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Anomalous Absorption of Slow Neutrons and X-rays in
Nearly Perfect Single Crystals

By J. W. KNOWLES
General Physics Branch, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada

(Received 16 May 1955)

Two nearly perfect calcite crystals were set in the parallel arrangement of a two-crystal neutron
spectrometer and the y-rays from neutron capture by the calcium of the second crystal, which was
2 in. thick, were measured with a Nal scintillation detector. A maximum change in y-ray intensity
of 2:54-0-6%, occurred near the angle of Laue reflection. An application of the dynamical diffraction
theory gave a ‘dispersion curve’ variation with angle for the y-ray intensity. This theory agreed
quantitatively with the experimental observation. In a second experiment concerning a search for
anomalous absorption of neutrons incident at the Bragg angle, the transmission of neutrons by a
2 mm. thick cadmium sulphate crystal was measured and compared with the transmission of
X.-rays. The incident radiations (1-30 A neutrons and 0-708 A X-rays) were selected by reflection
from calcite crystals. When the 2 mm. crystal was set near the position of Laue reflection the X-ray
transmission increased from 1-5x 1074 to 4-5x 10~* but the neutron transmission decreased from
3:3x 1072 to 2-9 x 1072, this decrease being equal to the reflected intensity. Both observations may

be explained by postulating a mosaic block size of 0-4 mam. in the cadmium sulphate crystal.

Introduction

Anomalies in the absorption of X-rays have been
observed by several workers when the X-rays were
incident on nearly perfect crystals set at, or almost
at, a position of Laue reflection (Borrmann, 1941, 1950;
Campbell, 1951; Schwarz & Rogosa, 1954; Brogren &
Adell, 1954). The anomalies have been shown to be
predicted quantitatively by the dynamical theory of
X.-rays (Laue, 1949; Hirsch, 1952; Zachariasen, 1945,
1952). According to this theory, when the Laue con-
ditions are satisfied one of the Fourier components
of the electromagnetic field inside the crystal is en-
hanced. The interaction with the spatially periodic
electron density then results in absorption which
differs from absorption at random settings of the crys-
tal.

Similar effects are to be expected if neutrons are
substituted for X-rays. The present paper reports the
results of two experiments of this nature.

In the first experiment a calcite crystal was placed
in a monoenergetic neutron beam, and the y-ray
intensity emitted from the crystal was measured as
the crystal was turned through an angle of Laue
reflection. The y-rays are attributed mainly to neutron
capture in the calcium, and the changes in intensity
are attributable to changes in the neutron field at the
calcium sites. The results confirm the periodicity of
the fields inside the crystal.

In the second -experiment a cadmium-containing
crystal, 3 CdSO,.8 H,0, was placed in the neutron
beam and the neutron transmission was studied in the
neighbourhood of a Laue position. No anomalous ab-
sorption of the transmitted neutron beam was ob-
served. The same crystal, using X-rays, showed

striking anomalous absorption. Calculation assuming
an ideal absorbing crystal predicted a marked effect
with both neutrons and X-rays. The difference is
considered to have arisen because the crystal was not
ideal, and can be accounted for quantitatively by
assuming the crystal to have a mosaic structure.

Experiment with a calcite crystal

Plan diagrams of the experimental arrangement for
the first experiment are shown in Fig. 1(a) and Fig. 2.
A 2 in. diameter beam of slow neutrons having an
angular divergence of about 1° was Laue reflected from
the (211) plane of a cleaved calcite crystal A’ in
Fig. 1(a). Crystal A’ is enclosed by 9 in. of boron car-
bide and paraffin and an outer % in. sheath of lead,
except for the inlet channel V and the outlet channel
W. The extension of the outlet channel W is a 15 in.
square aperture through an 8 in. thick lead wall. The
beam I emerging from this 1-5 in. aperture, shown in
Fig. 2, was incident on a second calcite crystal at A,
set in the parallel position for Laue reflection. This
second crystal, which has dimensions roughly
1in.x1-75 in. x 2 in., was placed so that the neutrons
entered through the 1in.x1-75in. face, and were
reflected from the (211) planes parallel to the 1 in. x 21in.
face. The neutron beam, incident on the second calcite
crystal A, was further defined by an aperture Y in a
boron carbide shield. These neutrons, after reflection
from crystal A, were detected by a BF; counter D,
Fig. 1(a).

