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Tantalum single crystals of the four orientations (100), (110), (111), and (112) have been irradiated with

electrons in the energy range 1.0-1.7 MeV. A special irradiation procedure has been used which enables us to
distinguish bet&veen subthreshold and intrinsic defects. The threshold energy for atomic displacement is found
to be the lowest in and around the (100) direction. Moreover, the defect production in the (100)
direction is found to be governed by two slightly different threshold energies. An analysis based on a
geometrical model for the threshold energy surface leads to the following results: T„,' = 33+1 eV,

T„,' = 38+1 eV, and T„&55 eV for all other crystallographic directions. Although several models can
account for the observed defect production rates, these two different values for the threshold energy in the

(100) direction can best be interpreted as corresponding to different separation distances between the
interstitial atom and its vacancy; for the closest distance, i.e., the lowest threshold energy, only one of the
two possible configurations of the Frenkel pair (depending on the orientation of the split in.terstitial with

respect to the pair axis) is stable at the irradiation temperature. A value of p~T' = 16+3 p,Qcm per at. % is

deduced for the Frenkel-pair resistivity in tantalum. An empirical interatomic potential of a Born-Mayer
form is proposed in the range 1.4 & r ( 2.7 A. Finally, a tentative interpretation is given for the tantalum

recovery spectrum between 7 and 20 K.

I. INTRODUCTION

%hen, a few'years ago, Jung and Schilling' pub-
lished their results of an irradiation of tantalum
crystals mith electrons in the energy range 1.0
to 3.2 MeV, the conclusions to be drawn from
these data caused some surprise. In fact, they
had determined the threshold energy surface for
atomic displacement throughout the fundamental
triangle and found that good overall fits mere only
possible when the average threshold was -36 eV
in a region of 20' around the (111)direction, -53
eV in a region of 18' around the (100) direction,
and larger than 130 eV in other directions. (The
lowest threshold energy was found to be 32 +2 eV.)
This mas in contrast with the only other data
existing at the time for a bcc metal, n-iron. In
the latter case, both computer simulations' and
direct irradiation experiments had clearly indi-
cated that the lowest-threshold-energy region
was near the most open (100) direction. Jung and
Schilling argued that the computer findings might
be the result of a bad choice as concerns the in-
teraction potential used for the simulation. The
contradiction remained open.

In the meantime, more experiments were per-
formed on bcc crystals, and their analyses pointed
always in favor of the original conclusions on &-
iron rather than in favor of the tantalum results
of Jung and Schilling. Thus, in an extensive
study ' of molybdenum crystals electron irradi-
ated along different directions, the lowest thresh-
old has been observed in the (100) direction,

while T~'"' was about 30/g higher than Taboo'.
detailed work on Q. -iron' completing the pioneering

. experiments of Lomer and Pepper' confirmed
their results, again yielding a minimum T„ in
the (100) direction. Further indications can be
drawn from a study done by Dausinger' who in-
vestigated the recovery of tungsten crystals ir-
radiated with 3-MeV electrons. The defect pro-
duction rate at this energy, corresponding to
roughly 3TP'(T„"is the minimum threshold ener-
gy), was lowest for the (100) crystal, followed by
the (111)and the (110) crystals quite in analogy
to molybdenum and a-iron, while the damage
rate of the tantalum crystals at the corresponding
transmitted energy was lowest for the (111)
samples followed by (110) and (100). .The situation
has been resumed in a review article by one of
the present authors. '

Since the knowledge of the threshold energy sur-
face is very important in view of the possible de-
duction of fundamental quantities such as Frenkel-
pair resistivities and interaction potentials in a
metal (see, e.g. , Ref. 8 and references therein),
we decided to repeat Jung and Schilling's experi-
ment. We proceeded td irradiate tantalum cry-
stals of various orientations looking especially
for details close to the threshold, since the analy-
sis of the observed anisotropy is clearest in this
region as shall be shown in the paper. At the same
time, we have looked for anisotropy manifestations
in the annealing spectrum at low temperatures.

In the foll.owing, we are presenting the results
of an electron-irradiation experiment at liquid-
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19 NEAR-THRESHOLD DISPLAGEMENTS IN TANTALUM SINGLE. . . 821

helium temperatures, an analysis of the data taking
into account the production of subthreshold defects,
together with a discussion concerning the discrep-
ancy with the Jung-Schilling experiment and the
possible displacement mechanisms at low ener-
gies.

