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The Transmission of Slow Neutrons through Microcrystalline Materials*
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The transmission of monochromatic slow neutrons through microcrystalline Be and BeO
has been determined. The source of neutrons was the Argonne heavy water pile. These-neutrons
were monocromatized by means of a mechanical velocity selector for low energies and a neutron
crystal spectrometer for higher energies. The results are in excellent agreement with the
theory of elastic scattering from crystals. It is found by comparison of the results on BeO-
with the theory that the scattering amplitudes of Be and 9 have the same sign. This method
may be used to determine the relative scattering phases of other pairs of nuclei which can be
combined to form a crystaOine material. The sample must consist. of crystals smaller than a
micron in linear dimensions. Other possible sources of disagreement between theory and
experiment are discussed in Section 5.

1. INTRODUCTION microcrystalline Be and BeO. It is the purpose
of this paper to present the results of these
measurements and to compare them with theory.
In particular, it will be shown in Section 4 how
the results can be used to determine the relative
phases of the Be and 0 scattering.

In Section 2, the experimental methods for
obtaining monochromatic neutron beams are
discussed and in Section 3 the experimental
results obtained with these beams are given.
Section 4 contains a discussion of the theory with
particular reference to its application to ma-
terials containing more than one atomic species.
The limits of applicabihty of the theory are con-
sidered in Section S.

HE measurement of the efkctive scattering
cross section of crystalline materials for

slow neutrons is of considerable interest in con-
nection with problems of neutron diffusion. If the
material consists of nuclei having a small ab-
sorption cross section, the scattering - cross
section can be determined by measuring the
transmission coefficient for slow neutrons. It is
known that the scattering cross section deter-
mined in this way is a very sensitive function of
neutron energy which shows violent fluctuations
for small changes in the energy. These Huctua-
tions aie associated with the appearance of
Bragg rejections from the appropriate planes in
those of the microcrystals which are properly
oriented. The shape of the transmission curve
has been determined theoretically by Halpern,
Hammermesh, and Johnson' and by Weinstock'
for materials containing one atomic species. The
generalization to multi-atomic materials is
simple and will be given in Section 4.

%ith the intense monochromatic neutron
sources which are now available, it is possible
to obtain a rather precise measurement of trans-
mission curves as a function of energy. Measure-
ments of this kind have been carried out for

~ This document is based on work performed under the
auspices of the Manhattan Project at the Argonne Na-
tional Laboratory, This paper was submitted for declas-
sihcation on November 27, 1946.

**Also a member of the Institute for Nuclear Studies,
University of.Chicago.

0 Halpern M Hammermesh, and M. H. Johnson,
Phys. Rev. 59, 981, {1941).
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The monoenergetic neutron beams required
for the measurements were obtained by means
of two velocity selectors in conjunction with the
heavy water pile at the Argonne Laboratory.
The first was the mechanical velocity selector
first used by Fermi, Marshall, and Marshall, as
modified by Brill and Lichtenberger, ' which by
use of a motor driven cadmium shutter and
proper timing devices can be applied to the
measurement of cross sections for the range of
neutron energies between 0.004 and 0.20 electron
volt. The second, which extended the measure-
ments in one case to about 1.0 electron volt,

3 This velocity selector wiO be described in forthcoming
papers by E. Fermi, L. W. Marshall, and J. Marshall and
by T. BriO and H. D. Lichtenberger. This description of a
use of the instrument before publication of their papers
is presented with the permission of these authors.
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FIc. 1.The microcrystalline beryllium cross section. The

solid line represents the cross-section function as calculated
in Section 4. Triangles at the base of the curve indicate
the resolution of the instrument in the various ranges of
measurement. The cross sections, 0, are given in units of
10 ~ cm'/atom (barns).

made use of the monoenergetic beams of neutrons
diffracted from LiF(100) in the neutron crystal
spectrometer which has been previously de-
scribed. 4

The bursts of neutrons periodically released
by the rotating shutter of the mechanical ve-
locity selector passed through a neutron detector
after traversing a measured path between the
shutter and detector. The output of the detector,
recorded during short measured intervals after
the release of the initial burst and during the
time the burst was passing through the counter,
made it possible to record only neutrons in a
very small velocity range. By introducing a
sample of a microcrystalline substance into the
periodic beam released by the shutter, it was
possible to measure the transmission of the
substance as a function of energy by measuring
the fraction of neutrons scattered by the sample
in each small energy interval. The value of the
effective scattering cross section was calculated
for this interval from the measured transmission
data.