To detect the 2 MeV. y-rays from the Ca(ny) reac-
tion in calcite, a 1} in. cylindrical Nal crystal was used
in conjunction with a 5819 photomultiplier. This
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Fig. 1. (a) Experimental arrangement of neutron spectrometer. V, 2 in. diameter inlet channel for neutrons. A’, calcite mono-
chromatizing crystal. W, outlet channel for monochromatic neutrons 4 = 1-30 A. Pb, lead wall with 1-5 in. square aperture.
Pb’, § in. lead shielding. Y, boron carbide defining aperture. A, specimen calcite crystal. D, BF, counter for measuring reflected
beam R or transmitted beam T. 8, boron and paraffin shielding. S, Masonite and steel shielding.

(b) Experimental arrangement of X-ray spectrometer. S, X-ray source, Mo K&, A = 0-708 A. B’, calcite monochromatizing
crystal. B, specimen crystal. D, krypton, methane (Kr, 65 cm. Hg; CH,, 6:5 cm. Hg) proportional counter for measuring
reflected beam R or transmitted beam T. L, limiting apertures.

detector was mounted rigidly, directly above the cal-
cite crystal A, Fig. 2. Background radiation from the
pile room was reduced by surrounding the Nal crystal
with 4 in. of lead. The counting rate from the back-
ground radiation was further reduced by making use
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Fig. 2. Experimental arrangement of calcite erystal and sodium
iodide crystal detector. S, spectrometer table. Pb, lead
shielding. B, boron carbide shield. Y, aperture in boron
carbide shield. M, photomultiplier. I, the 1-5 in. square

incident neutron beam. R and T, the reflected and trans-
mitted beams respectively.

of a single channel pulse-height analyser to select
pulses of appropriate magnitude. It was important
that y-rays originating from crystal-scattered neutrons
captured outside the crystal should not be counted.
Shields of boron carbide } in. thick were placed around
the Nal crystal and about the calcite crystal in order
to capture the scattered neutrons. The y-rays produced
by capture in boron are too low in energy to be detected
with the channel settings used.

The pulse-height distribution due to background
radiation is shown in the background curve of Fig. 3.
The curve was obtained with the geometry shown in

Fig. 2, and with the first crystal A’, in Fig. 1(a),
turned so that the Laue-reflected neutrons did not
emerge from the aperture. The upper curve of Fig. 3
was obtained when the neutron beam was incident on
crystal A. The absorption of thermal neutrons in
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Fig. 3. Pulse-height distribution using a 1} in. cylindrical Nal
scintillation detector. Solid circles: neutron beam incident
on calcite at A; squares: neutron beam inciden’ on graphite
block at A; open circles: neutron beam present, but no
scatterer present at A ; triangles: neutron beam absent at A.
The insert is the photo-peak of Cel3? used to calibrate the
pulse-height analyser. The vertical lines on each point
measure the statistical standard deviation. F and G bracket
the pulse-height channel region used in the crystal rotating
experiment of Fig. 7.

natural calcium occurs predominantly in Ca% and Ca?2.
A y-ray of 1-93 MeV. has been observed (Braid, 1953).
It appears in the reference to have been assigned to
the first excited state in the reaction Cal(ny)Catt
and to have an emission probability of greater than
80% (Kinsey & Bartholomew, 1954). The interaction
of these y-rays with the Nal crystal results in a



J. W. KNOWLES 63

broadly distributed pulse-height spectrum, with max-
imum pulse height corresponding to about 1-93 MeV.
A knowledge of the neutron flux incident on the calcite
crystal at A, of the Ca®(ny) cross section and of the
geometry and detector efficiency allowed an estimate
of the counting rate due to the Ca(ny) reaction to be
calculated. This estimate agreed with the area be-
tween the two curves of Fig.3. The difference be-
tween the two curves cannot be attributed to secon-
dary processes following neutron scattering, such as
y-rays following the capture of neutrons scattered into
the neighbouring lead. This was demonstrated by
showing that the background intensity, given by the
lower curve of Fig. 3, was unaltered when the calcite
crystal A was removed from its position, and also
whoen the calcite crystal A was replaced with an equal
volume of graphite, which is a good scatterer of neu-
trons; the neutron beam reflected from the first
crystal A’ in Fig. 1{a) was at full strength in both
cases.

