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us an effective means of studying the nature of
boundary scattering of conduction electrons.
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Thin tantalum single-crystal foils with the (110)direction normal to the surface have been
irradiated with electrons of energies between l.0 to 3.2 MeV. By varying the orientation of
the foil relative to the direction of the beam over a major part of the fundamental triangle, a
strong directional effect in the damage rate was observed for transferred energies of more than
36 eV. In previous measurements especially on the fcc metals copper and gold, much less, if
any, anisotropy of the defect production was observed. The data have been corrected for beam
spreading due to the finite sample thickness. From the dependence of the defect production on
electron energy and foil orientation, the angular dependence of the threshold displacement
energy could be fitted. Good over-all fits were only possible when the averaged threshold was
about 36 eV in a region of 20' around the (111)direction, about 53 eV in a region of 18 around
the (100) direction, and larger than 130 eV in other directions. The existence of such "windows"
along the close-packed directions indicates a sequence of replacement collisions which even-
tually leads to a stable defect. Computer calculations by the Brookhaven group for bcc iron
yielded similar threshold windows around the principal crystallographic directions. However,
the ratio of the threshold values for the (100) and (111)directions obtained by this group does
not agree with our result. For the lowest threshold energy in tantalum, we found 32+ 2 eV,
and for the electrical resistivity per unity concentration of Frenkel pairs, we obtained (17 +3)
x10-4 n cm.

I. INTRODUCTION

Irradiation of a crystal with fast electrons results
in a transfer of recoil energy to the lattice atoms.
If this recoil energy exceeds a certain threshold
value T„, the struck atom can be displaced perma-
nently from its lattice site, leaving behind a vacan-

cy. Besides this vacancy, an interstitial is pro-
duced at some distance via replacement collisions.
The interstitial together with the vacancy is called
a Frenkel pair.

The atomic structure of the lattice causes the
threshold energy to depend on the direction of the
knocked-on atom. Therefore, in single-crystal
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samples the defect-production rate should vary with
the direction of the incident electron beam. A
great deal of experimental work on the directional
dependence of radiation damage has been done on
silicon single crystals. ~ With this material for the
first time a technique was used in which the orienta-
tion dependence of the damage rate was investigated
by rotating the sample with respect to the incident
beam. An interpretation of these measurements
in terms of an anisotropic threshold energy is given
in Refs. 3-5.

Previous single-crystal experiments with metals
have been performed with copper, '7 go]d, iron, e'
and cobalt. "' In contrast to silicon, in all these
experiments thin single-crystal foils of different
orientation were rigidly mounted in front of the
electron beam and irradiated at low temperatures.
In this manner the energy dependence of the defect-
production rate could be obtained only for selected
orientations. The measurements of Sosin and
Garr on copper and the measurements of Bauer and
Sosin on gold gave only small differences in the de-
fect production for the three principal crystallo-
graphic directions. However, these data and espe-
cially those of Kamada et al. were strongly influ-
enced by the finite thickness of the samples used
and by variations of the sample thickness over the
irradiated area. Because of similar uncertainties
in the sample and irradiation geometries, Lomer
and Pepper ' could not give reliable absolute val-
ues of the damage rates for their iron single crys-
tals.

For these reasons the conclusions drawn so far
from a comparison of the absolute damage rates ob-
served for different samples with different orienta-
tions must be viewed with caution.

The straightforward way to determine at least the
minimum threshold energy is to extrapolate the
damage rates obtained for samples of different
orientations as a function of electron energy to zero
damage rate. However, such a procedure encount-
ers the difficulty that very thin samples would be
required in which size-effect corrections may
strongly influence the observed damage rates'
and that unexplained subthreshold effects' which
are probably connected with impurities seriously
impede an unambiguous extrapolation of the "true
intrinsic" damage rate to zero.

