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A method is described to derive average atomic-displacement energies from damage-rate
measurements on polycrystalline materials under electron irradiation. The results for several
cubic metals are compared to data obtained from electron irradiations of single crystals and to
effective displacement energies derived from fast-neutron and heavy-ion irradiations. Differ-
ences are discussed in terms of focusing of replacement sequences.and of reduced damage effi-

ciency of large cascades, respectively.

I. INTRODUCTION

To compare radiation-damage effects of different
irradiation particles the number of displacements per
atom (dpa) is employed as a particle-independent
dose unit '

dpa=o,9! (1

@t is the particle dose and o, is the displacement
cross section, given by
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T4 min is the minimum energy that must be trans-
ferred to a lattice atom in order to produce a stable
defect and is readily determined from electron irradi-
ation experiments.! T, is the maximum energy a
particle of energy E can transfer to a lattice atom.
The differential cross section d o/dT gives the proba-
bility that a particle of energy E transfers an energy T
to a lattice atom. The factor v gives the average
number -of stable defects produced during the slowing
down of the atom in the lattice.

For low-energy transfers, v(T) can be directly
derived from electrical resistivity measurements of
the damage rate under electron irradiation of poly-
crystals,2~* which is given by

%(EFNW(E) ; 3)
pr is the resistivity contribution per unit concentra-
tion of defects. v(T) in Eq. (2) is then most simply
approximated by a step function®* and fitted to the
experimental data. In order to obtain unambiguous
results at higher T values it is usually assumed in
these calculations that v(T) is a nondecreasing func-
tion of 7. Nevertheless the v(T) function can only
be determined with some confidence up to energies
which are considerably below the highest energies T,
reached in the experiments. Therefore, at very high
energies, v(T) is generally>® approximated by a

linear function, according to theoretical considera-
tions”-?

0.8 Tdum

v(T)=
2T enr
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the damage energy 7Tg4.m is equal to the transferred

energy T reduced by that part which is lost in elec-

tronic stopping of the displaced atoms. For calcula-
tion of this part see Ref. 8.

From a theoretical point of view’, T . is con-
sidered as an average displacement energy. It is the
aim of the present work to show how average dis-
placement energies can be derived from electron irra-
diation experiments on polycrystals and to compare
the results to T, . values from fast-neutron and
heavy-ion irradiations.

II. AVERAGE DISPLACEMENT ENERGY

Up to now the average displacement energy f’d was
derived from single-crystal experiments by averaging
the anisotropic threshold energy for defect produc-
tion’ T,(Q)

.
foma f T(0) a0 5)

Obviously for the determination of f'd the informa-
tion on the directional dependence of 7, is not neces-
sary. Therefore it is tempting to use polycrystal data,
where energy transfers along all lattice directions are
averaged. To derive such a relation, Eq. (5) is writ-
ten in a different form:

- |
rd=r,,,mﬂx—-4;fn[r,,-,mx—r,,(m]m . (5a)

If a steplike displacement probability p (T, Q) is as-
sumed, turning from 0 to 1 at T;(Q), we obtain

Td, max

Tumn=Ta(@) = [[*™ p(T.Q)aT . (6)
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Inserting Eq. (6) into Eq. (5a) and considering that

N == [ aran ™
we obtain |

Ty= Ty mac— for"’ ™y (T) dT ®)
or .

f,,=ﬁ)r”'"‘“[1—v(r)]dr . (82)

That means, that Eq. (8a) is in general equivalent to
Eq. (5) as long as p (T, Q) is monotonically increas-
ing with T for all lattice directions. If this is not true,
Eq. (5) is no longer a good definition of an effective
displacement energy, while Eq. (8a) remains a useful
definition as long as no multiple displacement occurs
at energies below Ty .. In this case Eq. (8a) would
give only a lower limit of f"d. Equation (8a) can be
looked at in a different way if the integration axes are
changed

n 1

f',, is thus defined by weighing the spectrum of
transferred energies by the average displacement
probability, dv, at each energy. .

Before Egs. (5) and (8a) are used to obtain 7,
values, the assumptions will be discussed under
which T,(Q) and v(T) are derived from single- and
polycrystal data, respectively. .

(1) To obtain a complete T,( ) profile from
single-crystal experiment, measurements for a suffi-
cient number of lattice directions and irradiation en-
ergies must be performed. This has been done only
for a few metals,'® and even in these cases the fitting
procedure becomes increasingly insensitive at higher
energies.!! That means the high 7,(Q) values in Eq.
(5) cannot be determined with precision. Thus, in
order to obtain an average displacement energy an
upper limit of T,(Q), Ty max, is assumed. In fact,
computer simulations!?~!* show that threshold ener-
gies in Cu and Fe do not exceed about 3.57, pin-
This value will be used in the present evaluation of
single-crystal data. As already mentioned the
equivalent problem arises in the polycrystal case,
where the determination of v(7T) becomes increasing-
ly inaccurate at higher energies.

