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Damage rates for samples of high-purity aluminum have been measur
. A

that the threshold energy for n t d'
e . detailed analysis of the data is res

'
presented and the results indicate

or an a omic isp acement in aluminum is 16 e
l f I h h

irradiation energy. The obser d d p
~ ~ ~

recovery s ow t at the percenta e of sta eg ge I is not a simple function of the

damage events.
o serve energy ependence is ex lainp

'
plained in terms of the production of subthreshold

I. INTRODUCTION

PREVIOUS studies' ' have been made of the energy

ig -purity aluminum. This paper extends those results
o ower irradiation energies. The data are corrected for

e ectron straggling, 4 for electron energy degradation due
to sample thickness, ' and for an initial energy distribu-
tion o the irradiating electron beam. Prior results that
were based on damage-rate studies have indicated that
subthreshold damage' is apparently absent for alumi-

support that conclusion, however, the energy depend-
ence of sta e-I reg — covery provides a more precise analysis
of the data and indicates that a small amount of
subthreshold damage does occur for this metal.

II. EXPERIMENTAL

Some of the parameters that determine the precision
o experimental results for electron-irradiation studies

ecome most important for low values of the irradiation
energy. For this reason, measurements have been made'
of the energy distribution of the energetic electron beam
from our Van de Graaff accelerator. It was found that
t e average energy of the primary electrons is dered to
within &4 keV. The energy distribution of the electrons
can e approximated by a Gaussian distribution with a
15-keV half-width for the 0.1—0.4-MeV energy range.
When the electrons irradiate a sample, the total electron

ux is measured by an Elcor current integrator (Model
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Expenmental results of damage rates are present d
'

ig. where the open circles give the measured values of
amage rate in terms of an average electron irradiation

energy E. This average energy was calculated' from

E=E,—ntp/2,
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FzG. 1. 0. Open circles show experimental results of the chan e f
electrical resistivit as a f'

i y as a unction of the dose of electron irradia-
tion or t e designated irradiation energies.
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A 3093~, and the estimated error of this Aux value does
not exceed +5%%uq.

The methods of preparing and mounting samples have
een described elsewhere. ' Results for this report were

o tained/from one high-purity aluminum sample that
had a thickness of 0.005 cm and an irradiated len th of
25 cm. During irradiation, the temperature of the
sample did not exceed 10'K. Potentiometric measure-
ments of the sample were performed when the sample
temperature was 4.2'K. Because the sample had a large
ratio of length to cross-sectional area, changes of
e ectrical resistivity of 4&10 " 0 cmcm were rea l y
evaluated. The reliability of the data is indicated by the
linearity of the experimental results of the changes of
resistivity versus irradiation Qux that are shown in

ig. 1.Data for any one irradiation energy determine a
straight line whose slope corresponds to the damage-
rate value.

III. DAMAGE RATES
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where E; is the incident electron energy, n is the
electron energy loss per unit distance, and to is the
thickness of the foil. When a correction is made for
electron straggling, ' the experimental data shift from
the open-circle positions to lower damage-rate values
indicated by the solid circles. Although this correction is
relatively large and unreliable, both sets of data (open
and solid circles) give practically the same energy de-
pendence of the damage rate. Also, the correction for
electron straggling does not a8ect the evaluation of the
threshold energy T&. No correction has been applied to
the data for the electrical size effect4 which should be
negligible for these 50-pm foils."

To compare the experimental values of damage rate
to theoretical results, it is assumed that the afore-
mentioned corrections to the data are valid, the incident
irradiating electrons are monoenergetic, and no multiple
atomic displacements occur for these irradiation ener-
gies. Theoretical calculations of damage rates are
performed by using

E
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curvet P(T) p (10 "Q, cm)

0 s l a isl

, I 5 .40.55.50

recoil energy to values that are less than 20 eV, and let
the cross section for an atomic displacernent" be

.20,25
E (MeV)

Fzo. 2. Open circles indicate measured values of damage rates
and solid circles give damage-rate values which are corrected for
electron straggling. The solid lines where determined by theoretical
calculations of damage rate in accordance to the quantities indi-
cated on the figure.

Ap
=py

~~(E)

P(T) dT, —
dT

(2)
0.2495 Z' T (E)—1 b,

p4~4
(3)

where pp is the resistivity of a unit concentration of
Frenkel pairs, T (E) is the maximum atomic recoil
energy for the irradiation energy E, P(T) is the proba-
bility of atomic displacement, and do jdT is the differ-
ential cross section for elastic collisions between elec-
trons and stationary nuclei. "Equation (2) was used to
calculate the curves that are shown in Fig. 2 for specific
P(T) functions and p~ values as tabulated on the figure.
When the irradiation energy is greater than 0.2 MeV,
curves a and c provide the best approximation of the
energy dependence of the damage rate. Neely and
Bauer' have also concluded that the parameters which
describe the above c curve provide good agreement with
their experimental data.