4%. J. Sturm and S. H. Turkel, Phys. Rev. 70, 103
(1946); W. H. Zinn, Phys. Rev. 70, 102 (1946}.

The neutron source was a beam from the
graphite thermal column of the chain reactor
collimated by a series of three absorbing slits to
a 4" X3"area. The spectrum of neutrons emitted
from this source had an approximate Maxwellian
distribution of velocities with its peak at about
0.04 electron volt. The intensities in the range
between 0.004 to 0.20 electron volt were suf-
ficient for these measurements; outside this
range intensities were generally too low to be
used. Passing through the shutter the inter-
rupted beam fell upon the absorber and reached
the detector, 150 cm from the rotating cylinder.
The detector, mounted with its axis normal to
the beam, was a BF3 proportional counter, 3.8
cm in diameter and 11 cm long, having a central
wire 0.002 inch in diameter. The filling gas was
enriched in the isotope B"to increase its counting
efficiency. In order to minimize the effect of
background neutron radiation, the whole counter
except for a port to admit the beam was sur-
rounded by a 2.5-cm shield layer of boron
carbide.

Measurement of transmission was made by
comparing the beam intensity at the various
energies with the scattering sample interposed
in the beam to the intensity of the unfiltered
beam. A second series of similar measurements
was taken at each energy to evaluate the inten-
sity of neutrons leaking through the shield plus
those fast neutrons which passed through the
closed shutter. This measurement was made by
stopping the shutter and setting it at the posi-
tion which it assumed at the time the signal from
the detector was sent to the recorders. In this
position only fast neutrons could pass through
the shutter to reach the detector. In all cases
this background intensity was less than 5 percent
of the total Aux in each energy interval, reaching
this fraction only in the extremes of.the energy
range. The transmission was then calculated
from the relation

T=R(a)/R(0),

where R(a) is the counting rate in the filtered
beam corrected for background, and R(0) is the
counting rate of the open beam similarly cor-
rected.
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3. RESULTS

A. Beryllium

The sample for the measurements was pre-

pared from a block of very pure microcrystalline
beryllium metal reduced to chips by turning on
a lathe. These chips, subsequently further pul-

verized by trituration in a mortar and pestle
made of beryllium metal, were reduced to their
final size in a beryllium ball mill. A 3.25"
diameter cylindrical disk of the material having
a surface density of 2.45 grams/square centi-
meter was prepared by pressing in a die. The
cross section per atom shown plotted in Fig. 1

w@s calculated from the relation

in which N is the number of atoms of Be per
cm' and T is the transmission measured in the
rrranner discussed above. Solid lines represent
theoretically predicted values. Uncertainties in

the cross section were evaluated by assigning a
statistical uncertainty equal to the square root of
the number of counts to each of the four measured

components of the transmission value. Because
the intensities were lowest at the extremes of the
energy range, cross-section measurements at
these energies show the greatest statistical un-

certainty.

B, Beryllium Oxide
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this purpose, we consider a beam of neutrons
moving in a given direction incident upon a
single microcrystal. The wave-lengths of the
neutrons in the beam are assumed to be dis-

tributed uniformly between X and X+AX. The
orientation of the microcrystal is such that one
of the wave-lengths in the interval hX undergoes

Bragg reHection from some particular set of
lattice planes. Then, since the scattered wave is
undergoing constructive interference, the scat-
tered intensity is proportional to the square of
the number of scattering centers. Thus, if No is
the number of nuclei in the microcrystal and I"

the scattering cross section of a nucleus, the
scattered intensity is proportional to Np Ii. .

Since the crystal is finite in size, the scattered
beam is spread by diffraction over a solid angle
of the order of (X/l)'/cos8 where l is the average
linear dimension of a microcrystal and 8 is the
angle between the scattered beam and the

A sintered block of Beo, prepared from very
fine powder crystals was used to measure the
scattering cross section for this compound. Cross-

section values were calculated from transmission
measurements and, as can be seen from Fig. 2,
agree very well with the theoretical treatment
given below.

