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Nearly perfect copper crystals with dislocation densities less than ~10 /cm have been
irradiated with fast neutrons at doses up to 4x10'9/cm, and the diffuse x-ray scattering re-
sulting from the defects produced has been studied in a variety of situations. Measurements

were madewitha double-crystal spectrometer to allow observations of the scattering very close
(- seconds of arc) to the Bragg peaks, for which a theoretical analysis of the data can be made.
The diffuse scattering can be explained as resulting from defect clusters or dislocation loops- 100 A in diam; there is an asymmetry of the diffuse scattering which appears to result from
a predominance of large interstitial loops. This interpretation is consistent with electron-
microscopy observations on these crystals. Diffuse scattering observations as well as
anomalous x-ray transmission studies on irradiated crystals are suggested as very valuable
tools to study the possibility of clustering phenomena in the annealing stages of various irra-
diated crystals.

INTRODUCTION

The irradiation of metal crystals is known to
have marked effects on their physical properties.
However, with the exception of lattice parameter
measurements, little is known in a quantitative
sense about the effects of irradiation on x-ray-dif-
fraction properties. Although several years ago it
was predicted that irradiation ought to cause strong
diffuse scattering, ' few observations of this scat-
tering were made until quite recently in diamond,
copper, silicon, LiF, ' BeO, etc.

Diffuse x-ray scattering caused by the strains
associated with radiation-induced defects in metals
is quite difficult to observe for several reasons:
(i) The diffuse scattering from point defects should

be relatively weak for concentrations less than
-10' /cm'. If point defects are formed, as from
electron irradiation, these defects are usually free
to migrate at room temperature; hence, large
doses of electron irradiation would be necessary
at low temperatures to see the effects with con-
ventional x-ray-diffraction apparatus (see, e. g. ,
Simmons and Balluffi'); (ii) If clusters of defects
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are formed, as from fast-neutron irradiation at
reactor ambient temperatures, the diffuse inten-
sity is very much enhanced but is located very
near the Bragg reflections; thus, higher-resolution
techniques than those conventionally used to ob-
serve thermal diffuse scattering or short-range-
order effects (as in alloys) are necessary. (iii)
Background corrections to the diffuse scattering
are often difficult to make since standards often
contain an unknown number of imperfections. These
last two difficulties (low-resolution and background
correction problems) can be eliminated by utilizing
crystal-monochromatized radiation and single
crystals of low dislocation density.

In previous studies on irradiated copper crystals, 3

a very intense diffuse scattering was observed
near the Bragg reflections, and it was decided that
an examination of this scattering in some detail
was desirable, especially since corresponding
electron-microscopy information and anomalous
x-ray-transmission data existed on the defect con-
figuration in these crystals. In this paper we pre-
sent the diffuse-x-ray-scattering results obtained
with the use of a double-crystal spectrometer on
nearly perfect copper crystals which had been
neutron irradiated, and compare the results with
a kinematical theory applicable to small dislocation
loops such as those observed in the electron mi-
croscope in these same crystals.

THEORY

The theory of diffuse scattering from defects
which produce static displacements was first dis-
cussed by Ekstein and Huang. But in most theories
only the results for isolated displaced atoms are
discussed. More recently, Krivoglaz and Hyabo-
shapka' have considered the x-ray-scattering ef-
fects produced from small dislocation loops such
as those previously observed in fast-neutron-ir-
radiated copper. Their results are essentially
applicable to our observations, and we employ some
modifications of their theory in this paper. De-
tails of the theory will appear in a later paper. "

Although the crystals used in this work were
nearly perfect, it appears reasonable that a kine-
matical theory will apply to the diffuse intensity as
normally used for thermal diffuse scattering, since
most of the diffuse scattering is outside the range
of the very narrow Bragg reflections. Hence, we
use that approach in this paper, recognizing that
very near the Bragg reflection a correction must
be made for dynamical effects, and we discuss the
consequences of this approximation later.

The intensity for diffuse scattering is given by

fracted one, and K=k' —k. The term f-„ is the usual
atomic-structure factor and S(K) is the scattering
function.

We will consider the scattering from interstitial
clusters. We assume that we have N„clusters of

radius R„and that each cluster contains n„ inter-
stitials. For small concentrations, S(K) is then

equal to N„ times the square of a "cluster form
factor"":

S(K) = N. i I
e'"'"'p(q)+r;(q)

~

', (1)

with

g-(q) = J (dr/V, ) e'~'(e'"'"' —1) .