(2) The second assumption which is necessary in
order to derive T, from single- or polycrystal experi-
ments is that no multiple displacement occurs along
any lattice direction at energies below T4 .. This as-
sumption is also supported by the computer calcula-
tions.!2714

(3) Up to now in the evaluation of single-crystal
data the further assumption was made that the dis-
placement probability along a certain lattice direction
p (T, Q) is a monotonic step function, turning from

0to 1 at T,(Q). This assumption is at variance with
recent computer results'* !> [where p (T, Q) was
found for some lattice directions to return to zero at
some energy above T,(Q)]. If these results are sub-
stantiated, a more sophisticated analysis of the
single-crystal data would be necessary, with a detri-
mental increase in the number of parameters to be
specified. The corresponding assumption in the poly-
crystal case, that v(T) (the average displacement
probability along all lattice directions), is monotoni-
cally increasing, is in accordance with the calculations
in Ref. 14.

(4) Up to now in the evaluation of polycrystal data
the assumption was made that texture of the speci-
mens is negligible. As will be shown below, this is
not correct for all metals when conventionally
prepared foil or wire specimens were used. ‘In this
case a more sophisticated technique for specimen
preparation is necessary to obtain real ‘‘polycrystal’’
results.

In conclusion it is seen that the use of polycrystal
data is equivalent or superior [point (3)] to the use
of single-crystal data when only f‘d is to be deter-

‘'mined and no information about the directional

dependence of T is wanted. It further has advan-
tages in terms of experimental effort if texture-free
material is available.

III. RESULTS

To date damage-rate measurements at tempera-
tures below the first annealing stages are available
over a sufficient energy range in the case of fcc met-
als for Al, Ni, Cu, Pd, and Pt. Consistent (within 10
to 15%) data from different authors exist for Al
(Refs. 2 and 16), Cu (Refs. 2 and 17), and Pt (Refs.
11, 18, and 19) (for a critical review of Al and Cu
data compare Ref. 2) while in the case of Ni slight
discrepancies exist between the two sets of data avail-
able?®2! and for Pd only data from one group?? are
available.

In the case of bcc metals, sufficient damage-rate
data are available only for V, Nb, and Mo (for data
and references compare Ref. 4). For V and Nb the
problem arises that some annealing takes place al-
ready below helium temperature; that means the
measured defect production rates and therefore v(T)
is reduced.

From the material investigated in our laboratory we
know, that the V material used in Ref. 4 is only very
weakly textured, while the Pt foils!! also show some
rolling texture after annealing. On the other hand
the Al, Nb, and especially the Mo materials are
heavily textured, with predominant (100), (111),
and (100) directions normal to the foil surface,
respectively. The relatively weak texture of Pt and V
is one of the reasons why in the following, mainly
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the results from these materials are discussed.

It can be seen from Eq. (3) that v(7) and there-
fore also f‘,, can only be derived from damage-rate
data if pr is known. The only direct method to
determine pr is by combining resistivity, lattice
parameter, and diffuse x-ray measurements.” py
data of cubic metals obtained by this technique are
available for Al, Cu, and Mo only. Approximate
values are obtainable from single-crystal damage-rate
measurements,'® or may be estimated from a relation
between pr and the resistivity at the melting point.?*
The resistivity values pr and the minimum threshold
values Ty min used in the present analysis are given in
Table 1.

It has been shown before?™* that a thorough error
analysis of the polycrystal damage-rate data is neces-
sary to derive v(T) especially at higher energies.
v(T) curves for Al and Cu (Refs. 2 and 3) are shown
in the lower part of Fig. 1. These curves are ob-
tained under the above assumption, that v(T) is
monotonically increasing with 7. If no multiple dis-
placement would occur below T, .« and if the correct
pr value is chosen, the v(T) curve should level off at

T = T4 max at a value of v =1, before it takes off
again, due to multiple displacement. Actually, the Al
as well the Cu curve shows a reduction in slope
around T/Ty min= 7, at v values of about 0.85 and
1.3, respectively. These values are not significantly
different from 1 given the uncertainty’in p;.?