The observation on the variation of y-ray intensity
with the rotation of the crystal was made with the
pulse-height channel between F and G in Fig. 3. The
difference of the areas under the two curves between
F and G divided by the area of the lower curve between
F and G gave 0-126 as the fraction of the y-ray in-
tensity due to the Ca(ny) reaction.

A measure of the perfection of crystal A was made
by analysis of the ratio of the neutron intensity Pg(y)
reflected from the H planes of crystal A, to the in-
tensity P, incident on this crystal. The geometry of
the double crystal spectrometer in Fig. 1(¢), which
has the two crystals set in the parallel position, is
such that Pg/P, is given by (Zachariasen, 1945)

Paly) _ _1_S+°°Ia(y), L A
PO R;Y —o0 Io IO v

(n
where
Ix(y)/I, is the ratio of the intensity reflected from

the H planes of the first crystal A’ to the intensity
I, incident on that crystal,

Ig(y)/1, is the same ratio for the H planes of the second
crystal A,

Fooy
R;(:S Ie(y)

7 dy is the integrated reflecting power
—o0 0
from the H planes of the crystal A,

and
_ b(05—0)sin 2605+ 3(1—b)yy,
Klyg|[b]* ’

2)

where b (= y,/yg) is the ratio of direction cosines of
incident and reflected beams relative to the normal
to the surface of the crystal. (In the above experiment
b ~ +1, since both crystals A and A’ are set for
symmetrical Laue reflection with respect to the in-
cident beam.)

K is the polarization factor in X-ray diffraction

(K =1, for neutron diffraction since the angular
variation with polarization present in the diffraction
of X-rays, is not present in the diffraction of neutrons).
For X-rays, g = yg+iyy is the Fourier component
of index H of 4% times the polarizability.
For neutrons,

’

122 ‘B
Yg = —;772% exp [¢ : 2R ¥l

and

II——i
Yr = 2n/‘H:

where

a; is the coherent scattering length for atom (j) at
position r;,

By is the reciprocal-latticc vector, of magnitude
By = 2n/dy (dg is the interplanar spacing of the
planes H),

g is the Fourier component of the linear absorption
coefficient u for the crystal (see equation (6)),

V is the volume of the crystal unit cell, and

A is the wavelength of the incident radiation.

(65—0) is the angular deviation of the diffracted
neutron beam from the Laue reflecting angle 0.
For the neutron-diffraction experiments equation
(2) becomes
sin 20
=222 (0,-6) . (3)
lyal
The double-crystal integrated reflecting power R is
obtained by integrating equation (1) with respect to
the parameter y

+o0
r={"T0g _g,, @)
Y—o0 0

where Ry is the reflecting power from crystal A. Thus
the double-crystal integrated reflecting power is
dependent only on the integrated reflecting power
of the second crystal. The real crystal integrated
reflecting power approaches a minimum value the
more perfect the crystal. For an ideal ‘thick’ crystal
with small absorption, Ry = %z exp [—puot/y,] (Za-
chariasen, 1945). For an ideal calcite crystal with 69,
absorption, Ry = 1-48.

Fig. 4(a) shows the rocking curve for neutrons dif-
fracted from the (211) planes in the calcite crystal at
position A of the double crystal spectrometer. The
integrated reflecting power R (the area under the
curve), is 1:63, which is nearly equal to 1-48, showing
that crystal A is nearly ideal. However, the width,
@y, at half-maximum intensity of the curve is 9-6, as
compared to the calculated value 2:8 for two ideal
crystals A and A’. It is concluded that the broadening
of the curve must be due to imperfections in the first
crystal A’. A more detailed idea of the perfection of
the second crystal A was obtained by observing the
rocking curves produced by neutrons scattered from
a number of internal positions in crystal A. The ar-
rangement shown in Fig. 5 was used. The beam inci-
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Fig. 4. (2) The reflection of 1-30 A neutrons by a calcite crystal 5-3 em. thick plotted as a function of the variable y in the region
of Laue reflection from the (211) planes. Bg, the area of the peak in the reflection, and wy, (wg in seconds), the width at half-
maximum intensity of the peak, are tabulated below with theoretical values calculated for an ideal low-absorbing erystal.
The vertical lines on each point measure the statistical standard deviation.