Here h is a reciprocal-lattice vector, q is in the
first Brillouin zone (and assumed to be "small" in
the following), so that K=h+q. The first term of
Eq. (1) is the Fourier transform p of the interstitial
density in a cluster, whereas the second term de-
scribes the scattering at the displaced lattice atoms.
Here t(r) is the cluster-displacement field and V,
is the volume of the unit cell.

For Iq I
~ 1/R„we have p =n„and similarly gb- n„which is due to the "coherent" action of all the

interstitials of the same cluster. For larger q val-
ues, p and g decrease rapidly. Therefore, we get
strong intensities only for small Iq I

- 1/R„. Where-
as for h = 0 (small-angle scattering) both p and g
are of the same order of magnitude; for Ti 40 (near
Bragg reflections), g is much larger than p and

determines the scattering alone.
Furthermore, S(K) can be split into two parts,

being symmetrical and antisymmetrical with re-
spect to q:

S(K) =-Sb(q) =S„-'(q)+S-'(q) . (3)

For Iq I «1/R„ the symmetrical part goes -N„
n„(h/q), whereas S'- 1/q. S' and S' are also sym-
metrical and antisymmetrical functions with re-
spect to the displacement field t(r). This means
the asymmetry of the diffuse scattering depends
upon the type of defect present leading to more in-
tensity for higher Bragg angles in the case of in-
terstitial-type defects and more intensity for lower
Bragg angles in the case of vacancies.

In our particular geometry, rocking curves were
measured with a wide-open counter; hence, we
must integrate these expressions over k' along the
Ewald sphere surface. For a rocking angle 58, we
find that

f

Io(58)- N„R„X ln — and fo(58)- ~ ln-
) 0o K qo

f„- „-,=y'- S(K),

where k is the incident wave vector, k' is the dif-
where qo=50h cos8~. The terms Io and I'o become
the symmetrical and asymmetrical "integrated"
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intensities, respectively. These, however, are
not the usual integrated intensities, i.e. , the area
beneath the rocking curve, but refer only to the
total intensity received for each particular crystal
setting. Hence, we see that a plot of Io vs inl/qo
yields an intercept with the horizontal axis of &

which is = 1/R„, i.e. , the reciprocal of the cluster
or loop radius. In this analysis, no distinction can
be made between clusters or loops; information
in the asymptotic region "fax" removed from the
Bragg peaks must be utilized. However, it is just
this region where the integral in Eq. (2) becomes
difficult to evaluate owing to the large displace-
ments t(r) from dislocation loops. Furthermore,
Eq. (4) applies well only for relatively small val-
ues of the Bragg angle ~.

EXPERIMENTAL

The crystals studied here had been examined in
detail previously in comprehensive anomalous x-
ray-transmission studies. Before irradiation„ the
diffracted-x-ray intensities in the Bragg and ano-
malous transmission geometries were essentially
equivalent to those for perfect crystals, and several
of these unirradiated crystals were used as "stand-
ards" to determine the background (Compton, ther-
mal diffuse scattering, etc. ) corrections necessary
for the absolute diffuse-scattering-intensity meas-
urements. Measurements of the incident-beam in-
tensities were made with calibrated filters.

The crystals used were 1& 1 && to cm lamellae,
where 0. 05 cm &to&0. 2cm, and they had (111),
(100), (110), or (112) faces. Fast-neutron irradia-
tion took place in the I,ITR reactor at Qak Ridge at
about 40'C with doses varying from 1.4x10 to
4. 2x10' fast neutrons/cm (Z & 0. 6 MeV); the
samples were shielded from thermal neutrons mith
cadmium.

After irradiation the crystals were etched in
HNO3 and then electropolished until smooth surfaces
were obtained. Additional etching and polishing did

FIG, 2, The 220 Ag+& Blagg reflections for unll radia-
ted and irradiated crystals. The fast-neutron dose was
about 4 &&10~~/cm (E & 0.6 MeV).

not produce any changes in the results.
Diffuse-scattering measurements in the Bragg

geometry were made with a double-crystal spec-
trometer in order to obtain measurements within
seconds of arc of the Bragg peaks. Effectively,
double-crystal rocking curves measure the inte-
grated diffuse scattering, i.e. , integrated over
%' along the surface of the Ewald sphere in recip-
rocal space (see Fig. 1). Because most of the dif-
fuse scattering is located so near the Bragg re-
flection, the differential diffuse scattering is sub-
stantia1. ly more difficult to measure and is not
presented here.

