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In this study we have made anomalous-x-ray-transmission measurements on nearly perfect
copper crystals that had been irradiated with fast neutron doses varying from 3.6 to 10.9
x 10~8/cm2 (E & 0.6 MeV). The observed decrease in intensities for 111, 220, and 222 x'eflec-
tions with Cuba.', MoÃe, and Ag K& x rays was expxessed in terms of effective absorption
coefficients. These absorption coefficients increased linearly with neutron dose. They have
been analyzed in terms of the theory of Dederichs, and it has been shown that these data are
consistent with the presence of defect aggregates in the form of dislocation loops. It has also
been shown that the theory can explain the wavelength and reflection dependence of the observed
absorption coefficients for these neutron doses when the calculations are scaled to the mea-
sured data for the 111 reflections of Mo E& and Cubo. ' radiations. Therefore, these data have

provided a successful test of the functional dependence of the theory, independent of the defect
concentx ation and size distx"ibution.

I. INTRODUCTION

Anomalous x-ray transmission has been shown

to be sensitive to small concentrations of defects
in crystals, especially when the defects have ag-
gregated into clusters or small dislocation loops;
for example, oxygen precipitated in silicon,
arsenic in germanium, and neutron- irradiation
damage in silicon, germanium, and copper. 4 A
theoretical treatment has been given by Dederichs. s

Young, BaMwin, and Dederichse found that there
was a good correlation between the decrease in
anomalous-x-ray transmission and defect concen-
trations determinedby electron microscopy for
copper crystals irradiated with fast neutron doses
in the range of 10"/cm {F. &0. 6 MeV). However,
for neutron doses of the order 10' /cm, where the
defect densities become large enough that overlap
of defect-strain fields may be a problem, the x-ray
measurements indicated a rather larger effect
than that predicted from the electron-microscopy
work.

In this study, additional anomalous-x- ray-trans-
mission measurements have been made on nearly
perfect copper crystals irradiated with 3.6-10.9
&&10'8 n/cm with the sample temperature 48 'C.
These measurements have been made mith three
different wavelengths, and a detailed comparison
of the theory with the experimental results is pre-
sented.

II. EXPERIMENTAL PROCEDURE

The copper crystals used in this experiment
were lamellae oriented such that they had (111)
faces and dimensions of approximately 1&&1&to

cm, 0. 024 & to & 0.092. The dislocation densities
of these crystals were -102/cm, and they were

shown to be essentially perfect from the standpoint
of x-ray diffraction by Borrmann topography and

integrated Borrmann intensities. The irradiations
were carr&ed out xn the CP-15 facility of the bulk
shielding reactor {BSR)at Oak Ridge National
Laboratory. This facility utilizes a circulating
helium atmosphere that is in thermal contact with
the reactor-pool water to provide convection cooling
of the sample during irradiation. The samples
were irradiated in a reactor-spectrum flux of
6 X10' n/cm /sec at a temperature of 43 'C as
measured directly by a thermoeouple attached to
a dummy sample incLuded in the irradiation capsule.
Three different total doses mere obtained: 3.6,
7. 2, and 10.9&&10"n/cm (8 &0. 6 MeV).

After irradiation the crystals were etched lightly
with nitric acid to remove surface corrosion that
developed during the irradiation and were attached
to wire supports with salol. This mounting

technique introduced no strain observable by to-
pography or integrated-intensity measurements,
and left the entire face of the sample free for mea-
surements. The integrated- anomalous- transmis-
sion measurements were made on a double-crystal
diffractometer using CuK+, MoKO. , and Agua
radiations for 111, 220, and 222 reflections. hkE

and hkE reflections were measured for both the dif-
fracted and transmitted Borrmann beams in order
that any strains or inconsistencies in the measure-
ments might be detected. '

