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Experiments of Wikner and van Lint have established the photoneutron method of producing displace-
ment radiation effects by measuring the effect of recoils from Si(y,%) reactions on the excess carrier lifetime.
These experiments have been extended to Ge together with an additional experiment in which Si and Ge
were bombarded by a 1-MeV reactor neutron spectrum and a mono-energetic beam of 14-MeV neutrons. The
range of average energies of the recoil atoms from the bremsstrahlung experiment spans the range of the re-
coil atom energies of the neutron experiment, so that the results can be compared with theoretical calcula-
tions which assume varying percentages of elastic and inelastic energy loss of the recoils. The results are in
good agreementwith the theory given by Lindhard et al., which is based on a broad transition-energy region

between elastic and inelastic energy losses.

1. INTRODUCTION

EASUREMENTS of the displacement radiation
damage induced in Ge by high-energy (15-30
MeV) bremsstrahlung have been made. This experi-
ment, which is identical to the one reported by Wikner
and van Lint! for Si confirms their interpretation of the
radiation damage as being due to displaced recoil atoms
which receive energy from a (y,n) reaction. An addi-
tional experiment was also conducted in which Si and
Ge were bombarded by a spectrum of reactor neutrons
(~1-MeV average energy) and a monoenergetic beam
of 14-MeV neutrons. It turns out that the range of
average energies of the recoil atoms from the brems-
strahlung experiment spans the range of the recoil
atom energies of the neutron experiment, so that two
independent methods are available for determining the
radiation damage due to these recoils.

The measurement of the excess-carrier lifetime per-
formed in both experiments is a sensitive way of
determining the number of radiation-induced recom-
bination centers which result when the recoiling lattice
atom displaces other atoms via elastic collisions.
Theoretically, it is expected that the recoil atoms in Si,
which have an energy ~100 keV, will dissipate a
significant fraction of their energy via inelastic en-
counters in which other atoms are excited or ionized
but in which the “knock-on’ atom is not displaced. The
same considerations show that the recoiling Ge atoms
of energies ~30 keV will lose almost all of their energy
via elastic collisions. Comparisons between the two
experiments are made to shed some light on the relative
importance of elastic and inelastic scattering in this
critical energy region where both processes are
important.

II. BREMSSTRAHLUNG EXPERIMENT

The bremsstrahlung experiment (see Ref. 1 for
details) utilized the known bremsstrahlung spectrum?
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generated by high-energy electrons at 15, 18, 21, 24,
and 30 MeV striking a platinum converter to bombard
1-X2.5-mmX10-mm As-doped Ge samples.® The
absolute bremsstrahlung intensity is measured by
counting the number of Au®"(y,n)Au® transmutations
produced in a monitor wire. The number and energy
spectrum of the recoil Ge atoms produced by the
photoneutron reaction is then calculated by computer,
using the assumption that the nuclear processes are
described by the statistical evaporation model* with a
159, admixture of resonance direct neutron emission.?
This calculation is the same as that described in Ref. 1
except that an improved value of the level-density
parameter o has been used for germanium and the
silicon data of Ref. 1. The values suggested by
Thompson® and Erba et al.” are a(Si)=4.5 and a(Ge)
=12. Finally, the amount of displacement damage is
calculated for various assumptions in regard to the
energy-loss process.

One of the problems in evaluating the germanium
recoil spectrum is that the Ge(y,n) cross section has
not been measured for the natural element. Accordingly,
it was necessary to arrive at a suitable cross section
from the known values of the Ge threshold energies? for
each of its five isotopes and from a knowledge of the
systematics of photoneutron reactions given by
Montalbetti et al.® Two possible cross sections were
used (see Fig. 1). The cross section (case 1) is the best
curve given by systematics in which the half-width, the
maximum value, the energy at which the maximum
occurs, and the integrated value over energy, are all
considered. In addition, the low-energy tail is estimated
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F16. 1. Two possible (y,n) cross sections for Ge, the (1)
designating the most reasonable from systematics.

from the. relative abundances of the isotopes and the
measured threshold energies of the (y,n) reaction. The
cross section of case 2 allows for the greatest reasonable
deviation from the cross section of case 1 consistent
with the threshold data and the extreme skew shapes
of a few elements. The main purpose in considering this
case is to indicate a maximum error arising from the
assumed shape of the cross section. A probable error in
the magnitude of the cross section will change the value
for the number of recoil atoms but not their distribution
of energy. Hence, this error will not affect the relative
amounts of energy lost via elastic and inelastic collisions.

