically symmetric interstitials is about 0.5";
also it has been argued that there shouM be very little
lattice relaxation around a vacancy, "which gives zero.
If the defects are indeed clusters or are composed of
small relatively amorphous regions, then the present
investigation has determined the product pc for these
defects where p is the fraction of atoms involved in
defects.

The apparently complete absence of line broadening
in the present experiment indicates that the crystal
defects produced by deuteron bombardment are indeed
randomly distributed imperfections such as point centers
of dilatation. In addition the diGractometer profiles
(Fig. 6) show that the Cauchy-type shape of the crystal
reflection curve is unchanged. A virtue of the present
work is the exclusion of any spurious line-broadening
eGects due to specimen constraint.

The present x-ray study was restricted to a very
small volume of reciprocal space around (4,0,0) because
the primary purpose of this investigation was a precise
measurement of lattice expansion under the most favor-
able conditions. No study of the diffuse x-ray scattering
or the dependence of Laue-Bragg intensity upon the
indices of refiection has yet been made. It has been
predicted that observation of these sects in copper
requires a higher concentration of defects than was
obtained here."Further information on the structural
nature of the defects may come from such an extended
x-ray investigation. "

4. Inhomogeneity of Damage

The present experimental results involving the
macroscopic bellying of the foil can be used to And the
dependence of rate of damage on deuteron energy. On
the assumption that the damage varies approximately
linearly through the thin specimen, an elasticity calcu-
lation shows that the residual stress at the foil surface

'2 A. Seeger and H. Bross, Z. Physik 145, 161 (1956)."C. W. Tucker, Jr., and P. Senio, Phys. Rev. 99, 1777 (1955).
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is very nearly zero, so that a11 portions of the foil have
expanded freely. The thickness, t, and radius of curva-
ture, E, of the bellied foil and the expansion of the
convex (back) face, Aa/a, are known. Hence at the end
of bombardment the front face has expanded only
(1,—f) as much as the back face, where f= l/LR(da/u) j
=0.33+0.05. From the effective sample thickness
t/cos 30' 0.10 mm and the known range-energy
relations~ the deuteron energy, E, at the back is
0.61~(1—f) that at the front. Hence the damage rate
varies inversely with E within about 15%.

For nonrelativistic Coulomb encounters, the prob-
ability of displacement of a lattice atom by a particle
of energy E varies as E '.' Further, if the atoms are
treated as rigid spheres, the number of (secondary)
atoms displaced by the initially displaced lattice atom
(or primary) is nearly independent of E for the changes
in E present in this investigation. The result is not
greatly changed by the presence of displacement spikes in
the limited numbers estimated for cyclotron irradiation. "

The above results prove, therefore, that (1) the rate
of damage varies inversely with E, as predicted by
present theories, and (2) the surface region of the foil
where the lattice-expansion measurements were made
was unconstrained. Taken together with earlier verifica-
tion of the nsZ'/M depen. dence of damage on the atomic
number and mass of the lattice atoms, Z and M, and
their density of packing, eo, for the homologous systems
Cu, Ag, and Au', the present measurements show that
the aspects of irradiation displacement theory and ex-
periment which require closest scrutiny are the assump-
tion of a simple displacement threshold, Ed, and the
behavior of the higher energy primary displaced atoms.
While present theory does give the correct functional
dependence NsZ'/ME, it apparently overestimates the
number of atoms displaced.

S. Foreign Atoms and Other Defects

The copper single crystal studied in this investigation
had an estimated initial impurity concentration of
(3 to 4)X10 ', calculated from residual resistivity
together with a knowledge of probable impurities.
From the x-ray monochromator measurements on the
material studied in this investigation the concentration
of dislocation sites is found to be less than 10 '. This
value is small compared to the chemical impurity
concentration and indicates that the inQuence here of
dislocations in irradiation eGects was extremely small.
Their role in recovery phenomena requires further
analysis.

Deuteron and neutron irradiation produce additional
lattice impurity atoms by transmutation of nuclei.
Further, cyclotron bombardments of an external target
with deuterons also involve fast neutron bombardment

~4 Aron, Hoffman, and Williams, University of California Radia-
tion Laboratory Report UCRL-121, 1949 (unpublished).

~' J.A. Brinkman, Am. J. Phys. 24, 246 {1956).

from (d,n) reactions in the cyclotron dee and target
chambers. These neutrons not only can produce addi-
tional transmutations but also may cause lattice
damage of a type qualitatively different from that
produced by deuterons. ""It is believed from resis-
tivity measurements made in this laboratory that these
eQ'ects amount to approximately one percent of the
damage under the particular conditions of the present
experiment.