Because Fig. 2 indicates that theory does not fit the
data for the low-energy region, let us consider the
following experimental facts: (i) When the electron
irradiation energy is only slightly above the threshold-
energy region, most of the defects are produced near one
surface of the sample; thus, the average electron
irradiation energy cannot be evaluated by using half the
foil thickness as expressed in Eq. (1). (ii) Measurements
of damage rate for the threshold-energy region cannot
indicate a well-defined threshold-energy value because
of the energy distribution of the irradiating electron
hearn. In other words, it is not valid to approximate the
energy distribution of the irradiating electrons by an
average irradiation energy. To note the influence of
these two effects, the following equations modify the
theoretical treatment when the probability for an
atomic displacement is the multiple step function; i.e.,
curve a of Fig. 2. Let us limit the maximum atomic

'~ F. Dworschak, H. Schuster, H. Wollenberger, and J. Wurm,
Phys. Status Solidi 21, 741 (1967l.

where the electron energy for a thickness r, E(r), is
determined from the known electron-energy-loss rates.
By assuming that the electron paths are straight lines,
Eq. (4) is readily integrated numerically. Correcting the
cross section for a nonmonoenergetic electron beam is
done by assuming that the electron energy distribution
is described by a Gaussian function, F(E,E;), which is
centered about the primary irradiation energy E,. Thus,

os(E,) = F(E,E~)os(E)dE, (5)

where Eo is the electron irradiation energy for T = T&.
To show the effect of these corrections, the variation of
the cross sections for aluminum is plotted versus the
irradiation energy in Fig. 3. Curve a shows the uncor-
rected theoretical cross section as expressed by Eq. (3).
By compensating for the electron energy loss as de-

"F.Seitz and J. S. Koehler, in Sokd Sta/e Physics, edited by
F. Seitz and D. Turnbull (Academic Press Inc. , New York, 1956),
Vol. II, pp. 330-331.

~ W. E. Gettys, Phys. Rev. 146, 480 (1966).

where Z is the atomic number, P = V/c, 7= (1—P') '",
and V is the velocity of the electron. The theoretical
cross section expressed by Eq. (3) is now used to de-

termine the effect of the different corrections. One can
compensate for the electron energy degradation caused

by the sample thickness, by averaging" the cross section
over the foil thickness ~0. This correction is applied to
the cross section by using

&0

—.(Et,")=— .LE(.)ld,
&0 0
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FzG. 3. Experimental data are plotted in terms of the irradiation
energy and the cross section for an atomic displacement as given
by curve (a) is corrected for electron energy loss to give (d) and is
corrected for the energy distribution of the irradiating electrons to
give (b). Applying both corrections to (a) gives (c).

IV. ENERGY DEPENDENCE OF
STAGE-I RECOVERY

Even if the experimental values of the total damage
rate for the 0.16- and 0.17-MeV irradiation energy were
in error by 50%, the results of the preceding analysis are
still valid because these quantities have such a small
magnitude. Therefore, a more precise analysis of the
experimental data is desired. The following gives an
alternative method for examining the energy depend-

TABLE I. Energy dependence of stage-I recovery.

termined from Kq. (4), curve d is obtained. It is evident
that this modification produces a "tailing off" of the
cross section for the low energies so that the curve
approaches the experimentally observed results shown

by the solid points. When the irradiation energy is well
above the threshold-energy region, then

o.g(E, r p) ~ o.d(E), (6)

and this correction is readily given by Eq. (1). The
inAuence of the electron distribution function, i.e., the
application of Eq. (5), is represented by curve b on
Fig. 3. This curve shows that the beam distribution
causes an apparent shift of data to lower-energy values.
When the theoretical calculation of the cross section for
atomic displacements is corrected for both energy loss
and energy distribution of the electron beam, curve c is
obtained and this result shows very good agreement
-with the plotted experimental values.

ence of the damage which is based on the fraction of the
total damage that anneals during stage I.'

The experimentally determined values for the per-
centage recovery of stage I for each irradiation energy
are given in the second column of Table I.Note how the
amount of stage-I recovery has a consistent decrease for
irradiation energies above and below 0.22 MeV. This
energy-dependent variation has a simple explanation if
one assumes that there are two distinct mechanisms for
damage production. Let the total damage rate (Ap/DP) r
consist of (i) an intrinsic rate for damage production
(Ap/AP);, which has an energy dependence that is ex-
plained in the preceding section, and (ii) a subthreshold"
damage rate (Ap/AP) o that is energy-independent.
(This subthreshold damage may be associated with
impurity atoms' and does not anneal during Stage I.)
Thus,

(7)

An evaluation of (Ap/Ap) o is obtained by assuming that.
for the low irradiation energy of 0.16 MeV, the intrinsic
damage consists of only close pairs of Frenkel defects
which recover within stage I. (The justification for this
assumption is based on the extrapolation of the energy
dependence of stage I from the highest-irradiation-
energy region. ) The total damage rate for the 0.16-MeV
irradiation is therefore distributed in accordance to

where the numerical values are from Table I. Because
the subthreshold damage is energy-independent, the
magnitude of (d,p/Ap)o can be subtracted from the
measured damage rates of other irradiation energies.
This procedure then gives corrected magnitudes for the
intrinsic damage rate. To show the effect of this cor-
rection, computed values for the fractional amount of
stage-I recovery are presented in the third column of
Table I. These results show that (i) this correction is
significant for the lowest irradiation energies only and
(ii) stage-I recovery can be interpreted as a progres-
sively decreasing quantity for increasing values of the
irradiation energy.