II. EXPERIMENTAL DETAILS

The specimens were prepared from moriocrystal-
line tantalum rods grown by the Ecole des Mines
de St. Etienne. The rod axis had been chosen par-
allel to the (110) direction so that all the principal
crysta1. lographic planes could be obtained by simple
rotation around this axis. The orientation by I aue
x-ray radiography and the cutting of platelets
parallel to the (100), (110), (111), and (112) planes
were performed by means of a goniometric adaptor
especially constructed for this purpose. ' After
mechanical polishing down to -150@,, cutting into
strips and chemical polishing" in a solution of
50-ml H,SO4+ 20-ml HNO, + 20-ml HF, the final
specimen dimensions were 25& 0.5 mm', with
thicknesses varying between 10 and 20 p, uniform
to +3 p, . Before polishing, the strips had been
annealed by Joule heating in a vacuum of &10 '
Torr for 8 h at 2500-3000'C. The quality of the
irradi'ated samples was checked by measuring the
electrical resistivity ratio, 6t= p,«/p, ,K,

. the
rather low values found indicated a high residual
impurity concentration. Mass- spectrometric and
chemical ana)yses have shown an important concen-
tration of hydrogen and of oxygen (cf. Table I). Back-
scattering analysis indicated for the irradiated spec-
imens a higher oxygen content than given in
Table I, which could —at least partially —imply
an oxide layer on the surface. Table II summar-
izes the characteristics of the irradiated speci-
mens.

For the electrical measurements, the samples
have been provided with copper contacts in form
of sandwiches spot welded onto the foil ends and
then covered with soft solder. The latter becom-
ing superconducting below -7 K this eliminates
any possible contribution of the contact material.

For irradiation and measurement purposes, the
samples were placed in a liquid-helium cryostat"
modified so as to include a superconducting mag-

TABLE I. Chemical sample analysis after mechanical
and short chemical polishing.

Orientation Hydrogen
concentration

Oxygen
concentration

(1.00)
(110)
(111)

143+14 ppm

120 + 12 ppm

35+ 5 ppm
44+5 ppm
23+5 ppm

III. EXPERIMENTAL DATA

A. Preriminary experiments

1. Damage rute at low energies, subthreshold defects

Tantalum has been shown"" to exhibit important
subthreshold effects which are likely to be related
to the presence of gas impurities. Eliminating
them is essential to obtaining some information
on the properties (here, the threshold energies)
of the intrinsic defects. T'his task, however, is
not easy to achieve, especially in the case of

net. This magnet provides a field necessary to
suppress the superconductivity of the tantalum
specimens. Their transition temperature T~
=4.5 K is close enough to the measuring tempera-
ture of 4.2 K (chosen for its stability and repro-
ducibility), so that a field of -1 kOe was sufficient
to render the foils normal (but not the solder).
The irradiation was performed using electrons in
the energy range 1.0 to 1.7 MeV extracted from a
Cockroft-%'alton vertical accelerator. The irradia-
tion temperature was &7 K monitored by the elec-
trical resistivity of the irradiated specimens
themselves, in addition to the traditional platinum
and carbon resistors. The beam uniformity was
assured by a beam sweep system agd by a scatter-
ing foil placed in the beam tube roughly 1 m above
the sample chamber. The annealing studies were
made in situ, heating the entire sample chamber
in 10-min pulses. The damage introduced by the
electrons and its recovery were determined by
measuring the variations. of the electrical resis-
tivity of the specimens at 4.2 K. The measuring
sensitivity was 1& 10 "Qcm.

TABLE H. Characteristics of the irradiated samples.

Sample (100)-a (100)-b (112) (110) (111)-a (111)-b

~29&~~4.2K
Mean thick-

ness in p,

60
20

19
20

105
9

45
20

53
22

20
18
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8, (ii) second run at 1.0 MeV: &, (iii) at 1.3 MeV: k, for four orientations: (100)—curve (a), (112)—curve (b), (110)—
curve {c), {ill)—curve (d).

samples like ours, which contain non-negligible
amounts of hydrogen and oxygen. A series of pre-
liminary experiments was performed as an attempt
to master the production of subthreshold defects
and possibly subtract them from the total damage
production.

