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Changes in the damage rate (residual electrical resistivity per unit electron Auence) were measured as
a function of incident electron energy in the range 1.0—2.2 MeV for 0.002-in. -diam Nb and Ta wires. The
threshold energies, estimated by simple extrapolation to zero production rates, were 36 eV for Nb and
32 eV for Ta. The resistivity of a Frenkel pair was determined to be about 5.3 pO cm/at. jo for Nb and
1.9 pQ cm/at. jo for Ta. The damage production curves for two other bcc metals, Mo and W, are compared
with those for Nb and Ta.

I. INTRODUGTION

'HIS experiment was performed in two parts. The
first part is described in Paper I' and deals

with the concentration dependence of the defect an-
nealing spectrum after electron irradiation of Nb
and Ta. Hereafter, Paper I and experiment will be
designated by I. In this paper, we report measurements
of the rate of defect production in Nb and Ta irradiated
below 24'K with electrons in the energy range 1.0-2.2
MeV. In particular, the threshold energy for lattice
displacement To and the resistivity per unit Frenkel
defect concentration p~ are determined. Past work
has indicated that the threshold-energy surface is
highly anisotropic in the bcc metals. '3 We have tried
to fit the experimental damage rate data with a theoreti-
cal damage rate prediction, using a simple-step function
for pd(2'), the probability of displacement function. '
This model contains two adjustable parameters pp
and T„where T, is the effective threshold energy for
lattice displacement. A T, different than To is a rough
measure of the importance of directional effects; T,= To
indicates that the threshold energy surface is essentially
isotropic.

A brief description of the experimental equipment and
techniques is given in Sec. II. The experimental results
are discussed in Sec. III. These results are compared
to those obtained from similar experiments on Mo '
and%. 6

II. EXPERIMENTAL

This experiment was performed as the complement of
the experiment in I. Thus the helium cryostat, sample
preparation and mounting, and the resistance and tem-
perature monitoring system are fully described there.
Only the modifications necessary to convert an anneal-

t Research supported by the U. S. Atomic Energy Commission,
under Contract No. AT (11-1)1494.'S. Myhra and J. W. DeFord, preceding paper, Phys. Rev.
185, 1093 (1969).' C. Erginsoy, G. H. Vineyard and A. Englert, Phys. Rev. 133,
A595 (1964).' H. H. Andersen and P. Sigmund, Riso Report No. 103, 1965
{unpublished).

4 A. Sosin, Phys. Rev. 126, 5 {1962).
s P. G. I,ucasson and R. M. Walker, Phys. Rev. 127, 485 (1962).
s H. H. Neely, D. W. Keefer, and A. Sosin, Phys. Status Solidi

28, 675 (1968).
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ing experiment into a damage production experiment
will be described here.

The samples irradiated were a single pair of the
six Nb and Ta samples described in I. The resistance
ratios are listed in Table I of Paper I. Resistance
ratio measurements made after the annealing experi-
ment and prior to this experiment indicate that about
20% of the damage remained after warming to room
temperature.

The Aux distribution in the beam was not homogen-
eous. The distribution was determined as follows. The
beam profile was adjusted to a particular radial dis-
tribution by means of a quadrupole magnet system. A
beam-distribution measuring device consisting of four
insulated brass disks with successively smaller holes
mounted in the charge collector was used to monitor
the beam profile continuously. Once the radial profile
was determined, an average Qux could be estimated by
integrating over the length of the active part of the
sample. It was decided to use a Aux pattern which
dropped oG by about one-third at each end of the sam-
ple. With the focusing magnets set to provide this, the
beam itself could be used as a probe to check align-
ments. Calibration of the beam energy was performed
prior to the experiment using the standard Be (y,n)
threshold reaction at 1.665 MeV. There were no in-
tervening foils between the accelerator and the samples.

Both Ta and Nb have low-thermal conductivities
at 20'K; therefore, the measuring current was limited
to 20 mA in order to maintain an acceptable tempera-
ture gradient (0.1'Kjcm) along the samples.