In the case of the beryllium oxide curve,
mechanical velocity selector measurements were

repeated on the neutron crystal spectrometer in

the range between 0.04 and 0.20 electron volt
and extended to 1.0 electron volts by this
method.
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SCATTERING CROSS SECTION

OF MICROCRYSTALLINE BS0
FOR NEUTRONS.

O MECHANICAL VELOCITV SELECTOR
~ RVSTALSPECTROMETER

4. THEORY 0
OOOI OOI Ol

NEIITRoN ENERSY I IN E vi) ~
Although the theor'y of the coherent scattering

of neutrons by microcrystalline materials has
been given, ' ' it seems worth while to indicate the
physical factors which go into the results. For

FrG. 2. Scattering cross section of BeO. Alternate theo-
retical curves for same and opposite phase of neutron
scattering are shown as solid and dotted lines, respec-
tively. Results indicate that the Be phase is the same as
the oxygen phase.
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og =NFL'/b, (3)

where N is the number of nuclei per unit volume.
This cross section is to be summed over all sets
of crystal planes and all orders of reflection which
are consistent with the Bragg condition; i.e., for
which b&2/X.

From this result it can be seen that for very
low neutron energies of wave-length large com-
pared to twice the spacing between any adjacent
lattice planes, no Bragg reHection can occur so
there is no coherent scattering. When the energy
is increased to the point at which the Bragg con-
dition is just satisfied for the most widely spaced
pair of lattice planes, there is a discontinuous

normal to the crystal plane responsible for Bragg
reflection. Since cos8 = bX/2 where b is the product
of the order of the reflection and the reciprocal
of the spacing between lattice planes, the inten-
sity of the scattered beam integrated over its
spatial width is proportional to

XNO'F/Pb.

Only neutrons within a small range of wave-
lengths in the interval AX contribute to this
scattering. The fraction of the neutrons with the
proper wave-length can be obtained from the
resolving power of the crystal which is dh/X = 1/M
where b/ is equal to the product of the order of
the reflection and. the number of crystal planes
contributing to the reflection. The fraction of the
incident neutrons which are scattered is therefore
dX/hX =X/blah, so the ratio of the intensity
scattered to the incident intensity is propor-
tional to

¹'FX'/Pb'hX (2)

This scattered intensity is now to be averaged
over all orientations of the microcrystal. Since
the crystal gives rise to a Bragg reflection only
if its orientation is such that the Bragg condition
is satisfied for some wave-length, within 6), a
contribution to the scattering is obtained only
in the solid angle 27rh(cos8) = 2s.bAX/2. The
average over-all orientations, therefore, gives
.rise to the'factor A(cos8)/2=bhX/4 The final.

result for the scattering cross section per nucleus
corresponding to scattering of a particular order
from a particular set of lattice planes is, apart
from numerical factors,

jump in the scattering given by Eq. (3). Then
the cross section decreases proportionally to the
square of the neutron wave-length until the
Bragg condition is satisfied for the next: most
widely spaced pair of lattice planes. At that
point, another term of the type Eq. (3) is intro-
duced so the cross section again increases discon-
tinuously. This behavior repeats itself as the
energy is increased so a jagged curve of the form
shown in Fig. 1 is obtained.

The exact form of the elastic scattering cross
section with the correct numerical factors in-
cluding a factor which takes into account the
zero point and thermal oscillations of the crystal
)$2

0;= Qg(2(yFNX' exp( cob')—/S~b, (4)

where co is a constant which depends on the
Debye temperature and temperature of the
lattice and is to be obtained from reference 2,
Eq. (30). F is to be interpreted as the form factor
of the unit cell in the crystal and X the number
of unit cells per unit volume. Then 0, is the
cross section per unit cell.