The six samples described in Table II were ir-
radiated at a fixed energy chosen successively
below, near, and above the supposed threshold,
and the damage production rate was measured
as a function of the incident electron fluence. The
first two irradiations were performed on two fol- -" '-"
lowing days (the samples were annealed during
the night inbetween up to 160 K) at the same ener-
gy, 1.0 MeV, which is below threshold. A third
irradiation was performed a few days later at
1.3 MeV, which is assumed to be slightly above
threshold' and a fourth one on the following day,
at 1.7 MeV, which is well above threshold. Figures
1(a)-1(d) show the measured damage rate as a
function of the incident electron fluence for the

four samples (100)-a, (112), (110), and (111)-a
during the first thr, ee irradiations —at 1,0, 1.0,
and 1,3 MeV. The error bars take into account
the dispersion of the electrical measurements and
the possible changes in the beam profile during
the same day. Several facts are to be pointed out.
(a) The subthreshold production rate (production
rate at 1.0 MeV) is large and saturates rapidly.
Similar values (both for the production rate at
the origin as well as for its rate of decrease with
increasing fluence) have been measured in the case
of polycrystalline cadmium. " An explanation has
been given in terms of "hydrogen detrapping, "
involving the role played by the secondary elec-
trons, which holds here as well. (b) The sub-
threshold production rate depends much on the
sample orientation; it is not directly related to
the resistivity ratio (see Table II) since the pro-
duction rates for samples (100)-b and (111)-b
(which are not shown here) are similar to those of
samples (100)-a and (111)-a, respectively, al-
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though their resistivity ratios are much smaller.
A similar behavior (subthreshold effects strongly
dependent on sample orientation} has been observed
for high-purity monocrystals of cadmium. " As
long as systematic studies in the field have not yet
been done, this orientation dependence remains
unexplained. (c}The subthreshold production rate
is not reproducible from one day to another. This
is most visible for the (100) and the (110) samples.

A possible explanation of the subthreshold pro-
duction rate is the following: during the cooling
of the sample, part of the interstitial hydrogen
atoms is transformed from 0, phase into tantalum
hydride; as shown in Ref. 16, the hydride concen-
tration depending on the cooling conditions. The
subthreshold resistivity increase would then cor-
respond to the radiation induced dissociation of the
hydride. Similar effects have been observed in
experiments" with the system lutetium-hydrogen
in the a-phase range, which exhibited strong re-
sistivity increases when irradiated below the lute-
tium threshold (-0.8 MeV) at low temperatures.

Moreover, the results of Meissner" and Faber"
on polycrystalline tantalum have shown that the
subthreshold production rate was not a simple func-
tion of the doped-in impurity concentration, neither
with regard to oxygen nor to hydrogen. The recent
study of Rosan and Wipf" demonstrates that the
presence of nitrogen traps suppresses strongly
the formation of hydride precipitates. All this
proves the complexity of gas impurity behavior
in tantalum and, consequently, that of subthreshold
defect production which appears to be related to
the former one.

2. Recovery

Isochronal anneals were performed after each
irradiation. The results are summarized in
Table III. They are given in absolute values for
the same irradiation dose: n=10" electrons/
cm', and will be discussed in Sec. IVD. We will
just note here that an important recovery takes
place between 40 and 60 K; its amplitude after the

1.0- and the 1.3-MeV irradiations reaches more
than 100%%up of the total induced resistivity. Further-
more, a subsequent anneal was performed at
120 K which led to an increase of the resistivity.
These results are similar to those obtained by
Schweikhardt after quenching tantalum speci-
mens containing 200 at. ppm of hydrogen in the
n phase.

3. Conclusion

Due to the nonreproducibility discussed above,
nothing can be said from these results on the pro-
duction of intrinsic defects at 1.3 MeV, although
a definite difference is observed for the (100)
sample between the production rates at 1.0 MeV
(second irradiation} and 1.3 MeV (third irradia-
tion), cf. Fig. la. A similar difference does not
appear for the three other irradiated orientations.

B. Results

1. Irradiating procedure

In order to eliminate the difficulty arising from
the possible nonreproducibility of the subthreshold
effects, the samples mere irradiated alternately
(and repeatedly) below and above threshold. The
value of 1.0 MeV was chosen hs the energy of the
subthreshold reference irradiations. Figures 2(a)
to 2(d) present, as an example, the results ob-
tained for the two energies 1.4 and 1.6 MeV. For
each orientation, the production rates are plotted
as a function of the total dose. We shall assume
that the production rates of the intrinsic defects
are given by the differences between the production
rates below and above threshold taken at a same
dose. One can see from the curves of Figs. 2

that the four samp)es behave in a very different
way at 1.4 MeV. The intrinsic defect production
rate, according to our definition, decreases mar-
kedly and steadily from the (100) to the (111)
orientation.