Wy
Experiment 13-0
Theory 12-7

we Ry
9-47 1-63
9-2" 1-48

(b) The transmission of 1-30 A neutrons by a calcite crystal 5-3 cm. thick plotted as a function of the variable Y in the
region of Laue reflection from the (211) planes. Ry, the area of the dip in the transmission, and wy, (ws in seconds), the
width at half-maximum intensity of the dip, are tabulated below with theoretical values calculated for an ideal low-absorbing
crystal. The vertical lines on each point measure the statistical standard deviation.

Dy
Experiment 13-0
Theory 12.7

dent on crystal A was 1 mm. wide. The 1 mm. slit E
was set at a number of positions across the crystal
face. The plot of peak height versus position of the slit
is given in Fig. 6. This curve shows that the crystal
reflecting power is uniform throughout its interior and
is somewhat greater at its surfaces.

The Jirect observation of ancmalous absorption by
the calcium was made as follows. With the BF,

Fig. 5. Experimental arrangement for measuring the efficiency
of reflection of slow neutrons, 4 = 1:30 A, from inside a
calcite erystal A. I, the incident neutron beam. R, the re-
flected beam, which is detected in a wide BF; counter.
E’, a slit 1 mm. wide X 10 mm. high in a cadmium screen.
E, a 1 mm. slit in a movable cadmium screen.

wo Ry
9.0 1-65
9.2/ 1-48

counter set to detect the neutrons diffracted by A,
the p-ray and neutron counting rates were measured
simultaneously for several angles of incidence near

_the angle of Laue reflection. The measurement at each
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Fig. 6. Peak height versus position of slit E, Fig. 5. X and Y
are the positions corresponding to the surfaces of the calcite
crystal A. The vertical lines on each point measure the
statistical standard deviation.
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angle was followed immediately by a measurement at
a chosen reference angle to permit normalizing the
counting rates to a standard incident intensity. The
points in Fig. 7 show the y-ray intensity variation

° 710126 Ca p radiation

b

=" }%

Fig. 7. The measured y-ray intensity as a function of incident
angle, when the 1:30 A neutrons are incident on the calcite
crystal in the region of Laue reflection from the (211) planes.
The broken curve is the calculated y-ray intensity based
on the dynamical theory. The insert shows the proportion
of the y-rays attributed to calcium. The vertical lines on
each point measure the statistical standard deviation.

with incident angle. Fig. 4(a) shows the corresponding
diffracted neutron intensity variation. In both of these
measurements y = 0 corresponds to the angle of Laue
reflection. This angle is determined by the position
of the peak of the neutron-diffracted intensity in
Fig. 4(a). The broken curve in Fig. 7 shows the cal-
culated y-ray intensity variation. The curve is fitted
to the experimental points horizontally by having the
theoretical y = 0 coincide with the measured y = 0
and vertically by having the theoretical curve pass
through the reference intensity at angle Z. The
maximum observed variation of intensity is about
2:59%, of the total y-ray intensity. This corresponds
to a 159 variation of the calcium y-ray intensity.

The transmission of the calcite crystal A is shown in
Fig. 4(b). The area R, of the dip in transmission is
experimentally equal to the area Ry of the reflection
peak, Fig. 4(a). This shows that a portion of the in-
cident radiation has been deflected into the Laue
reflected beam, and that anomalies in the absorption
of the transmitted intensity, which would result in
slight asymmetries in the curve shape, are too small
to be observed in such a weakly absorbing crystal.
The total absorption of the beam in the 5-3 cm. calcite
crystal is 6%.