RESULTS AND DISCUSSION

Figures 2 and 3 show rocking curves of 220- and
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FIG. 3. As in Fig. 2 except that 440 AgE& emphasizes
the pronounced decrease in Bragg intensity and the
"narrowing "of the half-width due to the static Debye-
Waller factor Lg (consistent with text).
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doses for a 222-CuKn reflection. The latter in-
dicates that the diffuse intensity is nearly linear
with dose as one might expect from a linear in-
crease in the concentration of loops with little or
no change in the loop distribution. Some evidence
of "saturation" begins to appear at the highest
dose of 4. 2&& 10'9 fast neutrons/cm~. The results
deduced from these diffuse-scattering measurements
are in general accord with those obtained using
anomalous x-ray transmission. '

Figure 8 shows on a linear scale the observed
asymmetry associated with these clusters of de-
fects. As follows from the theory, this asymmetry
toward larger Bragg angles could be expected to
arise from a predominance of large interstitial
loops.

From Eq. (4) we can deduce an effective radius
for the clusters from the diffuse-scattering data.
Aplot of I~ovs lnqo for smallqo(Fig. 9) yields a
radius which is determined by the intercept of the
straight-line segment of the curve with the abscissa,
i.e. , R„=d/2m cos8 (58&). The results obtained
for MoKO 111 and 222 gave R„=55 and 61 A,
respectively. For larger q, i. e. , for ~q( & 1/R„,
the slope of the log intensity vs log angular devia-
tion from 8 plots, as seen from Figs. 4-7, ap-
pears to be about two or perhaps slightly greater.

Another and perhaps better way to obtain infor-
mation regarding cluster size is from the static
Debye-Wailer factor L- for clusters or loops' '
which can be obtained by two methods: (i) from
the decrease in Bragg integrated intensity R» /R„
=e „(i.e. , dynamical theory, neglecting dif(use
wings) and (ii) from the integrated diffuse scatter-
ing [i.e. , the area under the diffuse curves which
yields directly1 —e-"h(kinematical theory)]. "
These results should agree with the values found
previously for L-„ from anomalous transmission.

FIG. 9. Plot of intensity Io=I&o +Ih&@, (where low and
high refer. to the two sides of Bragg peak) vs lnqo, Eq. (4),
The intercept of the straight line with the abscissa yields
q 1/Ba& and gives a measure of the cluster radius.

TABLE I. Debye-%aller factors Lh for Cu crystal
633-2-10 irradiated 1 x10 9 fast neutrons/cm

Bragg
scattering

MOKE CuKa

111 0.08 0 ~ 04
222 0.15 0 ' 14
333 0.45

Diffuse
scattering~

MOKO' CuKQ

0 ~ 05 0 ~ 08
0 ~ 18 0 ~ 19
0.41

Anomalous
transmission

MOKn

0 ~ 08
0 ~ 17

Diffuse-scattering values are obtained using ff f f 21.5,
f&22

-—14.0, and f333 9 4.

The results for a crystal irradiated with 1.0&10'
fast neutrons/cm' are shown in Table I and are
seen to be in satisfactory agreement. Using den-
sity data obtained from electron-microscopy ob-
servations on these crystals, one would calculate
R„=40A. Note that L„- should be independent of
wavelength but some small differences were ob-
served. This may be caused by dynamical diffuse-
scattering effects or other uncertainties, such as
the subtraction of background in the immediate
vicinity of the Bragg peak.

The results obtained here should be compared
with electron-microscopy observations made on
these same crystals. ' The asymmetry in the dif-
fuse-scattering suggests that there are more large
interstitial loops than there are large vacancy loops
present in these crystals. Most of the larger re-
solved loops observed in electron-microscopy ob-
servations have been identified as interstitial in
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character, although the total concentration of va-
cancies and interstitials appears to be about the
same. However, the approximately linear increase
in the diffuse-scattering intensities with dose is
inconsistent with electron-microscopy results; the
latter suggests that the concentration of loops be-
gins to "saturate" at doses above - 10' jcma fast
neutrons. Overlapping strain fields and a super-
position of images in electron micrographs make
a resolution of this apparent discrepancy difficult.
The apparent cluster size of 55-60 A agrees reason-
ably well with the results obtained previously using
anomalous x-ray transmission. It should be pointed
out, however, that whenever a distribution of loops
is present, the larger loops play a dominant role in
determining the diffuse intensities through the R„
dependence, which for a distribution of loops be-
comes the fourth moment. Hence, a size measured
from the x-ray data will usually be considerably
greater than the mean size as measured from elec-
tron micrographs.