In order to obtain reliable information about the
orientation dependence of the threshold energy, it
is therefore necessary to measure precisely the
absolute value of the damage rate asa function of
sample orientation at electron energies which are
high enough that subthreshold effects and size-effect
corrections can be neglected. From a comparison
of these data with calculations of the orientation de-
pendence of the damage rate based on different pro-
files of the threshold-energy surface, rather de-

tailed information about the anisotropy of T„can be
obtained. In our investigation of T~ we have mea-
sured the defect-production rate as a function of
electron energy for many crystal directions using
only a few single-crystal samples which were ro-
tated with respect to the incident beam thus exclud-
ing possible uncertainties in irradiation and sample
geometries. From these data we were able to de-
duce unambiguously the threshold energies over the
whole fundamental triangle.

II. EXPERIMENTAL DETAILS

The samples were made from 15- pm cold-rolled
foils of high-purity tantalum (99.995/p, A. D.
Mackay Inc. , New York). They were first decarbu-
rized at 2200 C in 2&&10 ' Torr of oxygen and then
degassed for some minutes at 2500'C and 10
Torr .

Laue pictures. showed large single-crystal grains
(up to 1 cm in size) with (110) orientation normal
to the foil surface and little mosaic structure within
the grains. From these regions strips were cut
along preselected directions, preferably along the
(100) and (110) directions. Two such strips were
then mounted parallel to each other on a special
holder. Potential leads made of 50- p,m tantalum
wires were spot welded to the samples.

For the irradiations the sample holder was in-
serted into a special irradiation cryostat. In this
cryostat the samples rested in a flat chamber be-
tween two stainless-steel windows of 12- pm thick-
ness. This chamber could be flooded with liquid
helium supplied from a helium refrigerator. (De-
tails of the irradiation techniques are given in Ref.
1V. ) The sample chamber together with the sam-
ples could be rotated around a vertical axis by
about 50 in each direction.

The irradiations were done at 4. 5 K with a beam
intensity of Sx 10 ~ electrons/cm sec (homogeneity
about 3%). After irradiation-time intervals of 10
min, the orientation of the samples was changed by
angular steps of 5' and the electrical-resistivity
increase was recorded. The measurements at all

, angular positions were repeated cyclically.
Before each irradiation of tantalum samples,

aluminium wires of 0. 2-mmdiam and of 99.999%
purity were irradiated at the same position. In the

manner, using the absolute measurements of the
damage rates of aluminium as a function of electron
energy by Wurm, the electron-beam intensity at
the position of the samples could be calibrated. Due
to backscattering and secondary-electron emission
in the beam-monitoring systems and due to beam
spread in the sample chamber, the signals of a
Faraday cup placed behind the sample chamber and

of a Faraday cup which could be positioned in front
of the sample chamber could be used only as rela-
tive measures for the beam intensity. From the
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damage rates observed for the polycrystalline alu-
minium wires, it could be confirmed that no mea-
surable change in the electron flux was introduced
by the rotation of the whole sample chamber.

III. EXPERIMENTAL RESULTS

In Fig. 1, typical curves for the variation of the

damage rate with the rotation angle 7 are shown for
two samples with rotation axes along the (110) and

(100), directions, respectively. Many similar
curves have been obtained also for other electron
energies and other crystallographic directions of
the rotation axis. The damage rates shown in Fig.
1 have been normalized to the damage rate observed
for rotation angle zero. This normalization proce-
dure is necessary to eliminate saturation effects in
the defect production. These saturation effects give
rise to a reduction of the effective defect-production
rate with increasing defect density during the course
of the irradiation. However, in our experiments we
have found that for all orientations of the samples
with respect to the incident beam, the relative re-
duction of the damage rate with increasing defect
density, i.e. , with increasing radiation-induced
resistivity 4p, is the same. Therefore, the ratio
of two damage rates for different orientations is in-
dependent of saturation effects if both damage rates
are taken at equal values of ~p. The data points
shown in Fig. 1 all correspond to ratios of experi-
mental damage rates which have been interpolated
to identical values of &p.