TABLE III. Resistivity changes (units of 10 0 cm) produced by irradiation and by subsequent annealing.

(100) (112) (110) (111)
4p „+0.02 &pmn+0 03 4p~ +0.04

E ~SIlfl &per ~SMl Ap~ Tsml &p~ ~SIlIl

(MeV) +0.05 21 K 35 K 60 K +0.02 21 K 35 K 60 K +0.03 21 K 35 K 60 K +0.04 21 K 35 K 60 K

1.0 —0.11 0.33 0.02 0.05 0.43 0.51 0.04 0.09
1.3 0.09 0.01 0.03 0.19 0.36 0.02 0.05 0.43 0.56 0.03 0.09
1.7 1.14 0.10 0.16 0.82 1.69 0.05 0.14 1.01 1.48 0.14 0.25

0.79 1.11 0.04 0.11 1.24
0.74 1.11 0.05 0.12 1.19
1.32 2.10 0.09 0.22 1.70
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and above threshold for four orientations: (100)—curve (a); (112)—curve (b); (110)—curve (c); (111)—curve (d). The
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2. Production curves

The measured production rates, as a function
of energy, . are displayed in Figs. 3(a)-3(d). The
error bars correspond to the standard deviations
calculated from the experimental points of Fig. 2.
The curves drawn through the points are eye fits.
The same curves are shown together on Fig. 3(e),
so as to allow a quick comparison between the
four orientations. The accuracy was best for the
(112) sample (the thinnest one). Two points are to
be noted. (i) The threshold energy appears to be
minimum in the (100) direction, in agreement with
other bcc metals"' as well as with computer
results, and in contradiction to Jung and Schil-
ling's results. ' In fact, the disagreement with the
latter. concerns not only the lowest threshold en-
ergy but the whole shape of the production curves
between 1.3 and 1.V MeV for the (100) and the (111)
orientations. As a possible explanation for this
discrepancy, we suggest that Jung's samples could
have been misoriented. This assumption is sup-

ported by a careful examination of the I aue x-ray
diagrams presented by Jung in Ref. 19. (Actually,
qualitative agreement is obtained between Jung's
and our experimental curves when permuting his
sample orientations so as to correct for possible

, misalignment: essentially (100)—(111).) (ii)
Another observation results from Fig. 3. The
next-lowest threshold displacement mechanism
appears to take place also in the (100) direction.
This follows from the occurrence of a large in-
crease in the production rate between 1.35 and
1.4 MeV for the (100) sample, while, at the same
energies, the production rates for the three other
orientations remain smaller and only slightly in-
creasing. The question arises then as to whether
this part of the production curve which lies between
1.25 and 1.35 MeV for the (100) orientation corre-
sponds to real intrinsic defects. , A contribution
f

lorn

metallic impurities can be excluded since the
involved concentrations would have to be much too
high in order to get an effect of the observed am-
plitude. Even a mechanism where unstable Frenkel
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pairs, formed by replacement collisions, would be
stabilized by the presence of gaseous or metallic
impurities along the collision chain cannot account
for the measured production rate unless the im-
purity concentration is as high as 1 at.%.

Let us now examine the hypothesis on which our
subtraction of subthreshold effects is based and
their possible implications.