Reasonable voltage changes (about 1.0 pV per ir-
radiation period) required irradiation periods from 3 h
at 2.2 MeV to 20 h at 1.0 MeV. All resistance measure-
ments were made at a reference temperature of 19.50
~0.25'K. (Ta and Nb are superconducting; therefore,
a temperature above that of liquid helium was used
for a reference. ) The eEects of small temperature
fluctuations and transients were eliminated by using a
dummy sample calibrated against a platinum resistance
thermometer. '

Since the damage production measurements for the
concentration-dependence experiment described in
I have some bearing on the interpretation of this ex-
periment, these measurements will now be described.
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FIG. 1. Damage rate for high-dose Nb and Ta. These are the
damage production curves for the samples used in the concentra-
tion-dependence experiment {Ref.1).Temperature during irradia-
tion, 15'K. No corrections are applied.

Figure 1 shows the damage production at 2.2 MeV for
the high-dose Nb and Ta samples; the temperature
during irradiation was 15'K. There was no noticeable
annealing in the high-dose samples during a period of
20 h when the electron beam was shifted to the medium-
and low-dose samples. The damage production curves
are linear within experimental error to a fluence of about
3X10{electrons/cm'.

During the threshold energy experiment measure-
ments of the resistance changes were made after three
diGerent intervals of irradiation for each energy.

The sample heating was monitored during irradia-
tion and a temperature rise of less than 6.0'K was
maintained. This placed an upper limit on the beam
current density —nominally 1.7 IUA/cm'. Sample tem-
peratures during bombardment actually ranged 24.8—
25.7'K in Nb and 22.4—23.4'K in Ta.

HI. EXPERIMENTAL RESULTS

It is pointed out above that the damage rate curves
for the concentration-dependence experiment showed
linearity to the highest fluences. Since the total damage
induced during the threshold energy experiment was

0 lo 20 30 40 50 60 70 80 90 IOO

INTEGRATED FLUX A $ (IO /cm )

FIG. 3. Damage rate in Ta. Corrections applied: energy degrada-
tion and simultaneous annealing. Temperature during irradiation,
~23'K.

less than that induced during the experiment of I, we
assume that the damage production here is also linear.
Figures 2 and 3 show the experimental damage rate
with energy degradation and simultaneous annealing
corrections applied for each electron bombarding energy.

The integrated flux measurements have a random
error which was estimated to be less than &2%. The
beam pattern, however, was not homogeneous across
the entire sample -so there does exist some uncertainty
as to what to use for "the fluence. " Since residual
resistance measurements are an average measure of
defect concentration along the length of the active
sample, the change in residual resistance corresponds to
an average fluence along the length of the sample.

The deviations from linearity in the damage rate
curves of Figs. 2 and 3 are then assigned to errors in the
resistance measurements. The "adjustment" to the
reference temperature of 19.50'K, necessary in a few
cases, required corrections up to +0.50 pV for the
potentiometer readings. The error bars on the resistance
measurements reflect the uncertainty associated with
this large correction. Thus Ap/AC was calculated from
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FrG. 4. Damage production for Nb and Mo as a function of
T~. Corrections applied: energy degradation, electron straggling,
and simultaneous annealing.
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FIG. 5. Damage production for Ta and W as a function of
T~. Corrections applied: energy degradation, electron straggling,
and simultaneous annealing. There are no corrections applied for
W.

the best-fit straight line to the corrected data of Figs. 2
and 3, where the fit was obtained by minimizing the
vertical deviations (deviations in hp).

Figures 4 and 5 show the final results of the resistivity
increase per unit electron fluence, hp/64, as a function
of 1'~ for Nb and Ta, respectively. T~ is the maximum
kinetic energy transferred to a nucleus after a head-on
collision by a bombarding electron. These results are
corrected for energy degradation of the electron beam,
multiple scattering, and some slight simultaneous
annealing during the irradiation. No corrections are
made for the sample receiving only partial damage near
the front portion when the electron energy is near
threshold, nor for the electron beam having a slight
distribution in energy. The measurements reported
here extend well above threshold and should not be
affected in that region. However, extrapolation of the
damage rate curves through the near-threshold region
are performed with the reservation that a detailed
analysis would require these corrections also.