In the helium-temperature irradiation experiments
performed to date, except for some preliminary work
on dilute copper-base alloys, ' the nature and number of
impurities have been unknown, while the total number
of impurities may have been comparable in some cases
to the number of defects produced by bombardment
(see the discussion at the end ot Part V). The precise
inQuence of impurities upon thermal recovery of radia-
tion damage has not been fully determined, although it
should be noted that a comparatively large change in
impurity concentration does not necessarily have much
eGect. An example is the recovery of electrical resistivity
in deuteron-irradiated copper of 0.9995 and higher
purity; the gross features of recovery behavior are
similar in specimens having impurity concentrations
di6'ering by a factor of at least 40, for both helium"'
and nitrogen" "temperature irradiations.

V. MODEL

Among the models that have been proposed for
possible defects produced in metals under present
conditions are (1) Frenkel defects with the interstitial
having cubic symmetry, (2) multiple vacancies, " (3)
the crowdion coniiguration for the interstitial, ss (4)
displacement spikes, " and (5) locked-in dislocation
loops. "' Theoretical estimates of the eGects of Frenkel
defects, (1), on lattice dilatation, x-ray scattering,
electrical resistivity, and elastic constants of copper
have been made. In addition their energies of forma-
tion and migration have been estimated. The other
defects have not been treated in such detail; the
crowdion would appear to be the best defined and
susceptible of quantitative treatment. "

For concreteness, detailed analysis is made below
for model (1) because well-defined theoretical estimates
of properties have been made for this model and quanti-
tative comparisons can be drawn between theory and
experiment. In addition the relative number of dis-
placement spikes for this cyclotron irradiation is either
small or zero. If, as appears likely, lattice expansion
depends mostly on interstitials, the eGect of multiple
vacancies would be minimal. Possible dislocation loops
are probably a marginal eGect in the present experiment.

s' Marx, Cooper, and Henderson, Phys. Rev. 88, 106 (1952).
5~ J. E. Mercereau and R. O. Simmons (unpublished).
ss W. M. Lonmr and A. H. Cottrell, Phil. Mag. 46, 711 (1955).
59 F. Seitz, Phys. Rev. 98, 1530 (1955).
+ Reference 14 contains a treatment of the crowdion formation

energy and lattice relaxation in copper.
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It is worth rioting that for defects (2) to (5) the effect
per displaced atom is probably smaller than model
(1) so that a given expansion or electrical resistivity
change would require a higher concentration of dis-
placed atoms. It is not known, however, at present
whether the ratio 6p/(he/a) would necessarily be much
diferent for these other defects.

On the assumption that the defects produced by
irradiation are of Frenkel type, ha/a=0. 3p to 0.8p and

p is therefore (5 to 13)X10 "per (deuteron/cm'). On
the other hand, the simple theory of displacement
predicts p=fe=5.8X10 's per 7-Mev deuteron/cm',
which is higher by a factor 4.5 to 12. The simple theory
assumes a we11-defined threshold energy Ed ( 25 ev)
for displacement of an atom in order to evaluate e, the
number of primary displacements per incident particle. "
The total number of atoms displaced per primary,
v( 6 for the conditions here), is evaluated by treating
the successive collisions between atoms as rigid-sphere
collisions. '

Theoretical estimates of the conduction-electron
scattering by various defects diBer widely, even for
point defects. For example, the contribution to the
electrical resistivity of 1 atomic % Frenkel defects in
copper is predicted to be anywhere from less than
1 pohm-cm" to 12p,ohm-cm. " The concentration of
defects inferred from resistivity measurements varies
correspondingly. The narrower limits for the lattice
expansion per defect (ha/a=0. 3p to 0.8p) and the
value Dp/(ha/a) given by deuteron-irradiation experi-
ments establish that the resistivity contribution of 1
atomic % Frenkel defects lies between 2.1 and 5.6
pohm-cm. In electron-irradiation work it is expected
that essentially only Frenkel defects are produced.
The product Je for 1.35-Mev electrons on copper,
calculated by simple theory, is thought to be fairly
well established as an upper limit to the actual cross
section for displacement. The theoretical value for J m

coupled with the experimental resistivity increment per
electron4 then gives 1.9 pohm-cm as the corresponding
lower limit, a value very close to the lower limit 2.1
p, ohm-cm implied by the Frenkel defect model in the
present work. Indirect evidence is also available from
recent quenching experiments on gold. " Coordinated
measurements of decreases in resistivity and in length,
l, of quenched specimens annealed near 30 C gave
Ap/(hl/l) 3X10 ' ohm-cm. On the assumption that
this recovery is predominantly due to annihilation of
vacancies, using ht/l= (1—0.6)p„gives the resistivity
contribution of 1 atomic

%%uo vacancies in gold as 1.2
pohm-cm as a likely lower limit. On theoretical grounds
copper is expected to be closely similar to gold in this
property. ' This train of argument then leads to a