III. THEORY

The integrated intensity for the diffracted beam
in anomalous transmission through a perfect non-
vibrating lattice is given theoretically by '
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where X is the x-ray wavelength, H= 2w/d„~, is the
magnitude of the reciprocal-lattice vector, V, is
the volume of a primitive cell, e~/mc2 is the clas-
sical electron radius, FH is the real part of the
structure factor, 8& is the Bragg angle, and p, o is
the linear absorption coefficient. b is given by
ya/ys where yo and y„are the direction cosines of
the incident and diffracted beams with the surface
normal, respectively. f = ,' to(l /yo+ 1—/ys) is the
effective thickness of the crystal of actual thickness
to, and h=pofPto where Ep=Fs'/Fo is the ratio of
the imaginary part of the structure factor for the
Bragg diffracted and forward directions, respec-
tively. P is the polarization factor and is given by
1 or cos26}~, depending on whether the polarization
of the x ray is perpendicular or parallel to the
plane of diffraction.

This expression is strictly applicable only for a
nonvibrating lattice so that for room-temperature
measurements the effect of thermal vibrations must
be considered. The well-known' ' result of in-
cluding thermal vibrations is that co must be re-
placed by cate "&, and E& must be replaced by
E~e "&, where M„ is the thermal Debye-Wailer
factor. In addition to this effect, thermal vibra-
tions give rise to diffusely scattered x rays (ther-
mal diffuse scattering) that are no longer anoma-
lously transmitted and are therefore absorbed by
the photoelectric process. Thus diffuse scattering
reduces the transmitted intensity and must in prin-
ciple be considered. However, theoretical and
experimental determinations' ' of this effect in-
dicate that it amounts to at most a few percent at
room temperature and can in practice be neglected
in most cases.

When point defects or clusters of point defects
are present in the lattice, there are, in addition
to the dynamical-thermal displacements of the
atoms, static displacements of those atoms lying
in the strained region surrounding the defects.'

Dederiehs"" has recently treated the effect of
point defects and of aggregations of defects into
clusters or loops on the anomalous transmission.
Such aggregates have been observed after room-
temperature neutron irradiations and impurity-
precipitation experiments. The theory shows a
very large increase in the absorption of the anoma-
lously transmitted x-ray beam for clustered de-
fects compared to that expected for the same num-
ber of point defects randomly distributed. This
result is in agreement with the experimental mea-
surements, so we consider now only the ease of

clustered defects.
It is possible to understand the general nature of

the effects on anomalous transmission of such de-
fect clusters by analogy with thermal-vibrational
effects. As shown by Dederichs, ' for clustered
defects it is the displacements of the atoms sur-
rouding the defect regions and not the defect atoms
themselves that are predominantly responsible
for the decrease in anomalous transmission.
Hence, c1ustered defects may be expected to pro-
duce an additional contribution to the Debye-Wailer
factor as a result of their static displacements,
and also an additional amount of diffuse scattering
arising from the correlations of static displace-
ments. These are in fact the essential components
in the theory of Dederichs and so the intensity
transmitted through a crystal containing defect
clusters ean be written

P(83/Mc2)taF~ tkt&Ls) 1 1/2
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The thermal Debye-Wailer factor M& has been re-
placed by MH+I 0, and the effect of defect diffuse
scattering has been represented by an absorption
coefficient p. Ds. I & is the Debye-Wailer factor
associated with static displacements and is given
by & (s )/6 where (s ) is the mean-square atomic
displacement resulting from the defects. When
the defects are aggregated loosely (without relaxa-
tion) into regions of radii R, ~ the static Debye-
Waller factor is given by

g"=6'~i V. R.",

where c is the concentration of point defects in the
lattice (i.e. , the number of defects/number of
lattice sites). n„ is the number of point defects
in the cluster, and A is related to the volume
change 4V of the crystal resulting from the pro-
duction of a point defect by 4V= 4@AS(1—v)/(1+ v).
v is the Poisson ratio. If the aggregate becomes
dense enough that there is significant relaxation
due to the interaction of the point defects so that
they collapse into dislocation loops, the Debye-
Waller factor is then given by

cR,b"'a"' C,R,'(ffb)"'

C~ = c/n~ is the concentration of loops with n~
= b &Ra/V, point defects per loop, Ro is a radius
defined such that the area of the not necessarily
circular loop is given by mRO3, and b [not to be con-
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fused with 5 in E(I. (1)] is here the magnitude of the
Bul gex's vectox' of the loop.