The calculated Ge recoil spectra for five different
bremsstrahlung energies are presented in Fig. 2. These
curves, which are comparable to Fig. 3 of Ref. 1 for Si,
are normalized to have an integrated spectrum equal
to No/N,(Au), where N,(Au) is the number of radio-
active Au atoms per gram for a given experiment and
N is the number of displaced atoms. The value'for N,
as given by Seitz and Koehler! is

Ns=E/2E,, 1

where E= fdE.F (E,)E,, E, is the total recoil energy,
F(E,) is the number of recoil atoms per unit energy at
energy E, and E4 is a characteristic displacement
energy taken as E4=30 eV for Ge.

If the irradiated samples are now subjected to a short
pulse of low-intensity gamma photons, the excess-
carrier lifetime 7 of the sample may be measured. From
simple considerations of the Shockley-Read! theory on
the excess-carrier lifetime, it can be shown that the
change in the reciprocal lifetime before and after the
bremsstrahlung irradiation is proportional to the num-
ber of recombination centers V that have been intro-
duced. If all the recoil atoms underwent elastic colli-
sions, then N is proportional to N4 and the ratio
A(1/7)N4 would be constant (case A). If all of the
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F1c. 2. Calculated germanium recoil spectra
for five different bremsstrahlung energies.

recoil atoms initially undergo inelastic collisions, then
each recoil will create the same number of displaced
atoms as their energy is degraded to the ‘“point” where
elastic collisions first occur. In this case (case B), NV is
proportional to N,= fF(E,)dE,, and A(1/7)/N, will
be constant for the various bremsstrahlung energies.

Physically, both cases represent an extreme situation,
so that neither factor need be constant. Lindhard
et al.>® have examined the problem of how much
energy is lost via elastic and inelastic collisions for
atoms at various energies. Their theoretical curves,
which can be conveniently parameterized for all atom-
atom interactions, are the result of numerical calcula-
tions based on a continuous representation of successive
scattering events. It turns out that both processes are
important over a wide range of energies about the
critical energy Ers where the two processes are equal.
Lindhard’s theory shows that the inelastic losses in-
crease linearly with velocity » up to velocities <Z?%/3y,,
where vo=¢*/% is the velocity of an electron in the
hydrogen atom and Z is the atomic number of the
recoil atom. The elastic losses increase from =0 to
some maximum at an energy less than Epg before
gradually decreasing to zero. The value of Epg=ZA4/2
keV, where 4 is the atomic mass of the recoil atoms.
This value of the critical energy is of the same order as
that given by Seitz and Koehler® who first defined the
separation between elastic and inelastic processes in
terms of the atom’s velocity relative to its electron’s
binding energy. :

The fraction of the atom’s energy lost in elastic
(displacement) events is given in Table I for Si and Ge
for their various average recoil energies E,. It is seen
that the Ge atoms are expected to lose almost all of
their energy via displacement collisions in the experi-
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TasBLE 1. Average recoil energies (keV).
Maximum Average recoil energy Fraction of energy lost
bremsstrahlung (keV) in elastic collisions

energy Si Ge (Lindhard)

MeV) Case 1 Case 2 Si Ge
15 oo 20.2 18.8 ‘.- 0.90
18 68 26.7 244 0.53 0.90
21 104 31.0 28.5 0.47 0.89
24 128 33.1 30.5 0.44 0.89
30 153 36.4 33.8 043 0.88
38 157 0.43

mental energy range, whereas the Si recoil atoms will
lose varying amounts of energy by displacement
collision and ionization. A calculation of the number
of displaced atoms, N, based on Lindhard’s theory
can be readily made if, as assumed in Eq. (1), the total
number of displacements is taken proportional to the
elastic energy transfer only. For this case (case C) the
ratio A(1/7)/N should be constant.