"F.Seitz, Discussions Faraday Soc. 5, 271 (1949)."W. S. Snyder and J.Neuleld, Phys. Rev. 97, 1636 (1955);99,
1326 (1955).' W. A. Harrison and F. Seitz, Phys. Rev. 98, 1530 (1955)."J.E. Bauerle and J. S. Koehler, 107, 1493 (1957).

value between 0.7 and 4.3 pohm-cm per atomic %%uo

interstitials in copper. This value is in serious disagree-
ment with the largest theoretical estimate" which
treats the strain-6eld scattering due to the interstitial.
The latter result may be too large partly because it
underestimates the importance of umklapp processes
in evaluating certain theoretical parameters. " Other
recent calculations have found the inQuence of strain
scattering to be substantially smaller. ' "

The Frenkel defect model furnishes a simple and
direct scheme which appears to be consistent with
present knowledge of the thermal recovery of deuteron
damage in copper. The closely parallel decreases in
electrical resistivity and lattice spacing over the entire
recovery range strongly suggest that the various re-
covery processes ultimately involve the mutual annihi-
lation of vacancy-interstitial pairs. It appears quite
unlikely that one defect could anneal out independently
while still maintaining the observed parallel behavior
between the resistivity and lattice spacing. This latter
process could conceivably occur if the ratio hp/(Da/a)
is the same for each independent defect or combination
of defects; however, the previous theoretical and experi-
mental considerations indicate that this is not the case.
The individual annihilation of an interstitial or vacancy
produces an appreciable decrease in resistivity. Also,
the destruction of an interstitial produces a lattice-
spacing decrease while the destruction of a vacancy
yields a substantially smaller increase in lattice spacing.
The ratio, hp/(ha/a), therefore, appears to be some-
what larger in magnitude for vacancies than for inter-
stitials and is also of opposite sign. The early idea that
Stage III recovery, in which a dominant activation
energy of 0.68 ev is present, "might involve the anneal-
ing out of vacancies at interstitials could be correct,
since the observed lattice-spacing decrease in this
stage must involve interstitial annihilation. The present
data, of course, give very little information concerning
how the annihilation process occur during thermal
recovery. Whether the mechanisms involve close-pair
recombination, interstitial migration, vacancy migra-
tion, or other processes remains unresolved.

Alternative recovery schemes based upon one or more
of the more complex defects (2)-(5) and their inter-
actions rely at present more heavily upon qualitative
and intuitive arguments. Moreover, from recent theo-
retical work" it appears unlikely that the very large
lattice spacing, electrical resistivity, and macroscopic
volume changes in Stage I could result from mere
trapping of defects without annihilation even if a
majority of the defects were involved.

The direct recombination of an interstitial-vacancy
pair is supposed to release an energy of order 5 ev."'4
Use of the experimentally determined ratio for deuteron

6~ J. Sardeen, Phys. Rev. 52, 688 (1937).See Sec. IV.
"A. W. Overhauser, Phys. Rev. 91, 448 (1953).
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bombardment, U/(Ac/a), for temperatures above
120'K where the present interpretation indicates that
interstitial atoms are being annihilated, together with
the relation Da/a=0. 3p to 0.8p, produces the crude
estimate that the total energy released during recovery
per pair produced during bombardment is about 1 to
2 ev."Arguments which tend to produce agreement
between the experimental p and simple displacement
theory (for example, a small lattice expansion and
resistivity per defect) depress even further the value
for energy stored per displaced atom. Hence, it appears
again that the simple theory may give predictions of dis-
placed-atom concentrations which are large by nearly
an order of magnitude.

More favorable conditions prevail in any thermal
recovery study of damage in high-purity copper when
the ratio of initial number of displaced atoms to im-

purity atoms is large. This ratio, t, can now be estimated
using the empirical value of resistivity per Frenkel pair
obtained in the present work. These estimates are of
interest in setting an upper limit on f, even though the
limits established are necessarily rather broad because
of the unknown chemical identity of the impurities in
each case. The concentration of defects produced

'7 The question of the relevance of the various recent experi-
ments on recovery of neutron-irradiated copper below 50'K
(reference 5) to this case cannot be answered until the relative
characteristics of neutron and deuteron damage are better
established.

initially in the present experiment was 3;3/10 4 to
8.5X10 ', on the assumption that they were Frenkel
defects. Appropriate limiting assumptions about the
nature of the impurities give 3 ((&40, which shows
that unknown impurity eGects are under definite
control in the present damage and recovery study. In
comparison, for the first deuteron-bombarded copper
at helium temperature' one has 1&)&13 Fo.r the first
electron-bombarded copper at helium temperature, 4

corresponding limits are 0 07(.f(0 9 S.im. ilar calcula-
tion applied to recent work involving liquid-nitrogen-
temperature electron irradiation of copper" yields
0 05(t.(0 7; th. e observed complexity of thermal
recovery behavior at higher temperatures in the latter
work therefore appears reasonable.
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