In Eq. (2), L„entersessentiaiiyas 8 &' inthe
prefactor and as exp[- (1ptPepe "&(1—e &)] in the
exponential

p, pt(1 —Pape '"~'s')= p, f(I Pe—,e "~)
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For typical ILLt values of 10-40, only the latter
term is significant and a photoelectric absorption
coefficient

220

ppz= poP&oe "(1-8 ") (5)
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can be defined. For I. «1, p, pE = goPc'Oe "~I
H .

The absorption coefflcleDts fox' the diffuse-scat, -
tex'ing contributions due to aggregates of defects
are given by

=ez(l, E)n.;In( ) ( )
for clusters, and the expression for loops is

D
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where 0 = 2p(/X, D is the extinction length for the
reflection excited and

0
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FIG. 1. Effective absorption coefficients vs neutron
dose. The solid lines were calculated from the dashed
lines. The points are the data from Table I.

This absorption coefficient is now additive with
p&& to obtain an effective absorption coefficient

= i1pm+ p np ~ With refe'rence to E(I. (1) the ob-
served intensity transmitted through the defect
crystal is given by

B„(obs)= R „(calc)e

where thermal vibrations have been included in
B„(calc).

Comparing the expressions for the photoelectric
absorption and diffuse-scattering absorption we can
see that p&E depends mainly on po and I 0, which

is proportional to either H or H ', depending on
whether clusters or loops a,re predominant, In
contx ast to this p, » depends on F&3H X~ for both
clusters and loops. As pointed out by Dederichs, 5

the diffuse scattering is determined by the asymp-
totic displacement fieMs of the aggregates which
are both proportional to x 3, resulting in the same
functional deyendences, while the Debye-%'aller
factox' coDtains more effects x'elatlDg to dlsplace-
ments near the core of the defect aggregates which
are different for the two cases, resulting in the
different H dependences.

TABLE I. Effective absorption coefficients of p,*. For Bz(calc), O~ = 306'was used, and other constants from Baldwin,
Young, and Merlini (Ref. 16).

Dose (n/cm )
wavelength

p,jjg (cm )
pfpp (cm ')
pfpp (cnl )

x goi8

Mo Eo.
7 2x10"
Mo KG.

30
54
70

14
28
37

ZO. 9 x Xo"
Mo X+
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FIG. 2. H dependence. of the static Debye-Wailer
factor. These L values range from 0. 036 to 0. 112.

IV. RESULTS

Equation (9) has been used to calculate the ab-
sorption coefficients from the integrated intensity
measurements made on the irradiated samples.
These data are given in Table I and represent the
averages of several measurements of both the for-
ward transmitted and diffracted intensities for
hkl and hkl reflections on two crystals for the low-
er and intermediate doses and on one crystal for
the higher dose. They are shown graphically in
Fig. 1, where the effective absorption coefficients
are plotted as a function of neutron dose for the
three wavelengths and the reflections measured.

From the plots of the absorption coefficients vs
dose there appears to be a linear increase in the
damage with increasing dose. Since there is a
distribution in the size of the aggregates produced
by neutron irradiation, ' ' the linear increase
indicates a linear increase of the product of con-
centration of defect clusters (loops) and the ap-
propriate moment of the radius. A linear increase
was observed previously using another reactor for
the same neutron dose. In the present study the
slope is - 5% greater for CuKo.', wtuch may be
within the errors of the two sets of measurements.
However, the greater slope may indicate a small
difference in the defect size distributions.