An analysis of the damage-rate data of Pt will be
given in the following. The data of Refs. 11, 18, and
19 agree within about 2—3% with the exception of
the very last data points (upper part of Fig. 1). The
corresponding v(7T) curve is given by the dashed line
in the lower part of the figure. The curve shows a
plateau (v =0.92) for T/T; min=1.3. The last data
point (taken from Refs. 11 or 19, respectively) deter-
mines whether or not a further step in the v(7)
curve is obtained around 7/T; min =2.5. This can be
seen from the insert in the upper part of Fig. 1,
where the relative deviations of the damage rates cal-
culated from two slightly different v(T) curves are
shown. Obviously the continuously increasing step
function is out of range of the data. That means in
Pt the plateau around v =1 is more pronounced, and
therefore the single- and multiple-displacement re-

TABLE 1. pp data are taken from diffuse x-ray measurements (Ref. 22) as far as available or ‘‘best guesses’” according to
Refs. 9 and 23. References for T, ;, data are given in Ref. 1. f",, data are taken from the analysis of the polycrystal data
directly, by interpolation from Fig. 4 (parenthescs), or from the single-crystal data (Fe,Ta). The T, ¢ data for ions and neu-
trons arc from Refs. 33 and 34, and 35 and 36, respectively, corrected for the present p,‘l values. For the calculation of €, an

average T, ¢ value was used.

Td, eff
. (eV)
pu.c. T4 min Ty Self-heavy Fission fast ) 7,
(pQm) (eV) (eV) ions neutrons b= Tq,eir
Al 4.0 16 66+ 12 82 St 0.88+0.2
68
Ni (6.0) 23 69 124 cee 0.61
101
Cu 2.0 19 43+4 70 90 106 105 0.47+0.07
84
Pd (10.5) 34 46
Ag 2.1 24 (44) 86 116 135 cee 0.39
Pt 9.5 34 44+ 5 ce SR 150 160 0.28+0.04
Au 2.5) 34 (44) 123 100 ce 0.41
98
\% (23) 25 92 R .- 124 0.74
Fe 30 17 (40) 183 B 0.22
180
Nb (18) 28 98 184 167 0.60
155 130
Mo 15 34 82 198 153 0.53
138 133

Ta 16 32 88
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FIG. 1. Displacement probability functions »(7) for Al,
Cu, and Pt vs transferred energy T (in units of the mini-
mum threshold energy T, .;,). Damage rates for Pt are cal-
culated for the dashed v(T) function and compared to the
polycrystal damage-rate data of Ref. 11 O, Ref. 18 +, and
Ref. 19 x. The relative deviations of the calculated damage
rates by using the two other v(T) curves are shown in the
insert in the upper part of the figure. The dotted lines are
obtained by inserting the T, values of Table I into Eq. (4).

gimes are better separated than in Al and Cu.

A similar analysis for bcc metals is shown in Fig. 2.
The v(T) curves of V and Nb are slightly lower than
that of Mo. This may be due to annealing effects or
due to an error of pr for these metals. The v(T)
curves of Nb and Mo (smoothed curves from Ref. 4)
show a tendency to level off around 7/ Ty o =8 but
this cannot be safely established, given the limited
range of transferred energies for these metals. This
range is larger for the lighter bcc-metal vanadium.
Damage-rate data of V from Refs. 4, 25, and 26 fall
within a narrow band. Even these error limits can be
reduced if the data of different sets of specimens
used in Ref. 4 are separated (open and closed circles
in Fig. 2).
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FIG. 2. Displacement probability functions v(T) for V,
Nb, and Mo vs transferred energy 7T (in units of the
minimum threshold energy T, ,;,). Damage rates for V are
calculated for the dashed v(7T) function and compared to the
polycrystal damage-rate data of Ref. 4, ®, O, Ref. 25 x, and
Ref. 26 +. The relative deviations of the calculated damage

‘rates by using the two other v(T) curves are shown in the

insert in the upper part of the figure. The dotted lines are
obtained by inserting the T, values of Table I into Eq. (4).

The damage rates of both sets show within the er-
ror bars an identical energy dependence, but differ by
a yet unexplained constant factor of about 10%.
Therefore, it is admissible in the following to use
only the one data set (O) which coincides best with
the data of Ref. 26. The calculated v(7T) curve
(——-) indeed shows a plateau (v = 1.3) above
T/T4min== 1, but within the error limits (see insert in
the upper part of Fig. 2), two slightly different curves
which are steadily increasing with T cannot be ruled
out. That means for bcc metals the regimes of single
and multiple displacements cannot be safely separat-
ed. Therefore, the corresponding 7, values which
will be derived must be regarded as a lower limit. On
the other hand, the correction is probably small,
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since (a) the actual T, .« values are supposedly not
far above the apparent 7, .. values (at v=1) in Fig.
2 between 4.5 min and 774 mins (b) below T4 max, CON-
tributions from multiple displacement are supposed
to be small. Anyway, the precise shape of the ".( T
curve need not be known exactly to determine 7,, as
v(T) enters Eq. (8a) only under the integral. For ex-
ample the three v(7) curves given in the lower part
of Fig. 2 for V would give almost identical fd values.