The first correction yields an estimate of the average
energy of an electron at the midpoint of the wire sample,
E; T~ was then calculated using the formula T3, ——560.8
X(@+2)/4, where A is the atomic weight, and x is
E/teoc' 'The mult. iple-scattering correction accounts
for the increased path length of the electron within the
sample which can he thought of as an increase in the
effective Aux. We modified Sosin's4 method of correcting
for electron straggling in a thin foil to apply to our thin
wire samples. We obtained an "equivalent foil thick-
ness" by setting xr' = t', where r is the sample radius and
t is the equivalent thickness.

It has been reported by Hemmerich et al. and by
Burger et cl.' that annealing occurs at 9 and 15'K and

in Paper I as 23'K for Ta. Likewise, Burger shows an
annealing peak at 15'K and I shows a peak at 26.5'K
for Nb. In all of these studies it is emphasized how the
presence of impurities in the range of a few hundred
ppm almost completely suppressed the low-temperature
annealing substages. Paper I also proposes that a two-
interstitial model seems to fit the annealing character-
istics best where stage I (the 9 and 15'K peak in Ta
and the 15'K peak in Nb) was assigned to the free
migration of a type-A interstitial defect and stage II
(20—120'K in Ta and 20-50'K in Nb) was assigned to
the release from traps and the subsequent annihilation
of the type-A interstitial. If the concentration of im-
purities is much larger than the vacancy concentration,
the impurities tend to trap the freely migrating inter-
stitial defect responsible for stage-I annealing before it
can annihilate at a vacancy. In this way no appreciable
damage is lost until stage-II temperatures are reached,
i.e., where interstitial release from traps begins to occur.
For instance, no annealing took place in either the Ta
or Nb high-dose samples while the medium-dose sam-
ples were being irradiated even though the temperature
was near 15'K. The high impurity concentration has
suppressed the annealing due to the 15'K free-migra-
tion peak. However, the temperature during irradiation
in the threshold experiment reaches the temperature
range assigned to stage II (greater than 20'K). Thus,
some annealing occurs simultaneously with the damage
production and this annealing follows first-order
kinetics. In order to obtain helium-temperature damage
rates, a small correction factor to account for the
simultaneous annealing can be applied. The estimation
of a correction factor for annealing is developed in the
Appendix.

Lucasson and Walker' performed damage production
measurements on Mn using liquid hydrogen as a refriger-
ant. Their Mo sample had a comparable impurity
content to our samples. They stated that the damage
production rate in Mo was enhanced by about 1(F/e
when they repeated the experiment using liquid helium
as refrigerant. This compares favorably with the 6%
simultaneous annealing correction we obtained for Nb.

Table I summarizes the magnitude of the corrections
applied to the damage rate curves. The electron-
straggling and simultaneous-annealing corrections are
relatively lower for the higher bombardment energies
and gradually increase as the threshold energy is ap-
proached. The impurity content of both Nb and Ta was
high enough so that surface scattering corrections to
the bulk resistivity could be ignored.

TABLE I. Corrections to damage rate curves.
7 J. W. Corbett, Electron Radiation Damage in Semiconductors

and Metals (Academic Press Inc., New York, 1966).
H. Hemmerich, D. Meissner, H. Schultz, and F. Walz, in

Proceedings of the Conference on Interstitials and Vacancies,
Julich, Germany, 1968 (unpublished).' G. Burger, K. Isebeck, R. Eerier, J. Uolkl, H. %'enzel, H. R.
Ku~&mann, and H. Schultz, Phys. Letters 20, 470 {1966}.

Correction

Energy degradation
64 (E), electron straggling
Ap(E), simultaneous annealing

—0.10 MeV
+4-10'
+5—10%

—0.05 MeV
+3-12/
+6%
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+3f ($0

Pg(T) (T,T.v)—dT,
0 JT

(2)

where do(T, TM) is the differential cross section for
transfer of energy T from an electron capable of trans-
ferring at most an energy T,&y to a nucleus. Po(T) is
the probability of a nucleus, endowed with a recoil
energy T, actually being displaced. The step-function
displacement model has been used for the primary dis-
placements; secondary displacements are accounted for
by the Kinchin and Pease" cascade model with no
energy loss to the lattice during primary displacements.
Thus, we have

P, (T) =0, 0&T&T,
=i, T2& T&2T, (3)
=T/2T„2T, & T& T )g.