III. NEUTRON EXPERIMENT

A number of experiments have been performed on
the change of minority-carrier lifetime of Ge and Si
samples exposed to neutrons from two different sources.
Experiments with 14-MeV neutrons have been done
at the Cockroft-Walton neutron generator at General
Atomic. The total flux was measured by placing Cu
foils next to the sample and measuring the character-
istic decay of Cu® from the Cu®(n,2#)Cu® reaction.
A 199, fraction of Cu* decays via positron emission,
which results in a countable number of 0.51-MeV
annihilation gamma photons. The flux determinations
by this method were then compared to the results of a
BF; neutron counter located at various distances from
the sample.
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F1G. 3. Fast neutron spectrum behind 3 in. of water from
the core of the General Atomic Triga reactor.

The 1-MeV neutron experiments were conducted at
the General Atomic Triga reactor at a point behind
3 in. of water from the reactor core. The Triga spectrum,
¢(E,), of average energy near 1 MeV is shown in Fig. 3.
This spectrum was obtained by using a modified DSN
method* to solve the neutron transport equation using
an IBM 7090. It was then compared with experimental
measurements using standard fast-neutron activation
dosimeters. The calculated and experimental flux deter-
minations agreed well with one another. The total flux
for these experiments is given by a measurement of the
Au (n,v)Au® reaction. Two gold wires, one cadmium-
shielded, were placed near the sample, giving a measure
of the number of thermal neutrons. The fast-neutron
flux was then determined from this thermal flux
measurement by use of the calculated Triga spectrum.

An exact calculation of the recoil atom spectrum
resulting from neutron interactions is not possible
because of the lack of experimental data for the elastic,
inelastic, and reaction cross sections. However, for
1-MeV neutrons, the large majority of interactions
result in elastic scatterings, for which an average recoil
energy can be found. For 14-MeV neutrons, about
one-half of the interactions are elastic and the other
half are inelastic with a small percentage of other
reactions. An inelastic reaction is defined as one in
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F1G. 4. Average energy of germanium and silicon
recoil atoms as a function of neutron energy.

4 Los Alamos Report, LAMS-2346, October, 1959 (unpub-
lished).
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which an incident neutron is absorbed by the nucleus,
which then emits a neutron of lesser energy and some
gamma radiation. Because the secondary neutron has
less energy than the secondary from an elastic process,
the maximum energy transfer to the recoil is less for the
inelastic process. However, the model of the compound
nucleus which applies to the inelastic reaction and some
general experimental data!® indicate that the neutron
is emitted isotropically. Hence, a much larger per-
centage of the maximum transfer energy will be given
to the recoil atom. These two considerations tend to
cancel, so that the inelastic recoil atoms have been
assumed to have roughly the same energy as the elastic
recoils.

The average energy of the recoil atoms in a small
sample is thus calculated for pure elastic-neutron
interactions by the formula

E.=[44/(A+1)2fE., (2)

where E, is the neutron energy, f=2%(1—{cosf)ay) and
(cos8)ay is the average value of the cosine of the scatter-
ing angle as measured in the center-of-mass system.
For isotropic scattering, f=31. The values for E, are
given in Fig. 4. It is seen that the preference for forward
scattering at higher neutron energies leads to a slower
rate of increase in the recoil atom energy at E,<14
MeV. The value of the average recoil energy for the
14-MeV neutrons is taken from Fig. 4 and the value
of (E,)=fE,o(E.)AE./ S ¢(E,)dE, is calculated for
the reactor spectrum and presented in Table II. The
fraction of energy lost by the recoils in elastic collisions
is then calculated from Lindhard’s theory for the
average recoil energy (E,) and included in this table.

The computed quantities corresponding to cases A,
B, and C, respectively, are then given by

Namh / o BB o (EIE, | [ o(E)iE, (&)

where % is an arbitrary constant and o, is the total

TABLE II. Average silicon and germanium recoil energy resulting
from 1- and 14-MeV neutron irradiation and the corresponding
fraction of energy lost in elastic collisions by the recoil atoms.

Average Fraction of energy
Neutron recoil energy lost in elastic
energy (keV) collisions (Lindhard)
(MeV) Silicon Germanium Silicon Germanium
1 68 25 0.53 0.90
14 220 62 0.35 0.86

18 M. D. Goldberg, V. M. May, and J. R. Stehn, Brookhaven
National Laboratory Report No. BNL-400, 2nd ed., 1962 (un-
published).
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TasrE III. Lifetime data for Ge from
bremsstrahlung experiment.