-40 -30 -20 -KP (P +10 +20 +3(P +40

rotation angle T

FIG. 1. Normalized damage rates for two tantalum
samples with different rotation axes. The arrows indicate
positions in which the beam direction was along the indi-
cated crystallographic directions.

For zero rotation angle the direction of the inci-
dent electron beam in both samples is almost along
(110). The small shifts of the points of symmetry
of the observed damage-rate curves with respect
to zero rotation angle in Fig. 1 are due to small
misalignments of the samples on the holder and can
easily be corrected. For the sample with the (110)
rotation axis at 3.0-MeV electron energy, a mini-
mum of the damage rate is observed at about 35,
corresponding to an incidence of the electron beam
along the (111)direction. For the sample with a
(100) rotation axis, a maximum of the damage is ob-
served at about 45', corresponding to an incidence
of the electron beam along a. (100) direction.

The energy dependence of the damage rate ob-
served for irradiation along each of the main crys-
tallographic directions is shown in Figs. 2 and 3.
In Fig. 2, absolute values of the damage rates (ex-
trapolated to &p= 0) are plotted vs the maximum
transferred energy.

These values could be reproduced from sample to
sample within about 7%. The absolute error of these
data is mainly given by the uncertainty of the abso-
lute values of the damage rate of the polycrystalline
aluminium used for our flux calibration. This error
is estimated to be around 10%%u~ by Wurm et al. '9 This
uncertainty can be avoided by plotting relative val-
ues of the damage rates normalized to the damage
rate for (110) orientation. This has been done in

Fig. 3.
While at high energies the damage rate along

(100) is much larger and along (111) is much smaller
than the damage rate along (110), these relations
reverse below about T = 55 eV. At energies T„
& 40 eV the anisotropy of the observed damage rates
is more and more suppressed. This suppression is
probably due to the increasing relative contribution
of subthreshold effects, which below 40 eV exceed
the normal damage rate and which are apparently
independent of the orientation of the samples. At
electron energies near the threshold, other correc-
tions also become very large, e. g. , beam spread,
increasing path length, and energy loss. There-
fore, the low-energy part of the measurements
(T & 45 eV) was omitted from further evaluations
of the data.

The dashed lines in Figs. 2 and 3 give the damage
rates after correction for the spread of the electron
beam and will be explained in Sec. IV.

IV. ANISOTROPY OF THRESHOLD ENERGY

The connection between the observed energy and
orientation dependence of the damage ra, te and the
orientation dependence of the threshold energy for
defect production is governed by the differential
cross section for energy transfer from the electrons
to the lattice atoms. The maximum transferred
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FIG. 2. Absolute damage
rate in tantalum as a function
of the maximum transferred
energy for irradiation along
the three main crystallographic
directions. The broken lines
give the damage rates after
correction for the spread of
the electron beam.
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energy from an electron of energy E to an atom is

T = 2(m/M)mc' (E' —1),
where E'= l(E/mc ) + 1]3 and M and m are the masses
of the atom and the electron, respectively. For re-
coil angle S' of the knocked-on atom, the trans-
ferred energy is

T= T cos S',
with 0' & 8'& 90'. The dependence of the scattering
probability on S' is given by the scattering cross
section der/dQ, which can be obtained from the
McKinley-Feshbach formula with the tabulated cor-
rections from Oen. ~ For the scattering of electrons
by the atomic nuclei in the sample, collisions with
large recoil angles W and correspondingly small
transferred energies T predominate (Coulomb scat-
tering). Therefore, an energetic electron in matter
suffers many small deflections which give rise to
a spread of the originally parallel beam of elec-
trons. For a survey on this so-called multiple-

scattering effect, see Ref. 21. In the fc lowing, the
theory of Moliere is used, which approximates the
distribution of the deflection angles n by a Gaus-
sian:

G(~) = (I3/ fM
g

Qg

after the electrons have penetrated a sample of
thickness d. The width e of the Gaussian shows the
following functional dependence

Z(Z + 1)qd E'
(&'- l)3

where q denotes the density of the scattering mate-
rial. For the 15- pm tantalum foils used, the n
values are about 25 at 1.5 MeV and 14 at 3.0
MeV.