Theory and discussion

The basic equation of the dynamical theory is the
equation for self-consistency of the wavefields inside
the crystal (Zachariasen, 1945). It has been shown

AC9

that when the direction of the radiation incident on
the erystal is in the neighbourhood of a Laue reflection
the equation of self-consistency representing the in-
ternal field reduces to two sets of plane wave systems.
Each set consists of an internal incident and diffracted
wave. Starting from the equations representing these
plane wave systems, and using the boundary conditions
at the face of a semi-infinite crystal, the following
expression for the internal field produced by a parallel
monochromatic beam of radiation in the region of
Laue reflection was developed. The ratio of intensity
Ii(r)g at position r inside the crystal to the incident
intensity I, when the incident radiation is in the
neighbourhood of the Laue reflection angle of the H
planes of the crystal is

L) _ [ por (xz) v
1, = exp[ 7’0] {1+K|1/)21[ cos(By.r). 1+y2}, (5)

where yy is the real part of yy defined previously,
and u, is the average linear absorption coefficient for
the crystal.

The conditions under which formula (5) holds are:
that the crystal slab is set for symmetrical Laue re-
flection, that the crystal is thick, that the total ab-
sorption is small and that the crystal unit cell has a
centre of symmetry.

When the absorption processes occur in a single
crystal which has physical properties periodic in
position, it is convenient to expand u(r), the linear
absorption coefficient, as a Fourier series:

p(r) = %‘#H exp [zBg.r]. (6)

The energy I7(y) absorbed per second throughout the
volume V of the ideal crystal is

I39) = O\ u)endv, ™)
where C is a proportionality constant for the particular
radiation incident on the crystal. Substituting equa-
tions (6) and (5) into (7) gives

ﬂ‘-"—-”)=[1+K

lvel (ye) ¥ ] (8)

I, (va) (o) 1-+y2
where
e _ (¥a)
Mo (1/’6') ’
and

I, = C’,uoS exp[—/ﬂ] av
v I

[}

is the energy absorbed in the crystal when the angle
of the incident radiation is far removed from the Laue
reflection; i.e. ¥ — co. The thermal motion of the
atoms in a real crystal may be introduced into the
theory for an ideal crystal by Debye-Waller terms
which reduce the Fourier coefficients yy, wy of the
scattering and absorption. In formulae (8) and (2),

A
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Table 1. Comparative factors in the crystal diffraction of X-rays and neutrons

Calcite Cadmium sulphate

X-ray Neutron X-ray Neutron
Wavelength, A (A) 0-708 1-30 0-708 1-30
b (= yolymE) 1-07 1-07 1 1
Laue reflecting angle, (°) 6-73 12-42 6-67 12-25
c* 1-61 0-72 1-83 0-27
wE (= pg+ipg) X —108 192 +4¢(2-35) 151+4-4(0-0016) —211—1%(4-72) — 521 —1(3-60)
Yo' X —108 245 0-0016 4-98 3-60
k(= pilvg) 122 x 10-2 1-06 x 108 2:23x 102 6-9x 102
ty (cm.)t 0-223 5:50 0-210 0-210
A§ 193 208 188 244
kA 2-37 0-022 417 1-68
kA (mosaic)** — — 0-8 0-4

* A0 = §—0p = Cdy sec. of arc.

+ The estimation of yy for neutron diffraction in cadmium sulphate is uncertain to about 50 % since the distribution of the
hydrogen atoms in this crystal is unknown, and since the coherent scattering cross section of cadmium for slow neutrons is

uncertain to 50 %.
I ¢, is the radiation path length in the crystal.

§ For X.rays, A is different for the normal- and parallel-incident radiation. The values listed in the table are the ‘mean’

values for unpolarized X-rays.

** kA4 (mosaic) are calculated values based on a mosaic block size of 0-4 mm.

yz should be replaced by vy (exp [—My]) and yy by
yg (exp [—Myl). Mz may differ from M if the distri-
bution of scattering and absorbing power in a given
unit cell of the crystal are different. In these experi-
ments the variation of absorption of the primary
radiation in the crystal is observed by measuring the
variation of intensity of the secondary radiation.
Formula (8) still applies and Iz(y)/I is the ratio of
secondary radiation, detected for a given angle of
incidence of the primary radiation, to the secondary
radiation detected at an angle of incidence far re-
moved from the Laue reflection angle of the H planes.
For example, in the case of a parallel monochromatic
beam of slow neutrons incident on a slab of calcite,
assumed to be an ideal crystal, Ig(y)/I, represents
the fractional variation of the calcium y-rays with
angle of incidence.