Since the Be lattice is hexagonal close packed,
the form factor is given by

Fs.= 2o s.L1+coss (23+4m+3m)/3]/ps, ', (5)

where 0B, is the cross section of the free Be
atom, p~, is the reduced mass, in units of the
neutron mass, of the neutron and a free Be atom,
and /, m, n are the products of the order of the
reflection and the Miller indices of the plane
leading to the particular Bragg reflection under
consideration. The appearance of the factor
1/ps, ' is owing to the very large effective mass of
a Be atom which scatters neutrons with an
energy small compared to the binding of the Be
in the lattice. ' The theoretical curve obtained
from Eq. (4) for Be at room temperature
(T=293'K) is given in Fig. 2. The cross section
0.~. has been taken to be 6.1. X10 " cm'. This
value is obtained from the mean experimental
cross section for a neutron energy of the order
of several volts (an energy at which the Be atom
may be treated as free). The Debye temperature
of Be has been taken to be' 0+ = 1000'K.

I

~ E. Fermi, Ricerca Scient. 7, No. 2, 13 (1936).See also
R. G. Sachs and E. Teller, Phys. Rev. 60, 18 (1941).

'Mott and Jones, Properties of Metals. and Alloys (Ox-
ford, (1936).
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The generalization of these considerations to
polyatomic crystals leads again to Eq. (4). In
this case, however, the form factor depends on
the positions of the different atomic species in
the unit cell and on the relative signs of the
amplitudes of 'the waves scattered from the dif-
ferent nuclei. If our considerations are limited to
biatomic crystals, the form factor is given by

F=4s l A g P~, exp[2si(lu+mb+nc)
+Am P p„exp)2si(ln+mP+ny) $ ~', (6)

where abc are the positions in terms of the
primitive translations of the lattice of the nuclei
which scatter with amplitude Aq, and nPy are
the corresponding positions of the nuclei which
scatter with amplitude A2. For the BeO crystal
this reduces to

FBeo =41I'
~
A Be+A o exp3s'in/4

~
'Fs,

where Fs, is to be obtained from Eq. (3). In
particular, for n= ~1, the amplitude dependent
factor is

As, '+Ap' —42A sQo.
Since A~, and Ao are of the same order of mag-
nitude, this quantity depends rather sensitively
on the relative signs of the amplitudes A~, and
Ao. It is larger if the signs are opposite. Thus,
for the rejections from the twelve sets of planes
(I, m) =(a1, 0), (0, a1), (1, 1), (—1, —I) with
n = &1, there will be a considerable difference in
the strength of the Bragg peak between the two
cases of like sign and opposite sign. This makes
it possible to determine experimentally by a
transmission measurement whether the signs
Ap. and Ao are equal or opposite.

The theoretical curves for the cross section
as a function of energy are given in Fig. 2 for
both possible choices of sign. In obtaining these
curves, the magnitudes of the scattering ampli-
tudes were obtained from

4s [As
~

=&B /ps', 4s [Ao('=0o/uo' (7)

where 00 is the scattering cross section, of a free
0 atom (found as before from the scattering of
one volt neutrons to be 4.1X10 "cm') and po
is the reduced mass of the neutron plus a free 0
atom. The 'Debye temperature of BeO was
estimated from the velocity of sound and found
to be 0"=1200'K. Comparison of the experi-

mental points arid the theoretical curves shows
clearly that the signs of the amplitudes of the Be
and 0 scattering are the same.

1PPF/sb'.

Since it is desirable to have not more than 1
percent of the beam scattered by one micro-
crystal, the upper limit on the crystal dimen-
sions may be taken to be

I & (s)&b/10%(F) &. (9)

If b=3)&10~em ', F=10 "cm'and N=4&10"
Eq. (9) becomes l&SX10 'cm. Thus, forcrystals
of linear dimensions smaller than a micron, one
would not expect an appreciable reduction in the
peaks because of extinction. These dimensions
refer to the prefect microcrystals of which the ma-
terial is composed. Considerably larger crystallites
would be acceptable if the crystallites consist of
many such microcrystals oriented at small angles
with respect to each other. In order to be sure
that this condition was satisfied for the Be
crystals on which were made the measurements
discussed in Section 3, it was necessary to break

5. CONCLUSION

The good agreement between theory and
experiment indicates that the application of Eq.
(4) to other crystalline materials should give an
adequate representation of the scattering cross
section as a function of energy. There are, how-
ever, a number of conditions that may lead to
deviations from this result.