Thus the major problem in determining f‘d will be
the uncertainty in pr, as a change in py directly influ-
ences Ty max. Therefore i"d was evaluated with pr as
a parameter by applying Eq. (8a) to the v(T) curves
of Figs. 1 and 2. On the left-hand side of Fig. 3,
T4/ T4 min is plotted versus pr/p? for fec metals. (p2
are the values given in the first column of Table 1.)
The error of v(7), and correspondingly for f",,, was
estimated for fixed pr values by varying the damage-
rate data used in Eq. (2) within the experimental er-
ror bars.>!! The hatched areas in Fig. 3 then give a
rough estimate of those combinations of the pr and
f",, parameters which fit the damage-rate data within
the experimental errors. As a general rule, fd in-
creases if pr is increased. The symbols in Fig. 3 cor-
respond to fd values derived from single-crystal data.
For Cu and Pt, T,(Q) profiles were fitted to the data
of Ref. 11 with pr as a free parameter. Reasonable
fits were obtained for pr values between about 1.7
and 2.1 X 107 Qm for Cu and between 9 and
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FIG. 3. Average displacement energy as a function-of the
pr value used in the evaluation of Eq. (3). The T, ;, and
p?2 values used are given in Table I. The hatched areas for
the fcc metals approximate the possible combinations of fd
and pp which fit the experimental data. The symbols give
results obtained from single crystal for Al (A), Cu (O), Pt
(0), Fe (A), Mo (m), and Ta (®). For Refs. see text.

12x 107% Om for Pt. The case of Al single-crystal
measurements of Kirkland®’ were analyzed. As these
data were taken from rather thick specimens and only
on a limited number of energies and lattice directions
the fit was not very sensitive. The corresponding
results for bcc metals are given on the right-hand
side of Fig. 3. T, values for Fe, Mo, and Ta are
derived from the single-crystal data of Refs. 28, 10,
and 29, respectively.

Unfortunately a reasonable comparison of f",,
values derived from single-versus polycrystal data is
only possible in the cases of Pt and Cu, while in the
case of Al the single-crystal results are probably un-
certain, while in the case of Mo the polycrystal
results are possibly falsified by texture. In the cases
of Al and Cu the uncertainty introduced by the un-
known texture of the polycrystal specimens should
not be overemphasized, as (1) the data compiled in
Ref. 2 are taken from foils and wires of different
thickness and preparation and (2) damage rates of
single crystals of similar or smaller thickness'"?’
show a relatively small anisotropy especially at higher
energies.

The uncertainty in the vaiue of pr and not the er-
ror of the measured damage rates is the major prob-
lem in determining 7, from single- as well as poly-
crystal data. This is most clearly demonstrated by
Fig. 4, where Cu damage-rate data (Ref. 2) are com-
pared to curves calculated from the v(7) curves for
Pt, Cu, and Al of Fig. 1. While the Cu curve fits the
data very closely, the other curves differ by factors
which become almost independent of energy above
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FIG. 4. Damage-rate data for Cu (Ref. 2) compared to
calculations by using the v(T) curves for Pt (upper curve),
Cu (solid line), and Al (lower curve), respectively. For pp
a value of 2.0 x 107 O'm was used.
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about 40 eV. To fit the v(T) curves of Pt and Al to
the data above 40 eV, pr values of 3.5 % 107¢ and
1.3x107% Om would have to be used, respectively,
instead of 2.0 x 107 Om. Therefore the error in
determining 7, is dominated by the error in pg,
which is in the order of 20%,2 while the error contri-
buted by the errors of the damage-rate measurements
is of the order of 10% (compare Table I). If the T
values of Table I are now used to calculate v(T) at
higher energies according to Eq. (4), the dotted lines
in Figs. 1 and 2 are obtained, which are reasonable
extensions of the low-energy v(T) curves.

In Fig. 5, T4/ Ty min, taken at pp=pp, is plotted as a
function of atomic number Z separately for single
crystals (open symbols) and polycrystals (filled sym-
bols). T,/ Ty min can be regarded as a quantity
describing the anisotropy of the displacement energy.
Due to the above limitations only, some tentative
conclusions are possible:

(1) The single-crystal data of both fcc (Cu, Pt) and
bee (Fe, Mo, Ta) 1)1etals are more or less indepen-
dent of Z, giving T/ T, min values of about 1.4 and
2.5, respectively, in agreement with Ref. 9.