3. Discussion of the experimental procedure

It has been assumed that the production rate of
the subthreshold events does not depend on the
bombarding energy in the range 1.0 to 1.7 MeV.
In fact, if the subthreshold defects were to be at-
tributed to the displacement of light impurities
with very low threshoM energies, the correspond-
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ing production rate could decrease slightly with
energy. The model developed in Ref. 14 gives a
decrease of 10%%uo. between 0.8 and 1. 1 MeV. More-
over, if the subthreshold defects were to be as-
sociated with propagation of focusons over long
distances, their production rate should decrease
with energy as the length of the collision chains.
The zero intrinsic production rate observed, for
example, at 1.4 MeV on Fig. 2(d) [(111)sample]
would then result from a cancellation between a.
nonzero intrinsic production rate and a reduction
of the subthreshold production rate between 1.0
and 1.4 MeV. This would explain the negative
production rates observed below 1.4 MeV. How-
ever, the (112) sample, for which the measure-
ments are the most accurate ones, does not
exhibit any negative production rate. In order
to illustrate the correctness of the hypothesis
according to which the subthreshold production
rate does not depend much on the energy, all
points taken at various subthreshold energies for
the (111)sample have been plotted in Fig. 4 as
a function of the electron fluence only, not taking
into account the different energies of other points
taken in between. ALL these points lie roughly on
the same curve. (Let us note that the obtained
values are quite comparable to those given by
Jung in Fig. 23 of Ref. 19.) If, nevertheless, the
subthreshold production rate were a slightly de-
creasing function of the incident energy, the pro-
duction curves would have to be shifted towards
the positive production rates by an amount which
would slowly increase with energy. This correc-
tion would not change the major features of the
curves and, in particular, would be unable to ac-
count for the observed structure at low energies.

We have neglected the recombination of the close
Frenkel pairs produced at an energy above thresh-

old by the subsequent subthreshold irradiation.
The recombination, proportiorial to the initial
Frenkel-pair concentration, can be estimated
frorg Meissner s results. " Each subthreshold ir-
radiation (corresponding to a dose of 2.7& 10"
electrons/cm') is found to induce the recombina-
tion of 3.5X 10 of the already present Frenkel
pairs. This is quite negligible due to the very
low concentrations at which we are working.

4. Conclusion

A visual extrapolation without corrections [such
as the one drawn in Fig. 3(a)] gives a threshold
energy of 34 eV for the lowest threshold and -38
eV for the second one. The lower value, 34 eV,
is comparable to the value 32+2 eV obtained by
Youngblood et a/. "with well outgassed samples
(the damage production curves being linear with
the electron fluence) at an irradiation temperature
of 23 K. This supports the assumption we shall
make in interpreting the experimental results,
i.e. , the structure which appears below 1.35 MeV
in the (100) and (112) production curves is not an
artifact but corresponds to real intrinsic defects.
%e have already noted in Ref. 6 that in the cases
of both Fe and Mo, the (100) experimental produc-
tion curves exhibited a bump at T-1.3T„", which
was never reproduced by the calculations. This
bump may be compared (although it is of less
importance) to the structure observed for tantalum.

IV. DISCUSSION

A. Determination of the threshold energies

The analysis of the results is made on the basis
of a geometrical model for the threshold energy
surfac'e of a. bcc lattice. The calculational method
has been described in detail in Ref. 5. The cor-
rections for beam dispersion and energy losses
are treated as in Ref. 6; losses due to radiation,
which are not negligible in the case of high atomic
numbers (for tantalum, Z = 73), have been taken
into account in addition to ionization losses. The
Mott scattering cross sections have been obtained
from the tables given by Oen in Ref. 21.

The geometrical model already used for moly-
bdenum and iron" is unable to provide a fit of the
experimental results in the case of tantalum, since
it assuines the threshold energy in and around the
(100) direction to be unique. Two models will be
presented iri- the following, both giving satisfactory
agreement with the experimental production curves.

1. NodelI

The region of Low threshold energy around the
(100) direction was divided into two concentric
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regions of different threshold energies, the inner
part of the lens being called region I, the annular
part around it region II. The dimensions as well
as the coiresponding energies of these two regions
were treated as parameters and determined to
give the best fit with the experimental points of
Fig. 3 taking into account the size of the error
bars. This best fit (shown in Fig. 5) was obtained
with T„","'=33 eV, T~"„"=38eV, and T,&55 eV for
all other directions. The maximum opening was
12' for region I and 20' for region II. The ampli-
tude of the production cross section below 1e4
MeV is governed by the opening of region 1. Fig-
ure 6 illustrates the reduction of the cross sec-
tion due to a reduction of region I from 12 to 10

degrees, the total opening of regions I+ II being
constant. The influence of the corrections for
dispersion and energy losses is shown on Fig. 7,
where the different curves have been calculated
without corrections and which is to be compared
with Fig. 5; the fit is somewhat better at lower
energies and worse at the higher ones. A notable
difference between Figs. 5 and 7 is observed, e.g. ,
in the shape of the (100) curve, at higher energies;
this prevents any accurate determination of thresh-
old energies corresponding to other crystallo-
graphic directions, which would lie above 1.6 MeV,
i.e., above -50 eV.