Qualitatively the wavelength and reflection de-
pendence of the coefficients are in agreement with
the theory, which predicts a larger absorption for
the longer wavelengths and also an increase in

absorption for the higher-order reflections. Since
the theory predicts ppE for CuKa and MoKn to be
nearly equal and the diffuse-scattering absorption
(being proportional to X ) to be almost five times
larger for CuK&, the observed difference between
p* for these two wavelengths is an indication of
the size of the CuKn diffuse-scattering component.
For the 111 reflection and CuK+ radiation it is ap-
parent that p, os is comparable to ppE, which is in
marked contrast to the small effects produced by
diffuse scattering from thermal displacements.

In order to obtain information about the damage
structure from these measurements, it is neces-
sary to consider them in terms of the detailed
predictions of the theory. The theory as outlined
above contains a number of predictions as to the
wavelength, order, and dose dependences of the
absorption coefficients that can be used to extract
information as to the size, configuration, and
concentration of the defect regions. This has been
demonstrated with the previous measurements;
however, the present measurements are somewhat
more complete and offer the possibility of a more
detailed examination of the theory.

The defect configurations considered by the theo-
ry are those of point defects loosely aggregated
into spherical clusters and of defects more densely
aggregated into planar dislocation loops. According
to Eqs. (3) and (4) the II dependence of the static
Debye-Vfaller factor L~ can be used to distinguish
between these two configurations. The H and &

dependences of the diffuse-scattering absorption
are the same for both configurations and it is
therefore possible to separate the measured ab-
sorption coefficients into photoelectric and diffuse-
scattering components without making any assump-
tions as to the H dependence of L ~. Assuming the
theoretical forms of the coefficients and choosing
the values for a dose of 5 &&10' from a linear fit to
all the data, we have made these separations by
solving simultaneous equations that satisfy the data
for pairs of wavelengths.

The values of L&, which were obtained from
these values of p~s through Eq. (5), are plotted
as poL„ag iantsH in Fig. 2. (This method of
plotting serves to separate the data for the different
wavelengths. ) The assumption h = go tPtoe "& used
in deriving Eq. (5) is no longer valid for the asym-
metric 222 reflection of CuKn, and the exact ex-
pression was used to calculate the plotted value for
this reflection. The slopes of these plots are
about 1.6, i. e, , nearly & which indicates the pre-
dominant defect configuration to be dislocation
loops, in agreement with electron microscopy
studies of fast neutron-irradiated copper. ' '

From the individual components of the absorp-
tion coefficients it is possible to obtain informa-
tion about the product of the defect concentration
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and the radii. [These are related to the third and
fourth moments of the defect radii as defined in
Egs. (4) and (V). ] In order to get unambiguous in-
formation from these products, it is necessary to
have an independent measurements of one of them;
however, it is possible to use ppE and p, D; values
calculated from the data for the 111 reflection of
Cuba and MoKe, as averaged by the dashed lines
in Fig. I, and E'Is. (5) and (7) to compute p* val-
ues for the other reflections and wavelength. This
makes it possible to compare the & and H depen-
dences of the theory with the measured data with-
out the use of the concentration and size distribu-
tions of the defects. These calculated values are
represented by the solid lines in Fig. 1 and can be
seen to be in satisfactory agreement with the re-
mainder of the observed data points. This is es-
pecially true for the Again radiation, since no data
for this wavelength were used in the scaling pro-
cedure. It is interesting to note that even though

these lines were generated from straight lines
through the 111 data, the lines from the higher-
order calculations are somewhat curved in the
higher-dose range. This is a result of the fact
that for the higher-order reflections the value of
Lz becomes large enough that the factor (I —e H)

begins to deviate from I „, and the diffuse-scat-
tering absorption is more significantly affected
by the factor e &. There does not seem to be
any noticeable curvature in the measured data as
a function of dose; however, a slight increase in
the average size of the defect regions as a func-
tion of dose would produce a curvature of the op-
posite sense and tend to cancel the predicted cur-
vature. This effect is in any case barely outside
the experimental error and may be obscured. We
conclude from this satisfactory agreement between
the observed and calculated values that the func-
tional dependencies of the theory are adequate to
account for the data.
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