(2) The polycrystal results of bcc metals are prob-
ably not significantly different from the single-crystal
data. The slightly higher values of V and Nb may be
due to annealing in these metals. Of course, possible
errors arising from texture must be kept in mind,
especially in the cases of Nb and Mo.

(3) The results for fcc polycrystals show a pro-
nounced decrease with increasing atomic number Z
(solid line in Fig. 4). The difference between single-
and polycrystal results for the light fcc metals may at
least partially be ascribed to the assumption used in

1 L1 1 1 L
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1 1
12 B 20 30 40 S0 60 70 80
zZ

FIG. 5. Anisotropy factor f",,/Td, min VS atomic number of

polycrystals (fcc ®, bcc @) and single-crystal results (fcc O,
bee O). A solid line is drawn through the data for the fcc
polycrystals.

the evaluation of the single-crystal data that

T4 max== 3.5T 4 min- This is certainly not true for Al
and to some degree also for Cu and the bcc metals
(compare Figs. 1 and 2). Furthermore the assump-
tion of a simple steplike displacement probability

p (T, Q) for all lattice directions may be wrong if
along some low threshold directions displacement is
discontinued at higher energies as p (T, Q) drops
back to zero.'*

In principle it should be possible to determine the
energy where such a discontinuity in the displace-
ment process might occur, by comparing the poly-
crystal v(T) curve to an average displacement prob-
ability curve [Eq. (7)] derived from single-crystal
data. For Cu (Refs. 11 and 30), this single-crystal
v(T) curve is similar in shape but slightly lower than
the v(T) curve for Pt in the lower part of Fig. 1.
There it can be seen that a significant difference
between the single- and polycrystal v(T) curves of
copper occurs above 26 eV (1.35T, in). But certain-
ly more experimental as well as theoretical work is
necessary to substantiate the possibility of a non-
monotonic behavior of p (T, Q). In any case, the
very high anisotropy factor for Al does not necessari-
ly mean that Al has an extremely anisotropic thresh-
old energy, but may beé explained by a less efficient
focusing of recoil processes along close-packed direc-
tions in low-Z materials.>!" 32

1IV. DISPLACEMENT EFFICIENCY

In Table I values of an effective displacement ener-
gy Ty e, as derived from heavy-ion and fast-neutron
irradiations by using Egs. (2) to (4), are given. 333
Ta/ Ty err, the ratio of the average displacement energy
at low impact energies to the effective displacement
energy at high-energy transfers may be regarded as
an efficiency &, of defect production in high-energy
events. The efficiency ¢ was found®* %’ to decrease
with increasing recoil energy in Cu and Ag, approach-
ing a constant value £, at high-energy recoils which
prevail in heavy-ion and fast-neutron irradiations. &
is found to be less than unity for all metals. This is
ascribed to defect annealing within large cascades.
Within the limited number of data available, &, fur-
‘ther seems to decrease with the atomic number, at
least for fcc metals, if the polycrystal f,, values are
used. The finding of a higher damage efficiency of
large cascades in Al compared to heavier metals is in
agreement with recent results of Theis®® and with the
more pronounced defect annealing in stage I in this
metal after fast-neutron irradiation (for references
compare Ref. 39). Qualitatively this decrease with Z
can be explained by the higher energy density in cas-
cades in heavy materials,*® which is caused by the
smaller range of the primary atom (for references
compare Ref. 41).
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V. CONCLUSIONS

(1) A method is described to derive average atomic
displacement energies from damage-rate data of poly-
crystals. This procedure is experimentally simpler
and possibly more consistent than the derivation of
displacement energies from single-crystal experi-
ments.

(2) For Pt (and possibly the bcc metals) effective
displacement energies derived from single- and poly-
crystal data agree within the error bars. For Cu the
polycrystal results exceed the single-crystal ones sig-
nificantly, while for Al more complete damage-rate
measurements on single crystals and on texture-free
polycrystals are needed, before a safe comparison can
be made. )

(3) The ratio of average to minimum displacement

energy may be used as a quantity to describe the an-
isotropy of displacement processes in a lattice. For
fcc metals this ratio decreases with increasing atomic
number.

(4) The efficiency of defect production is reduced
in high-energy cascades compared to low-energy
processes. It further seems to decrease with atomic
number at least in fcc metals. This reduced efficien-
cy calls for corrections if defect production by fast
neutrons is simulated by electron or light-ion irradia-
tions.
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