It must be noted that fitting the experimental re-
sults at low energies requires a very sharp in-
crease in the threshold energy from region I to
region II and not a continuous increase when going
off the (100) direction. This discontinuity implies
that two different mechanisms should be associated
with the tw'o regions. Region I could correspond
to assisted focusing (along the (100) direction) al-
though the crystal geometry does not favour this
process. Yet, even with this hypothesis, the
sharp delimitation between the two regions is still
difficult to explain, so that the model does not
seem to have much physical support.

0
1.2 13 14 1.5 1,6 17 E(geV}

FIG. 6: Displacdment cross sections calculated with
model I using a modified threshold energy surface.

2. Model II

It has been shown in the case of molybdenum"
that the Frenkel pairs created in the (100) direc-
tion (in and around, i.e. , in a solid angle of about
the same opening —here 20'—as those used for
molybdenum, ' iron, ' and by Jung" for tantalum)
possess two different configurations depending
on the orientation of the split-interstitial axis
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FIG. 8. Displacement cross sections calculated with
model Q.

with respect to the (100) direction. It is assumed
in model II that for the minimum separation dis-
tance between the vacancy and the interstitial
(corresponding to the minimum threshold energy
Te~',oo'), only one of these pairs —i.e. , a certain
fraction P„of the created defects —is stable. For
greater separations (corresponding to transmitted
energies aT~~""), both kinds of pairs are stable.
Figure 8 shows that the best fit obtained with T~","'
=33 eV, P~= —,', T~","'=38 e7 and T ~ 55 eV for all
other directions. The value —,

' obtained for the
parameter P~ means that one third only of the
Frenkel pairs created in the (100) direction with
ihe minimum separation distance, i.e., with a
transmitted energy lying between 33 and 38 eP,
are stable.

the energies needed to penetrate the various po-
tential barriers in these directions. The details
of the calculation are exposed in Refs. 5 and 24.
The validity range of the obtained potentials goes
from ao/2 to 0.9a„where ac=2.86 A is the near-
est-neighbor distance.

The condition T,""'=33e7 leads to the deter-
mination of one of the two parameters A and 5 of
the potential as a function of the other. The rela-
tion between them is illustrated in Fig. 9 for two
cases: (i) it is assumed that the displaced atom
has to travel a minimum distance 2a (where a is
the cube-cell side) in the (100) direction before
coming to rest as a stable interstitial; (ii) this
minimum distance is assumed to be 3a. The un-
derlined numbers on Fig. 9 give the minimum
energy which is required to obtain a separation
distance between interstitial and vacancy larger
than the minimum one, i.e. , -Ba in case (i) and
~4a in case (ii). This energy is to be compared
with 7„',-

' in model II. The other numbers on Fig.
9 give the energy which is required to induce 5, in
case (i), or 7, in case (ii), replacements in the
(111)direction. This energy is to be compared to
the threshold energy T~"". The framed numbers
indicate, in each case, the amount of energy lost
per replacement. It is seen that most of the energy
required to induce a (111)displacement is used to
build up the "compressed configuration" which is
then propagated along (111)without notable energy
loss. Our best choice for the interatomic potential
will lie in the range between V(r) = 61000e~'" and
V(y) = 485 000e "", V being expressed in eV and r
in A. This potential is compared on Fig. 10 to the
one proposed by Andersen and Sigmund, "V~(r)

S. Determination of the Frenkel-pair resistivity

The Frenkel-pair resistivity p„ is deduced from
the measured production rates and the calculated
displacement cross sections o according to the re-
lation ap/n= crp~. With both models, it is found:

pz = 16+ 3 )4Q cm/at. %%d Frenkel pairs. This value
depends mainly on the total opening (taken to be
20 according to Erginsoy's calculation) of the
(100) lens. It is quite comparable to Jung's value,
17+3 )4Acm/at. % and in perfect agreement with
the empirical rule, "pz/at. %= 0.15p(T ), where
T is the melting point, giving also 16 )4A cm/
at. /o.