Another effect of multiple scattering is to increase
the path length of the electrons in the sample. Ac-
cording to a theory of Yang, this increase is given
by
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rates in tantalum for irradiationin
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(110)direction. The broken lines
represent the data after correction
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M/d= ,' n t— (6) the samples:

The rotation of the samples also causes an increase
of the path length. In samples of finite thickness
this geometrical effect is not fully compensated by
the simultaneous reduction of the number of elec-
trons impinging per cm of the sample. This is due
to the increase of n with rotation angle v'. For the

samples used in our experiments, the corrections
calculated according to Eqs. (4) and (5) reduced the
observed damage rates by up to 5%%uo.

The next task is to eliminate the effect of beam
spread from the experimental data. Since irradia-
tions in many directions of the fundamental triangle
have been performed, experimental values of the
damage rates were available for all central points
of a 5 net work in this triangle or could be obtained
by interpolation. With these data it was possible
to set up a system of linear equations which connect
the measured damage rates 4p/AC to the ideal
damage rates (b p/&4)- 0 for vanishing thickness of

&& H;;(5(E)) cos8; &0; hP;, (6)

H(g dA(g = G(Q(y, Q)do(g,

with

(6)dA, &
= 2' sinn,

& dn, .&,

where G is defined by Eq. (3) and o., ~
measures the

angular distance of point i and point j.
For the actual calculation of H, &

an average value
of G was used taking into account the increase of
beam spread n through the sample and the fact that
for our irradiation geometry, also the spread of the

with &; and P; characterizing the coordinates of the

central point of a network into which the fundamental
triangle has been subdivided for the calculation (see
Fig. 4). The coefficients H, &(n(E)) are defined by
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FIG. 5. Simplified threshold-energy profile.

first used. In this case, T~ only depends on three
parameters, namely, the thresholds along the prin-
cipal crystallographic directions. But no sensible
fit could be obtained for any choice of these param-
eters.

As a second starting point for the threshold-ener-
gy profile, the results of the computer simulations
by Erginsoy et al. for bcc iron were used in a
simplified manner. These calculations gave rather
sharply defined regions around the three principal
crystallographic directions with low threshold en-
ergies and rather high threshold energies in the
region between (see Fig. 6). If the angular extent
of these regions is not varied, a fit with such a pro-
file contains four parameters: the three threshold
energies in the regions around the main crystallo-

graphic directions and a fourth one for the interme-
diate region. The calculations showed that a rea-
sonable fit was possible only for a profile with a
threshold energy in the (100) region exceeding that
of the (ill) direction and a pronounced maximum of
the threshold energy in the remaining part of the
fundamental triangle.

In order to improve the fit, we also changed the
shape and size of the low threshold regions around
the main crystallographic directions. About 20 dif-
ferent profiles were fitted. However, nearly the
same magnitude of the four T„values was always
obtained. But the quality of the fit was strongly in-
fluenced by changing the size of the regions. A pic-
ture of the most satisfactory profile is given in
Fig. 5.

Since the assumption of four sharply limited re-
gions with constant threshold-energy values is
probably too restrictive, we established a fitting
program where the fundamental triangle was sub-
divided into regions of 5 && 5 . The assumption of
different T„values in each region introduces 39 in-
dependent parameters which were varied in a least-
squares fit.