Using the displacement model of Kqs. (3) and the
relationship for T &q(E) to rewrite . Eq. (2) more ex-
plicitly, Oen" gets the following expressons for the total-
displacement cross section.'

0 06515Z'(E+0.511)' ' dx
oa(E) = —M(x,E) (4)E'(E+1.022)' „x'

in barns for 0.5&x,& i, and

0.06515Z'(E+0.511)'
o~(E) =

E'(E+1.022)2

' 'dx 1 dx
X —sd(x,E)+ —3f(x,E) ~, (5)x' 2., 2x. x )

» G. H. Kinchin and R. S. Pease, Repts. Progr. Phys. 18, I
(j.955).

»O. S. Oen, Oak Ridge National Laboratory Report No.
ORNL-3813, j,965 (unpublished).

Figure 4 also shows the damage production curve for
Mo as measured by I ucasson and Walker, 5 and Fig. 5
shows three prehminary measurements for W by Neely
et aL ' For all four meals the threshold energy is approxi-
mated by simple extrapolation of the damage produc-
tion curve to zero rate of production; the intercept of
the T.& axis yields the threshold displacement energy
To. The samples are polycrystalline; therefore, T0 is
the minimum energy required to displace an atom in the
"easiest" crystalline direction.

To analyze the data further, we assume that p~, the
specific resistivity per unit concentration of Frenkel
defects, represents the combined eBects of a well-
separated interstitial-vacancy pair even though the
interstitial may be trapped or exist in various con-
figurations. Theory and experiment are compared
through the relation

(hplh+)", ~=p~(o~) ~)b,.,
The cross section for atomic displacement, o.q, was
determined from

in barns for x,&05, where x=T/Tqg, x, =T,/Tm,
Z = the atomic number, E= the average electron energy
at the sample midpoint, and M(x,E) is the ratio of the
Mott cross section to the Rutherford cross section. If
we have M(x,E)=1 over the entire interval of integra-
tion, Eqs. (4) and (5) are precisely the classical Darwin-
Rutherford displacement cross sections.

The ratio 3E(x,E) was taken from data for Mo and
W published by Oen, "who evaluated this ratio using
the numerical method of Doggett and Spencer. "This
ratio is slowly varying with Z; thus linear interpolation
was used to obtain the ratios for Nb and Ta. The
integrals were computed numerically using small suc-
cessive intervals of integration of 0.05. This approxima-
tion to the Mott cross section is accurate within 2%;
the inaccuracy is primarily due to the method of per-
forming the integration. The displacement model itself
warrants no better accuracy than this.

Theory and experiment are forced to agree by
adjusting the parameters p& and T, to obtain the best
fit of (hp/h4), », versus p~(oo),b«, over as much of
the energy range as possible and favoring the lower
portion of the energy range. In this way we estimated
pp from Eq. (1) by using (hp/hC), „o, and oo(E) from
Eq. (4), both evaluated at T= 2TO. In elf ect, this repre-
sents the best normalizing point for cross-section cal-
culations because Pz(T) should be close to unity at this
energy for the following reasons. First, this energy is
just below the point where multiple displacements can
occur according to the Kinchin-Pease model; and,
second, even if the recoil angle is large, the energy
transferred to the nucleus is still suScient for a dis-
placement. Also, the experimental data have better
precision and the corrections are of smaller magnitude
at this point.

Figure 6 shows how p~ and T, are adjusted to force
ho/hC to agree with theory at the normalizing energy
of 1.9 MeV for Ta. The curve for T,=32 eV and
pp=1.9 pQ cm/at. % agrees well for the three experi-
mental points of electron energy lower than 1.9 MeV.
Figure 7 shows the same data replotted except that all
the theoretical curves are calculated for a 6xed pg= i.9
gQ cm/at. % and various T,.