In the experiment with slow neutrons, the angle of
incidence was near the Laue reflection angle for the
(211) plane of calcite. As shown in Table 1, s, is
negative so that [y, = —(ys1,). Because the neu-
tron waves scattering from the calcium atoms in a
(211) plane of calcite are in phase, and because ab-
sorption of neutrons occurs in the nucleus of the atom,
which has a sphere of influence of linear dimensions
small relative to the neutron wavelength, yy is equal
to u,. At room temperature the Debye—Waller term
decreases 9 by no more than 3% and this decrease
is negligible when fitting the theory to experiment.
With these considerations, formula (8) takes the simple
form

Iuy) _,__¥
I, L+y2°

9)

This formula predicts a variation of y-ray intensity
with angle of incident neutrons which has the shape
of a dispersion curve. It says that the y-ray intensity
is the same at y = 0 as for large values of y, and in

the neighbourhood of y¥ = 0 the intensity should vary
by nearly 50% above and below the value at y = 0.
The theoretical variation of y-ray intensity given
by (9) cannot be compared directly with the ex-
perimentally measured variation from calcite crystal
A of Fig. 1{a): the angular divergence of the neutron
beam incident on crystal A must be considered. The
theoretical variation I, (y)/I, was obtained from

L(y) 1 ¢t Igy) Igly—y) , ,
— B LLIEY I gy
IO Ioo ’

Lo " Fadw (o)
where Ig(y)/l, is taken from equation (9) and
Iy(y")/I, and Ry were estimated for crystal A’, using
the experimental rocking curve, Fig. 4(z). Equation
(10) was fitted to the experimental measurements of
Fig. 7.

The anomalous absorption of the wavefield inside
the ideal crystal can be pictured qualitatively quite
simply. For incident radiation near the angle of Laue
reflection, the internal field is represented in the theory
by two sets of coupled plane wave systems, each set
having slightly different wavelengths and slightly
different propagation directions relative to the crystal
reflecting planes. Each wave system, considered sep-
arately, has an intensity distribution which is periodic
throughout the erystal lattice. If the crystal is oriented
so that the angle of the incident radiation is exactly
that of Laue reflection, the two wave systems have
about the same amplitude; but because they differ
in wavelength, they may, with equal probability, be
in or out of phase with each other at equivalent lattice
sites in different unit cells. Thus, at precisely the Laue
reflecting angle the resultant internal field does not
have the standing-wave properties of the individual
wave systems with respect to the crystal lattice. This
theory predicts that the variation of y-ray intensity
is zero at y = 0. The experimental measurements of
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Fig. 7 agree with this conclusion. When the incident
radiation is at an angle slightly removed from the
Laue diffraction angle, one of the two wave systems
will have smaller amplitude than the other, so that
the standing-wave characteristics of one or the other
separate wave system will be predominant. The ab-
sorbing atoms coincide with the nodes of the one sys-
tem of standing waves when the angle of incidence is
on the one side of the angle of Laue reflection and with
the loops of the other system of standing waves when
the angle of incidence is on the other side. This is
illustrated by the dispersion shape of the observed
y-ray intensity curve, Fig. 7.

For a highly absorbing ideal crystal, the theory
predicts that the amplitude of one of the two wave
systems will be negligible after passage through a
sufficient thickness of crystal. Under these conditions,
the diffraction and transmission will be determined
by the characteristics of the remaining wave system.
The decrease of absorption of the transmitted and dif-
fracted beams at the angle of Laue reflection requires
that the nodes of the remaining wave system approx-
imately coincide with the atomic positions in the crys-
tal. In the case of neutron diffraction, where the atoms
are essentially points, the decrease of absorption would
be more complete than for X-rays. For this reason the
following experiment was performed.

Experiment with a cadmium sulphate crystal,
3 CdSO,.8 H,O

An attempt was made to observe anomalous trans-
mission of a neutron beam incident at the Laue re-
flection angle in cadmium sulphate. The dynamical
theory of diffraction predicts (Zachariasen, 1945), for
an ideal crystal, that anomalous transmission will be
observed only for kA4 > 1, where

Vi 7K |pglty
k=% and 4="—"-"1,
(2:4 j'(‘}’o‘}’lsr)i’

t, being the thickness of the crystal slab.