The result of such a fit is shown on the right-han(
side of Fig. 6. A comparison of the damage-rate
values calculated for this profile using Eq. (9) with
the experimental values corrected for beam spread
is shown in Fig. 1. The fit is shown for the abso-
lute and for the normalized damage rates corre-
sponding to the data of Figs. 2 and 3. The thresh-
old-energy surface obtained in this manner exhibits
well-defined shallow regions with low threshold en-
ergies around the main crystallographic directions,

(111)
I~5

50

-10o-

90

(100) y co 20o 100

36
38

00 00 ]00
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30

90o
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FIG. 6. Threshold-energy profile for bcc iron from computer calculations of Erginsoy et al. (Ref. 32) and for tantalum
extracted from damage-rate measurements. The figures give the average threshold energies in eV for the particular
regions.
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while, in the region between, the threshold rises
steeply to more than 130 eV. The region around
(110) is much smaller and not as well established
as those around the other directions, and its contri-
bution to the defect production can be almost neg-
lected at higher electron energies. The low-thresh-
old-energy regions are not circular but are more or
less deformed on account of the crystal anisotropy.
As in the calculations of Erginsoy et al. ' the displace-
ment energies exactly along the close-packed (1.11)
direction exhibit a small maximum, while the re-
gion of minimum threshold energy is ring shaped
around this direction. Although in general the re-
sults of such a fit must be viewed with great caution
because only a local minimum of the set of param-
eters may be obtained and because the number of
open parameters (39) is rather large compared
with the number of data points (about 200), we feel
that the essential features of the threshold-energy
surface given above are rather safely established.
This conclusion is based first on the close repro-
duction of the main topology of the threshold-energy
surface deduced from the simplified model shown
in Fig. 5 and second on the fact that several runs
in which quite different sets of input parameters-
all within the error bars of the experimental data—

were used gave rather similar threshold-energy
profiles.

To give a feeling of this uncertainty in the deter-
mination of the threshold energy, in Fig. 8 the con-
tours of such profiles along the border of the funda-
mental triangle are shown for three different fits,
all yielding damage-rate curves lying within the
error bars given in Fig. 7. The solid line in Fig. 8
corresponds to the best fit which was shown in Fig.
7 and from which the profile shown in Fig. 6 was
deduced. Obviously, all the profiles in Fig. 8 show
pronounced minima of the threshold energy around
the main crystallographic axis, but the details of
the structure in these minimum-energy regions are
not always fully reproduced. For the lowest thresh-
old value (32+ 2) eV was always found in the mini-
mum-energy region near (111). This value agrees
well with earlier measurements on polycrystalline
tantalum by Messiner' and Youngblood et al.

If the threshold energy is known in all directions,
the total displacement cross section can be calcu-
lated according to Eq. (9). Using this calculated
total displacement cross section, the increase in the
resistivity p~ by 1-at.% Frenkel pairs can be ob-
tained from the experimental result. The resulting
value of pz= (17+ 3) iLQ cm lies somewhat above the
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from the threshold-energy profile of tantalum outlined in Fig. 6 with the experimental values corrected for beam spread.
The broken line represents the integrated "polycrystalline" damage rate.
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value of the thermal resistivity at the Debye tern-
perature (for tantalum: pIIoc =11.5 pAcm) which
was often assumed to be a good guess for p~.

Channeling of electrons and its influence on multi-
ple scattering and radiation damage"' have been
reported. For electrons impinging along close-
packed directions Frandson et al. observ'ed broad-
ening of the angular distribution of multiple-scat-
tered electrons [see Eq. (3)], and Makin ' found an
increase of the damage observable in Cu in a high-
voltage electron microscope at room temperature.
The effect of channeling on the distribution of multi-
ple-scattered electrons is appearing, but the differ-
ence in the distribution between a close-packed and

a random direction is expected to be much less than
the variation of the distribution with foil thickness
over which we averaged in our calculations. The
inQuence of channeling on radiation damage is not
as understandable. First, there are great uncer-
tainties in comparing the electron-microscope in-
vestigations (observation of defect loops at room
tempera. ture) with our resistivity measurements
(single defects at helium temperature). Second, the
measurements ' on radiation damage in the elec-
tron microscope were both made on very thin foils
(about 10' A) and with high angular resolution. In
contrast to this, our foils had thickness of more
than 10' A, and the angular width of the incident
beam was very broad compared with the critical
angles for channeling of electrons. Furthermore,
we find both broad maxima and broad minima of the
damage rate in the main crystallographic direc-
tions. A maximum in one direction is changed to
a minimum and vice versa by varying the electron
energy. In contrast to this the influence of channel-
ing effects should only give very sharp maxima in
damage rate for all main crystallographic directions

independent of electron energy. Therefore, we ean
conclusively say that the influence of electron chan-
neling on radiation damage, if existing at all, is
negligible in our measurements because of foil
thickness and beam spread.