Figures 8 and 9 show a similar set of curves for Nb.
The normalizing energy was 1.35 MeV. The curves
for T,=40 eV and p~=5.3 pQ cm/at. % Gts the experi-
mental data best at the lower bombardment energies.
However, there is a sharp change in slope of the damage
rate curve near 1.6 MeV; the experimental points for
energies higher than this do not fit a simple step-func-
tion probability of displacement model. For instance,
in an eGort to preserve the simple step function, a
higher p& was introduced in order to 6t the high-energy
data. Figure 8 shows a dashed curve for pp=& p~
cm/at. % and T,=44 eV. This, of course, will not yield
the sharp break in the damage rate curve. The most

"J. A. Doggett and L. V. Spencer, Phys. Rey. 103, I59$
(j.955).
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plausible explanation for the break is that the single-step
displacement model does not apply to Nb. The thresh-
old energy surface must be highly anisotropic with a
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secondary threshold minima near 90 eV. If this is the
case, p p would be greater than the stated 53 pQ cm/at %
also.
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Lucasson and Walker' were the 6rst to propose that
the threshold energy surface for bcc metals is highly
anisotropic when they found that a "two-step staircase
displacement probability function" allowed them to 6t
their damage rate data for iron the best. They used the
following Pd (T):

Pd(T) =0.0, T&22 eV

Pg(T) =0.6, 22 eV&66 eV

P, (T) =1.0, T&66 eV

Experimental

To (ev)
T, (eV)
pp (pn cm/at. j(7)

Theoretical"

T,&100) (eV)
T (111) (eV)

41

36~5 34 32~3 40~2 16
40{90) 37 32 22(66)
&5.3 &4.5 &1.9 &2.7' 19

11
26

15
35

25
61

34
80

14
31

TABLE II. Summary of threshold energies and speci6c
resistivities for Nb, Mo, Ta, W, and Fe.

Later, computer simulation of the damage process in
Fe by Erginsoy et a/. ' resulted in a mapping of the
threshold energy contours over the fundamental
stereographic triangle. By numerical integration, the
displacement probability function obtained was

Pg(T) =0.0, T& 17 eV

Pa(T)=0.25, 17 eV&T&38 eV

Pd(T) =0.75, 38 eV& T& T, .

They also obtained Tn(100) =17 eV and Tq(111)=38
eV.

Andersen and Sigmund' have made the most ex-
tensive theoretical predictions of the threshold energy
for the low-index directions for both fcc and bcc metals.
They considered the repulsive interaction between two
atoms in a crystal to be represented by a Born-Mayer
potential V (r) =A e I', and two types of collision
sequences to be accounted for the energy loss to the
lattice by the primary struck nucleus. They used the
experimental threshold energies Td(110)= T~(100)= 19
eU for Cu single crystals measured by Sosin and Garr"
to determine that a=0.18—0.23 A and A =41—6.1 keV
for Cu. They then generalized the Born-Mayer potential
by adopting a=0.219 A for all elements and A =52Z '2

keV, a function of atomic number only. Making
estimates about the dominant energy-loss mechanism
for various directions in fcc and bcc metals, Andersen
and Sigmund worked backwards from their generalized
Born-Mayer potential to predict the threshold energies
for the other metals. Kith the exception of Al their pre-
dictions agree well with experimental values of l~
for the fcc metals. Their predictions for bcc metals are
generally lower in value than the available experimental
results. The dominant feature of their predictions is
that Tq(110)= Td(100) for fcc metals and that T~(111)
=2.4'(100) for bcc metals.

If one assumes that the two minima in fcc metals
are rather broad, then To will be approximately equal
to Tq(110) and T~(100) and also to T,. The threshold
energy surface is fairly isotropic and the single-step
function P~(T) should describe the damage production
in a fcc polycrystal as is the case for Cu, Al, Pt, Pa,
Au, Ni, and Ag. '

' A. Sosin and K. Garr, Phys. Status Solidi 8, 481 (1965).

a Estimated from the author's published damage rate of 1.08)&10 '6
po cm/e cm I and from Den's (Ref. 11}calculation of rd =40 &(10 ~4 cms at
F = 1.9 Mev and aSSuming a Te Of 40 eV.

b From Ref. 3.

The situation is diGerent for the bcc metals where the
local threshold minima are about the (100) and the
(111) directions and are apparently quite different.
Damage along the (110) direction is restricted by the
high potential barrier of only two atoms so that the
straight-line orbit along (110) is not stable according
to Andersen and Sigmund. ' Table II lists the thresh-
old energy predictions of Andersen and Sigmund for
five bcc metals along with the experimental observa-
tions of others for Mo, Fe, and %', and of this experi-
ment for Nb and Ta. Only for Nb and Fe has the elec-
tron bombarding energy been carried high enough
(Tjr& 3TO) to show explicitly the two-step nature of
Pq(T). The ratio Tq(111)/Tq(100) =2.4 from the
theoretical predictions listed in Table II compares well
with the ratio of the two-step T„2.2~ for Nb and 3.0
for Fe, which are determined by 6tting experimental
damage rates to theory. The secondary minima are
enclosed in parentheses in Table II.