Irradiation
energy
(MeV)

0.16
0.17
0.19
0.22
0.30
0.40

Measured values
of stage-I

recovery ( j&)

65 +5
89 &2
92 ~0.5
93 +0.5
88.2&0.3
84.3+0.2

Corrected values
of stage-I

recovery ('P&)

100
98
94
93
88.2
84.3

V. CONCLUSION

For irradiation energies greater than 0.20 MeV, the
results of this study are in good agreement with the
work of Neely and Bauer' where it was concluded that
an effective threshold energy of 19 eV and a simple step
function provide an accurate description of damage
production in aluminum. An investigation of damage

+ W. Saner and A. Sosin T. Appl. Phys. 87, 1780 (1966).
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rates for irradiation energies from 0.15 to 2.1 MeV has
been performed by Iseler et ul. ' The analysis of those
data dealt with the entire energy range so that the
features of multiple-atomic-defect production were
emphasized. This paper shows that for irradiation
energies less than 0.20 MeV the theoretical and experi-
mental damage rates have the best agreement when the
probability of atomic displacement is a multiple step
function (see curve a of Fig. 2). Uncertainties are
present in the analysis because the magnitudes of the
corrections are of the order of the experimental values.
It is shown that each correction introduces an effect that
prevents a well-dered intersection between the dam-
age-rate curve and the abscissa. It is evident from these
results that high-purity aluminum does not have an
appreciable amount of subthreshold damage.

It is generally accepted'4 that the electron irradiation
of a metal produces simple point defects of interstitials
and vacancies. Defects which recover during stage I are

'4 J.W. Corbett, in Solid Stake Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1966).

caused by the annihilation of interstitials which are
either bound to vacancies (these reactions obey first-
order kinetics) or migrate through the lattice (diffusion-
limited reaction). Trapping is a mechanism which
prevents the complete recombination of interstitials and
vacancies during stage I. Because trapping is a process
that depends on the distance that an interstitial is
separated from its initial lattice site, one deduces that
the fraction of the damage which does not anneal during
stage I should increase monatomically with the irradia-
tion energy. ' In order to obtain the desired energy
dependence for the stage-I recovery of aluminum, the
total induced damage has been resolved into subthresh-
old and intrinsic components, and the subthreshold
damage is assumed to be independent of the irradiation
energy. The calculations based on these assumptions
give results which account for the observed energy
dependence of stage I for aluminum. This interpretation
of the data is consistent with the known facts that the
amount of subthreshold damage is appreciable for
copper" but small for aluminum. '
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Coherent Neutron Scattering by Cobalt with Nuclear Polarization*
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The polarized-neutron diRraction technique has been used to determine the modification of coherent
scattering with nuclear polarization in cobalt. This was studied in two Bragg reflections, (220) and (140),
from a crystal of hexagonal cobalt at temperatures as low as 2.23'K, with nuclear polarization being de-
veloped by hyperfine field interaction in the ferromagnetic element. From these observations, the spin-
state scattering amplitudes b+ and b, corresponding to neutron-nucleus compound states of spin I+-', and
I——',, respectively, have been determined as (—0380+0.054)X10 n and (+1.060+0.070)&(10 zs cm.
These values are found to be consistent with the coherent scattering amplitude as obtained in unpolarized-
neutron —unpolarized-nucleus studies, and with the known neutron resonance level structure in cobalt.

I. INTRODUCTION

~ 'HE scattering of thermal neutrons by nuclei of
spin I is described in terms of the two spin-state

amplitudes b+ and b, which are associated with the
total spin states I+ ', and I—-', of t-he compound
neutron-nucleus system, respectively. These spin-
dependent scattering amplitudes provide useful infor-
mation relative to the energy levels of the compound
nucleus in the vicinity of thermal energy, and in a
practical sense knowledge of them is signiacant, since
they determine the coherent and incoherent scattering
to be found by an assembly of nuclei in a crystal.

*Research supported by the Division of Research, U. S.
Atomic Energy Commission. It is based on a thesis submitted
by the senior author to the Department of Physics at the Massa-
chusetts Institute of Technology in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

t Present address: Ames Laboratory, Iowa State University,
Ames, Ioppa 50010.

If the scattering nuclei are unpolarized, as is usually
the case at normal temperature, it is convenient to
introduce combinations of the spin-state amplitudes
into the coherent and incoherent scattering amplitudes
b, and b; as follows:

I+1
b.= by+ b, —

2I+1 2I+1

b;= (b~ —b ).
2I+1

(2)

These quantities are used extensively in neutron-
diffraction investigations, since they describe the
nuclear-scattering contribution to the coherent Bragg
intensity and the incoherent, spin disorder scattering
from a crystal. Values for b„both in magnitude and
absolute sign, have been determined by experiment for