V. DISCUSSION

In order to gain some qualitative insight into the
connection between the threshold-energy profile and
the measured orientation and energy dependence of
the damage rate, the contributions of the different
low-threshold-energy regions around the different
main crystallographic axis have been calculated
separately for the simplified profile outlined in
Fig. 5. The results are plotted in Fig. 9.

At electron energies between 2 and 3 MeV, the
displacement along directions around the (111)axis
contributes most to the defect production, especial-
ly if the angular distance to the direction of the in-
cident beam (and therefore also the cross section
for energy transfer) is large. Other factors which
influence the defect production are the size of the
low-threshold-energy regions and the number of
active regions which contribute to the defect pro-
duction during irradiation in different crystallo-
graphic directions. For example, irradiation along
the (100) axis results almost solely in displace-
ments around the (111)directions (four active re-
gions at an angular distance of 55' from the incident
beam), whereas irradiation along the (111)axis re-
sults in displacements mainly around the (100) di-
rections (three active regions at an angular distance
of 55') and around the oblique (111)directions (three
active axes at an angular distance of 70' from the
incident beam). Based on such simplified consid-
erations of the contributions of the different active
regions, the large differences of the observed dam-
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age rates for irradiations along the different crys-
tallographic directions can be understood qualita-
tively.

For a physical interpretation of the observed
threshold-energy profile, a comparison with the
results of computer simulations would be useful.
Since such calculations do not exist for Ta, the re-
sults were compared with the calculation of Ergin-
soy et a/. for bcc iron (see Fig. 6). It is interest-
ing to note that the topology of the calculated and
observed profiles is very similar. However, the
sequence in the average values of the threshold en-
ergies in the low-threshold-energy regions around
the main crystallographic axes is different. For
Ta, our experiments definitely show that displace-
ment processes are easiest for recoils in and
around the close-packed (ill) direction.

This is just what one would expect if the intersti-
tial of a stable Frenkel pair is produced via a re-
placement collision chain. These replacement col-
lision chains are known to proceed best in the close-
packed lattice directions. '~ Although the computer
simulations have demonstrated that in all events in
which stable Frenkel pairs are created the inter-
stitial is indeed formed at the end of a replacement
collision chain, nevertheless the computer thresh-
old-energy profile does not show a minimum along
the (111)but along the (100) direction in bcc iron.
However, this result might be introduced artificially
by the choice of the potential used for 'computer
simulations. Among others, this choice has been
based on the initial assumption that the threshold
energy should show an absolute minimum near
(100). This assumption was motivated by geometri-
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cal considerations which predicted that the energy
necessary to push an atom through the shell of its
nearest-neighbor atoms is smallest for the (100)
direction. Details of this so-called barrier model
are given in Refs. 38 and 39. Obviously, the mere
penetration of a recoil atom through the shell of its
nearest-neighbor atoms is not a sufficient condition
for the production of a stable Frenkel pair.

The computer simulation as well as saturation-
effect measurements' have clearly demonstrated
that Frenkel pairs are stable only at larger separa-
tions of the interstitial and vacancy. In order to
achieve this separation during the displacement pro-
cess, replacement collisions are necessary. If this
is true, it is not surprising that in tantalum the
threshold energy for the defect production is indeed

smallest in the close-packed lattice directions in
which also the energy necessary for the initiation
and propagation of replacement collision chains has
its minimum value. Similar considerations have
been rather successful also for the interpretation
of the orientation dependence of the damage rates
observed in semiconductors.
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