Ge
Maximum A(l/7)/N,

bremsstrahlung (X107¢) N4/N,(X107%)

energy (MeV) (cm?/sec) Casel Case2
15 0.55 1.04 1.58
18 0.78 1.65 2.09
21 0.97 2.30 2.70
24 1.19 2.58 2.93
30 1.50 3.02 3.33

neutron cross section,

N,= / oip(E,)dE, / / ¢(E,)dE, )

and
Ni=gL(E/))Na, (6)

where g1((E,)) is the fraction of energy lost in elastic
collisions for an average recoil energy (E.,).

IV. EXPERIMENTAL RESULTS AND COMPARISON

The experimental averages of five determinations of
the lifetime data for Ge at each bremsstrahlung energy
are given in Table III. These data are then expressed
in terms of the ratios A(1/7)/Na, A(1/7)/N,, and
A(1/7)/Ny as shown in Fig. 5. The constancy of one
or more of these ratios is expected according to whether
the recoil atoms conform with the assumptions of case
A, case B, or case C, respectively. Each ratio is calcu-
lated on the basis of the most reasonable Ge(y,%) cross
section of case 1 and the extreme cross section selected
for case 2. The corresponding calculations for Si are
shown in Fig. 6 for a similar energy range for which the
measured value of the Si(y,n) cross section!® is assumed
to be reliable.
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Fic. 5. The values of A(1/7)/N versus maximum bremsstrah-
lung energy for germanium. The values for each cross section are
normalized to be equal at a bremsstrahlung energy of 15 MeV.
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Fic. 6. The value of A(1/7)/N versus maximum bremsstrahlung
energy for silicon. The values of N given in Ref. 1 have been
corrected by using the improved value for the level-density
parameter of a=4.5.

The results of the neutron experiment are shown in
Table IV. Each measurement of the lifetime change is
the average of five determinations with an estimated
error of 2=15%,. The values of A(1/7)/N for the cases A,
B, and C have been calculated as described previously
and are expressed in arbitrary units.

A comparison of the results for Ge shows quite
clearly that the displaced recoil atoms undergo elastic
collisions. Either all of the collisions are elastic, or a
constant 909, of them (refer to Table I) are elastic, as
predicted by the theory of Lindhard et al. The fact that

Lindhard’s predicted fraction of energy lost to elastic

collisions is so nearly constant for the extreme values of
the Ge recoil energies makes it impossible to distinguish
his model from that of Seitz and Koehler® who predict
total elastic-energy loss below their critical energy
ESK(GC) =90 keV '

The results for Si demonstrate an appreciable
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TasLE IV, Lifetime data for Ge and Si
from neutron experiment.

Neutron ) A(l/r)/A<p ' ) v
energy. (Neutron-sec/cm2)~! A(1/7)/Na A({1/7)/Nr A(1/7)/NL
(MeV) Si Ge Si. Ge Si Ge Si  Ge

~1 13 X10-7 3.8 X10-8 6.7 3.8 3.6 0.70 13 4.2
14 28 X10-7 7.4 X108 6.3 3.5 14 20 17.5 4.1

amount of recoil-energy loss via ionization. The data
of the bremsstrahlung experiment specifically exclude
a model in which all of the displacements are due to
elastic collisions (proportional to Ng), even if consider-

. able allowance is made for error in the Si(y,n) cross

section at the lower gamma energies (<18 MeV), for
it is seen that cases B or C are clearly more constant
than case A. In considering the neutron data, we see
that the pure ionization model of case B is inadequate
in estimating the energy-loss mechanism for silicon
atoms in the transition region, although case B is a
close approximation to the Seitz-Koehler model for the
number of displaced atoms arising from the high-energy
silicon recoils. However, the data of both the neutron
and bremsstrahlung experiments are in good agreement
with Lindhard’s theory. These results, which required
considerable interpretation (e.g., a statistical model of
the nucleus, assumptions about the recoil spectrum
from neutron collisions, etc.), cannot be said to specifi-
cally confirm the Lindhard model. However, they show
that his calculations of a broad transition energy region
provide the best available fit with the data and that
the critical-energy parameter Erg is a useful measure
of the dominance of elastic and inelastic processes in
Ge and Si.
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