Table 1 gives comparative factors for the calcite
and the cadmium sulphate crystals used, which are
significant in the diffraction of X-rays (A = 0-708 A),
and slow neutrons (4 = 1-30 A). From the values of
kA given in the second last row of Table 1, it is ap-
parent that the anomalous absorption of the trans-
mitted beam should be observable for calcite with
X-rays, but should not be observable with slow neu-
trons. For an ideal cadmium sulphate crystal, 2 mm.
thick, the anomalous absorption should be observed
with both X-rays and neutrons.

Cadmium sulphate was selected because it contains
cadmium which has a high absorption cross section
for slow neutrons, it forms almost perfect crystals,
it has a strong (202) reflection, and the (202) inter-
planar spacing is only 19 greater than the calcite
(211) spacing. This latter property makes possible a

(11)

double-crystal spectrometer of low dispersion, having
a calcite, a weakly absorbing crystal, in position A’
and the cadmium sulphate crystal in position A,
Fig. 1(a). To make the dispersion negligible, in the
case of neutron diffraction it was necessary to limit
the spread of energies in the neutron beam incident
on the second crystal by interposing cadmium Soller
slits between A and A’, Fig. 1(a), which limited the
beam to a 12’ angular divergence.

A flat slab, 2 mm. thick, was cut from a cadmium
sulphate crystal in such a way that the (202) plane
was perpendicular to its surfaces. The crystal was
etched in water to remove surface material disturbed
by the cutting. Using a double-crystal X-ray spectro-
meter, Fig. 1(b), with a calcite crystal B’ in the first
position, the transmitted and diffracted intensities
from this cadmium sulphate crystal B were measured.
The proportional counter used for detection of the
radiation was filled with a mixture of krypton and
methane; Kr 65 cm. of Hg; CH, 6-5 cm. of Hg. The
diffracted beam of Fig. 8(a) had a width at half-
maximum intensity of 8-4"’, and the transmitted beam
of Fig. 8(b) a width of 8-9”. Both widths are greater
than the theoretically expected value of 3:7"'. Two
freshly cleaved calcite crystals in the B and B’ positions
of the spectrometer of Fig. 1(b) gave a curve having
a width of 3-7"’, which is close to the theoretical value
of 3-3”. The best cadmium sulphate crystal shows
marked anomalous absorption of X-rays although its
broad half-width indicates that it is not ideal.

The diffracted and transmitted neutron intensity in
the 2 mm. thick cadmium sulphate crystal are given
in Fig. 9(e) and (b). The transmitted beam is reduced
in intensity at the diffraction position. This observa-
tion is contrary to the result predicted by the dynami-
cal theory for an ideal crystal.

The X-ray measurements had been made before this
neutron result was obtained and it now seems clear
that a detailed analysis of the X-ray results provide
an explanation. In fact, the neutron results can be
explained by the imperfections of the cadmium sul-
phate crystal. If the cadmium sulphate crystal is
assumed to be composed of a number of ideal crystal-
lites, slightly tilted about a mean orientation, then
the average size of the crystallites can be inferred
from the relative areas under the peaks in Fig. 8(a)
and (b). As was shown, equation (4), the total inte-
grated reflecting power R of the double-crystal spectro-
meter depends only on the integrated reflecting power
Ry of the second crystal. A similar argument shows
that the area R, under the peak or dip of the trans-
mitted beam of the double-crystal spectrometer de-
pends only on the properties of the second crystal.
Provided that the angular dispersion of the mosaic
blocks is sufficiently broad, then the ratio By/R, is
independent of the angular dispersion of the blocks
and depends only on their size.

The X-ray measurements give By/R,; = 1:57. From
Fig. 8 of Hirsch (1952), Ry/R; corresponds to kA =