We have not tried to Gt our experimental damage
rates with a two-step P~(T), but the data indicate that
this type of probability function should be used for bcc
metals, in general. The calculated pg values thus should
exceed the listed values in Table II as is indicated by
the & sign.

IV. SUMMARY

The threshold energy for atomic displacements in Nb
was found to be 36~5 eV and in Ta was found to be
32~3 eV.

The damage rate curves for bcc metals are similar.
The Pd(T) function should be two step in nature with
the second step occurring at = 2.4TO, corresponding to a
highly anisotropic threshold energy surface.

The change in electrical resistivity per at.% con-
centration of Frenkel defects pp should be greater than
5.3 p, O cm for Nb and 1.9 p, Q cm for Ta.

ACKNOWLEDGMENTS

The authors wish to thank Dr. Abraham Sosin for
his careful reading of this paper and Dr. Peter Sigmund
for his critical analysis of the results.



THRESHOLD DISP LACEM E NT EN E RG Y I N Ta, A 8 D Nb ii07

APPENDIX

The following are the simultaneous-annealing cor-
rection assumptions:

(1) The specific resistivity of a Frenkel defect p„ is

a constant independent of defect con6guration or
trapping.

(2) Ap/AC =pva&=p Pv, od'. Each defect configura-
tion has its own cross section for displacement and has
the same threshold energy. This means that the dis-

tribution of types of defects is independent of the bom-
barding energy.

(3) The annealing follows first-order kinetics as is

assigned to stage II.'

Consider only the production of a single type of
defect characterized by an annealing rate coeScient
Kq=voe 't"r and a production rate Rq(E) proportional
to pv&re'(E), where oq'(E) =displacement cross section
for the defect under consideration, so=frequency factor,
e =activation energy for migration of interstitial,
k =Boltzmann's constant, T=absolute temperatrue,
and E=electron bombardment energy. The di6erential
equation that describes the competing processes of
production and annihilation of defects as a function of
time is then

d AV g/dt =Rg(E) —KgA Vg, (Ai)

where b V~ is the measured voltage change. We solved
the di6erential equation in terms of voltage, which is
directly proportional to the resistivity change. If b, VO

is the voltage accumulation at the start of each measur-
ing interval, Eq. (1) has the solution

/VS —(Ry/Ky) (1—e +&~)+/Vee +&~ (A2)

We evaluated E~t for each measuring interval with
vo

——5)&10" sec ', E„~=0.075 eV (the activation
energy of the lowest stage-II annealing peak in Nb
taken from I), T=the average sample temperature

0.1EH,t
=0 9Rn@+ . (1 e»"—

Egt
+gV e(—%if)—s

= t1 VH, E0.9+(0.1/Kgt) (1 ea&—')g

+CAVO(e

~"—1). (A3)

AVE„ the voltage change for each measuring interval
without simultaneous annealing, is then found from
Eq. (3):
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The high-temperature limit of Eq. (4) is obtained by
letting E~t be large and AVO small. The simultaneous-
annealing correction applied in our experiment cor-
responded to about this limit.

The correction was 5—10'g/~; thus the rather crude
approximations made are justified by the smallness of
the correction factor.

during irradiation for each bombarding energy, and
t=the irradiation time for each measuring interval.
E~t ranged 215—10 for all intervals. Thus, to a good
approximation, we have

AVg -+ R&/K&.

The production of this defect reaches a steady-state
condition after which essentially no accumulation of
this type of defect occurs. Ten percent of the damage
annealed out in the annealing experiment' below the
temperature at which these samples were bombarded.
Therefore we take E~ ——0.1EH„where EH, is the
intrinsic production rate when no annealing is going on
simultaneously during production. Now the measured
voltage change can be corrected for each interval, since

aV, =aV, ,+aVg —b, VO