300 000

g 200000
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Throughout this paper, it has been assumed that
the diffuse scattering can be represented by the
kinematical theory. Yet, in these nearly perfect
crystals, the scattered intensities are represented
by the dynamical theory at the Bragg reflections.
The extent to which the theory presented here must
be corrected at the Bragg reflection has not been
calculated, but an attempt to measure this dynami-
cal influence on the diffuse intensities has been
made.

Batterman" and Annaka et al. ' have shown in
several papers that fluorescence, thermal diffuse
scattering, and Compton scattering all show a min-
imum when lhragg conditions are met in nearly per-
fact crystals. This effect occurs because the inci-
dent beam is nearly totally reflected and hence,
does not penetrate far into the crystal (i. e. , the
penetration is of order an extinction distance, ra-
ther than an absorption distance, as in the kine-
matical case for imperfect crystals). In the pres-
ent case, one would expect that the incident beam
would "see" fewer defects when Bragg conditions
are met. To demonstrate this effect, it was nec-
essary to shield the diffuse scattering from the
Bragg reflection; this was done by placing a sharp
edge on the high-angle side of the 220-Cu~ peak.
The results obtained when the crystal was rocked
through the Bragg angle are shown in Fig. 10. Al-
though the minimum was clearly visible and coin-
cident with the Bragg peak, it was not possible to
measure quantitatively the intensities in the wings
of the minimum which would demonstrate the differ-
ent absorption characteristics of the two wave fields
present (see, e. g. , Refs. 15 and 16). However,
from the present measurements, it would appear

FIG. 10. The 220-CuRn Bragg peak {top curve) and
the corresponding diffuse-scattering minimum {just off
the Bragg peak) as the crystal is rocked through the
Bragg angle. {The upper curve was taken with calibrated
filters to reduce the intensity to the linear limits of the
detect''on system. ) These curves demonstrate the dy-
namical diffuse-scattering effects present when the Bragg
conditions are met.

that one must exercise great caution in applying
the present theory very near Bragg reflections.

SUMMARY

Clearly, in heavily irradiated crystals, diffuse
x-ray scattering can be used to obtain information
regarding cluster sizes, types, and distributions.
Fairly strict experimental limitations exist, in that
nearly perfect crystals must be used if information
is to be obtained very near the Bragg reflections.
In the case of copper irradiated with fast neutrons,
most of the diffuse scattering is contained within
-30 minutes of the Bragg peaks. In imperfect crys-
tals, these results would be superimposed upon the
"mosaic spread" of the crystal and, in effect, ob-
scured. Information outside of this range of scat-
tering angles is difficult to obtain due both to the
smaller ntensities and to the more complicated
theoretical expressions. Nevertheless, in view
of work by Bachmann et al. ,

' it appears that metal
crystals with dislocation densities -10'/cm would
be satisfactory for these measurements.

As first pointed out by Patel and Batterman' in
silicon, clustering phenomena can produce very
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large effects on anomalously transmitted intensi-
ties, and similar results were found for irradiated
copper. %hen defects are clustered, changes in
the x-ray-diffraction properties are produced with
a relatively small number of point defects. In fa.ct,
diffuse x-ray-scattering measurements as those
presented here would appear to be valuable in de-
termining whether isolated point defects had, in
fact, clustered after some treatment. These re-
sults as well as those obtained previously using
anomalous x-ray transmission should be less am-
biguous than electrical resistivity or lattice-pa-

rameter measurements, and a comparison with
measurements of other physical properties would

appear to be very useful in determining, for ex-
ample, if clustering were important in low-tem-
perature annealing stages. Such experiments are
now being planned for some of these crystals.
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A method of calculating the electronic density of states in a disordered system is discussed.
The case of bound bands is considered in detail. By a transformation of the overlap integral
in the tight-binding theory, the Matsubara-Toyozawa and Matsubara-Kaneyoshi methods for
calculating the electronic density of states is extended to topologically disordered systems.
The same transformation is also applied to the band pxopagator expansion.

I. INTRODUCTION

In recent years, the problem of the effects of
lattice disoxder on the electronic density of states

has been studied extensively. ' The various tech-
niques employed may be classified according to the
types of disorder and the range of the electronic
energy. It is customary to divide the e1ectronic