5%
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Fig. 8. (a) The reflection of 0708 A X-rays by a cadmium sulphate crystal 2 mm. thick plotted as a function of the vari-
able y in the region of Laue reflection from the (202) planes. Rg, the area of the peak in the reflection is given below;
also wy, (wg in seconds), the width at half-maximum intensity of the peak, together with the theoretical value calculated
for an ideal 2 mm. crystal. The statistical standard deviation of each point is approximately equal to the circle diameter.
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(h) The transmission of 0:708 A X.rays by a cadmium sulphate crystal 2 mm. thick plotted as a function of the vari-
able ¥ in the region of Laue reflection from the (202) planes. Ry, the area of the peak in the transmission is given below;
also wy, (we in seconds), the width at half-maximum intensity of the peak, together with the theoretical value calculated for
an ideal 2 mm. crystal. The statistical standard deviation of each point is approximately equal to the circle diameter.
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Fig. 9. (a) The reflection of 1:30 A neutrons by a cadmium sulphate crystal 2 mm. thick plotted as a function of the vari-
able y in the region of Laue reflection from the (202) planes. Ry, the area of the peak in the reflection is given below;
also wy, (wg in seconds), the width at half-maximum intensity of the peak together with the theoretical value calculated
for an ideal 2 mm. crystal. The vertical lines on each point measure the statistical standard deviation.
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(b) The transmission of 1:30 A neutrons by a cadmium sulphate crystal 2 mm. thick plotted as a function of the vari-
able y in the region of Laue reflection from the (202) planes. Er, the area of the dip in the translation is given below;
also wy, (wg in seconds), the width at half value of the dip, together with the theoretical value calculated for an ideal 2 mm.
crystal. The vertical lines on each point measure the statistical standard deviation.

wy wg Ry
Experiment 19%x 10 51-5” 92x 10~2
Theory 34x10 9-1” —
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0-8. Using this value of k4, the average crystallite

size given by formula (11) is 0-4 mm.

For X-rays the 2-1 mm. thick ideal crystal of cad-
mium sulphate has k4 = 4-3, for which Fig. 8 of
Hirsch (1952), gives Rg/Rp = 0-7. For neutrons of
wavelength 1-30 A the 2-1 mm. crystal has k4 = 17,
while a 04 mm. crystal has k4 = 0-4 (Table 1).
Referring to Hirsch (1952), the former value of kA4
is in the region of anomalous absorption, the latter
value in the region of extinction. Thus if it is assumed
that the crystal used was composed of ideal 0-4 mm.
crystallites, a decrease in the intensity of the trans-
mitted neutron beam as observed (Fig. 9(3)) is to be
expected. Again referring to Hirsch (1952), a value of
kA = 0-4 gives Ry/R, = —1-4. The experimental ratio,
Fig. 9(a) and (b), is Rgz/R; = —1. The discrepancy
between calculation and measurement is not considered
significant since there are large statistical errors on
Rg and R in Fig. 9(a) and (b).

A comparison of Fig.9(a) and (b) with Fig. 8(a)
and (b) shows that the neutron curves are 6-2 times
as broad as the theoretical curves for ideal crystals,
while the X-ray curves are only 2-4 times as broad.
This difference is readily explainable because the
crystallites are of a size that produces anomalous
reduction in the absorption of X-rays but not of neu-
trons. The radiation in the peak of the observed X-ray
curve has a large probability of passing through several
crystallites with anomalously small absorption. Thus
the central region of the X-ray curve is enhanced over
the wings; and the result is a curve which is much
narrower than the spread of crystallite orientations.
On the other hand, the neutron absorption in the
crystal is independent of the angle of incidence, so
that there is no enhancement of the central region of
the neutron curves. The neutron curves, Fig. 9, cor-
rectly represent the spread of crystallite orientation.

Conclusion

The observed variation of y-ray intensity from the
Ca (ny) reaction in a nearly perfect calcite crystal gives
direct demonstration of anomalous absorption of neu-
trons in thick crystals which have low absorption for
neutrons. The absorption was too small for anomalous
transmission to be observed. Both of these facts agree
with the predictions of the dynamical diffraction
theory for a semi-infinite ideal crystal. A study of the
transmission of X-ray and neutrons in the neighbour-
hood of a Laue reflection position for a cadmium-
containing crystal, 3 CdSO,.8 H,0, showed anomalous
transmission of the incident beam with X-rays but
showed no such effect with neutrons. The X-ray and
neutron measurements are consistent with the theory
for a crystal with a mosaic structure of 0-4 mm. aver-
age size, indicating that the cadmium sulphate crystal
was imperfect.

The author wishes to thank Prof. P. P. Ewald for
suggesting a study of anomalous absorption of slow
neutrons in crystals.
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