Probably the most important of these would
be the occurrence of such large micrgcrystals in
the sample that the peaks in the scattering are
wiped out by extinction in the crystals. An
estimate of the maximum size of the micro-
crystals to be used can be obtained by deter-
mining what fraction of those neutrons of a given
energy which hit a particular crystal at the
Bragg angle are scattered. This fraction can be
obtained by dividing the expression (1) by the
projected cross-sectional area of the crystal
which is given by P cos8 =PB /2 If we in. troduce
the correct numerical factor which can be ob-
tained by comparing Eqs. (1)-(4), the fraction
of the neutrons scattered by a particular set of
crystal planes turns out to be
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the material up mechanically; for BeO, there was
no such difficulty.

Other sources of deviations from the theory
may be the following:

(1) The microcrystals not randomly oriented. This may
occur when the sample is prepared by extrusion.

(2) The temperature of the sample not small compared
to its Debye temperature. Then an appreciable amount of
inelastic scattering would be .expected. This would render
the peaks less sharp and would introduce appreciable
scattering below the first Bragg limit.

(3) The crystal contains two or more isotopic constitu-
ents which have appreciably different scattering properties.
The incoherent scattering background would then be
appreciable. 'However, it is necessary that there be a very
strong dependence' of the scattering amplitude on the
isotopic identity of the nucleus for this to be a large effect.

(4) The nuclei of the sample have a spin different from
zero and the scattering is strongly spin dependent. This
would again lead to an incoherent background which
would be large only if the spin dependence of the scattering
were very strong.

(5) If the sample used is made up of a.very fine powder,
the surface area will be so large that there is a chance

that adsorbed surface films may contribute appreciably to
the cross section. This may lead to an erroneous interpre-
tation of the results, particublrly if one is trying to distin-
guish between two possibilities corresponding to two
different combinations of the signs of the scattering
amplitudes. If a large amount of water, for example, is
adsorbed on the crystals, there will be a smooth background
cross section rising rapidly at low energies mhich could
easily transform the lower curve in Fig. 2 into a curve
that could hardly be distinguished from the upper curve.

If care is taken to avoid the difhculties men-
tioned above, it is believed that the transmission
method offers a good procedure for determining
the relative phases of the scattering of pairs of
nuclei which can be compounded to form a micro-
crystalline material. This would then make it
possible to determine the absolute sign of the
scattering phases of a series of nuclei if the phn, se
were determined for one particular nucleus.

The numerical work required for determining
the theoretical curves in Figs. j. and 2 was carried
out by M. G. Goldberger.

PHYSICAL REVIEW VOLUME 71, NUMBER 9 MA Y 1, 1947
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A method is described for determining the half-lives of metastable ions by varying the
voltage which sweeps the ions from the ionization chamber of a mass spectrometer. The half-
life of the state corresponding to the transition C4Hio+~C3Hy++)CHIj has been found to be
2.0X10 6 second and the value found for the transition C4Hio+~C3HB++PCH~g was 1.7
X10 6 second. In answer to the objection that the diffuse peaks should not be prominent
in the 180' instrument if they are to be attributed to spontaneous dissociation during transit,
it is shown that this result is to be expected for. metastable transitions. The relative number
of ions in the metastable states initially is estimated. .

INTRODUCTION

~ ~HE diffuse peaks appearing in the mass
spectra of hydrocarbons have recently been

attributed to the spontaneous dissociation of'

metastable ions during transit. ' ' Several workers
in the field have objected to this interpretation

*Present Address: National Bureau of Standards,
Washington, D. C.

1 J. A. Hippie and E. U. Condon, Phys. Rev. 68, 54
(1945).' J.A. Hippie, R. E.Fox, and E. U. Condon, Phys. Rev.
69, 347 (1946).

on the basis that the appearance of diffuse peaks
in the 180' instrument is unexplained —the peaks
having roughly the same appearance as in the
sectored-field instrument such as that employing
a deHection of 90'. In the latter instrument there
is a considerable distance between the ion source
and the deHecting magnetic field where the
dissociation could occur without sn appreciable
deRection of the ions, and this situation does not
obtain in the former case. This paper wi11

attempt to show that a diffuse peak observed