10

104
3.5 I.O 5.0

11 5.[0.8]

2
s[0.63

C. Determination of an interatomic potential

An empirical potential given in a Born-Mayer
form, V(r) =Ae '", is deduced from the preceding
determination of the displacement thresholds in
the main crystallographic directions by calculating

FIG. 9. Relations between the Born-Mayer potential
constants A and b, so as to yield T„~&0 = 33 ev either
after two (curve a) or after three (curve b) lens pas-
sages in the (100) direction. For each pair(A, b) is.
given the threshold energy Tz 2 (underlined number)
and the threshold energy T&

~ for five (case a) or
seven (case b) lens passages in the (ill) direction.
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TABLE IV. Percentages of intrinsic defects recover-
ing during stage I compared to calculated values.

(100) (112) (110) (111)

10

IXI+PR (I 7) +PL (I e)j s 7 p 2 2 M
&ph (1 7)-&p~(1-0)

9o of close pairs calc.
with model II

% of defects produced
through region II calc.
with model I

0.1.—
1.0

I

2.0
I

2,5 3.0 r(A)

FIG. 10. Various interatomic;potentials for tantalum.
Potentials V&, 'V, and V2 are taken out of Fig. 9.

=32000e~'"", and to that deduced from recent
work by Wilson et al. ' giving a universal average
potential for the calculation of ranges and stopping
power of low-energy projectiles (WI eV).

D. Stage-I recovery

Previous studies of the recovery spectrum of
tantalum after electron irradiation at helium tern-
peratures" ""have shown that stage I takes
place below 20 K. The free interstitial migration
has been commonly assumed to occur around 17.5
K, its correlated recovery being 'attributed to the
most important peak centered at 14 K. However,
this interpretation has been recently questioned
by Dausinger et a/, "whose results point to free
migration at T & 17 K and even allow free migra-
tion to take place below 4.5 K, this latter assump-
tion giving a more straightforward explanation of
the important suppression of stage I by doped-in
oxygen concentrations of as low as 100 ppm.

Three isochronal anneals (b, ( = 10 min) were
performed after irradiations at 1.0, 1.3„and 1.7
Me& (cf. Table III). A slow and continuous anneal
was observed between 7 and 35 K; stage I was al-
most nonexistent, even at 1.7 MeV, which concurs
with what is known of the strong influence of the
impurities.

'&he experimental amplitude of stage I at 1.7
MeV has been compared to values deduced from
the cross sections calculated with model II. For
this comparison, it has been assumed that the
subthreshold defect production was unchanged

from 1.0 to 1.7 MeV, and the resistivity variations
measured at 1.0 MeV have been subtracted from
those measured at 1.7 MeV, for equal fluences,
The corresponding values are listed in Table IV,
together with the calculated percentages of defects
which are produced, in model II, with a transmitted
energy T lyingbetween33and38eV. As a matter of
fact, ii is a quite straightforward assumption to sup-
pose that at least those pairs which are the nearest
ones will give rise to close-pair recombination. Now

it can be seen from Table IV that the experimental val-
ues for the normalized stage-I amplitude are much
lower than the calculated ones, leading io the assump-
tion that even the closest pair s produced in the ( 100)
direction will not give rise to close-pair recombina-
tion but rather annihilate through correlated or free
interstitial migration. This would explain why
stage I is so strongly suppressed by the presence
of impurities, in concentrations even as low as
10 4.

I.et us note finally that model I cannot aQow any
interpretation of the recovery results, since it
leads at 1.7 MeV to a nearly equal production of
defects through region I and region Q as can be
seen in Table IV; none of the two corresponding
mechanisms can, therefore, be directly related
to close-pair production.

V. CONCLUSIONS

The experimental data obtained in the present
arork show definitely that, contrary to Jung and
Schilling's results, but, similar to all other al-
ready studied bcc metals, the easiest atomic dis-
placements in Ta take place in and around the
(100) direction, the corresponding threshold en-
ergy being 7&zoo& 33~1 eV

If we then remember that a Frenkel pair pro-
duced along a (100) direction in a bcc crystal can
end up in two different configurations regarding
the interaction between interstitial and vacancy,
the most straightforward explanation of the pres-
ent results leads us to assume thai, for the closest
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pairs, one of these two configurations is unstable
at the irradiation temperature (7 K).

Finally, we suggest, as a possible explanation
for the extreme impurity sensitivity of the ob-
served stage-I recovery, that the closest (100)
pairs which are stable at the irradiation tempera-
ture may not undergo close-pair recombination
but rather correlated recombination through long-
range interstitial migration.
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