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SUMMARY

In recent years, a question of interest to reactor physicists has
been, under what circumstances the discrete fundamental mode eigenvalue
(decay constant) and the eigenfunétion (equilibrium spectra) can exist
for the néutron transport equation, which describes the motion of thermal
neutrons in a moderating assembly. Theoretical analysis has shown that
thermal neutrons, diffusing in a moderating medium, cannot reach an
equilibrium distribution for certain time-dependent and steady-state
cases when the system size or the absorption concentration are varied
beyond some '"critical" wvalues.

A series of measurements to determine accurately the total cross
section of polycrystalline beryllium, beryllium oxide, and graphite,
below the Bragg cut-off energy, has been made. These measured results
are one of the parameters crucial to an accurate determination of the
"critical" dimensions of these moderators below which the discrete
fundamental mode eigenvalue cannot exist.

Measurements were also made to establish accurately the total
cross section, above the Bragg cut-off energy, of the beryllium moderator
used in the experiments of Lake and Kallfelz, Over a certain energy
range, the results of the measured total cross section have been found
to be less than the values generally used for theoretical calculations.
This is caused by the extinction effects due to the presence of rela-

tively large grain sizes.
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A theoretical study of the space, angle-dependent spectra, in a
35.56 x 35.56 x 50.0 cm long beryllium moderator, has been made using
the adjoint Monte Carlo technique. The calculated energy spectrum, in
the forward positive z direction, at 10.2 cm from the source, is in good
agreement with the experimental results of Lake and Kallfelz., This
theoretical analysis has shown that the first term of the Placzek kermel,
normalized to yield the correct inelastic cross section, can provide a
good representation of the inelastic scattering properties of a beryllium
moderator.

A theoretical study of the total angle-integrated flux, as a
function of distance from the source, has been made in finite sizes of a
beryllium moderator, using the SN method. Here the transverse leakage
term has been approximated by the energy-dependent transverse buckling
concept, whereas the transport of neutrons along the axis of the assembly
has been treated exactly. It has been found that, in a 150 x 150 cm
beryllium assembly, the neutron distribution reaches an equilibrium condi-
tion fairly rapidly, whereas in 35.56 x 35.56 cm and 60 x 60 cm beryllium
assemblies the neutron distribution dces not reach an equilibrium condi-
tion even after a distance of 100 cm from the source plane,

These results are in agreement with the published asymptotic
transport theory predictions and are in direct disagreement with the cor-
responding diffusion theory results which predict that equilibrium con-
ditions should exist in beryllium assemblies with transverse dimensions
as low as 30 x 30 cm. This demonstrates the limitations on the use of
diffusion theory for small systems with strong transverse leakage. The

reasons for the breakdown of diffusion theory have been discussed in some

detail.



CHAPTER I
INTRODUCT ION

Fast neutrons, if produced in a moderating medium from any of the
usual sources, will collide with the nuclei of the moderator and lose
energy by elastic and inelastic processes. As long as the energy of the
neutrons is greater than about one electron volt (eV), the scattering
law, which determines the rate of slowing down, will be independent of
the physical state of the moderator and will be determined solely by the
nuclear forces between the neutron and the nuclei. At about one eV,
depending on the temperature of the medium, the thermal motions of the
scattering atoms will start to become significant compared with that of
the neutron. The scattering law will be dependent on the nature of the
molecular binding of the moderating medium., As the neutron energy de-
creases still more these effects become more important, and the neutron
will be both losing energy to the moderator atoms, as well as gaining
energy from them. Eventually in an infinite, non-absorbing medium a
situation will be reached where the neutrons, on the average, receive as
much energy as they lose and an equilibrium is reached. The equilibrium
distribution of neutrons will, in general, not be Maxwellian because of
absorption, leakage, and slowing down effects, It is the last stage of
the slowing down process, that is, from one eV to zero eV, with which one

associates the name '"thermalization.' The thermalization rate and the



final equilibrium distribution of neutrons in space and energy will be
determined in part by the scattering kernel. The latter is a measure of
the probability that a neutron which has a particular initial energy will
end up after a collision with a particular final energy and will have

been scattered through a certain angle. Part of the thermalization theory
entails the calculation of this quantity, which clearly depends on whether
the scatterer is liquid, solid, or gaseous, and also on its temperature
and state of chemical binding.

Thermal neutrons diffusing in an infinite, non-absorbing medium will
always attain a Maxwellian equilibrium distribution, irrespective of the
nature of the energy exchange mechanism of the scattering kernel of the
moderating medium. To obtain information on the nature of the scatter-
ing kernel, the spectrum must be distorted from the Maxwellian in some
manner; this distortion is often accomplished by either increasing the
absorption or the leakage of neutrons from the moderating medium. The
former method is used in the "diffusion length'" problem where the spatial
decay of neutrons diffusing into the medium from a planar source is
studied as a function of the absorption concentration.

The latter method is used in the "pulsed neutron" problem where
the time decay of an initial pulse of neutrons is observed as a function
of the transverse buckling of the moderating system. By adopting such
methods, one extracts the diffusion parameters, such as the diffusion
coefficient D and the diffusion cooling coefficient C which are sensitive
to the thermalization properties of the moderator.

There have been many experimental and theoretical studies of the



diffusion length and pulsed neutron problem. Crystalline moderators like
beryllium, beryllium oxide, and graphite, with their relatively weak
energy transfer characteristicsl and strongly fluctuating neutron trans-
port cross section, have received special attention from experimental and
theoretical investigators. Recently these studies have concentrated on
the question of how severely one can distort the spectrum and under what
conditions an equilibrium spectrum can exist in such moderating systems
with high absorption concentration or severe transverse leakage.

It has been shown that there exists a limit on the maximum absorp-
tion concentration or the minimum size of the system beyond which a dis-
crete eigenvalue and the associated eigenfunction cannot exist. That is,
the decay is no longer asymptotic at long times or distances from the
source, This means that the assumption of space- (or time-) energy
separability, often used for solving the neutron transport equation, is

; ; ;& ; 2;3.4
no longer valid, as the solution is in the continuum region, ™’

Upper Limit on the Decay Constants

Let us consider an elementary discussion concerning the existence
of an upper limit for the space eigenvalue in the diffusion length prob-
lem. The steady-state diffusion length problem is essentially a study
of the spatial decay of neutrons, diffusing into a moderating medium from
a planar source, as a function of either the absorption concentration or
the leakage induced by the finite transverse size of the system.

Consider the homogeneous part of the transport equation for an

essentially infinite half-space of an isotropic scattering medium:
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is the cosine of the scattering angle, ET(E) is the total macroscopic

cross section, and ES(E'%E) is the differential scattering cross section.
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The 1inscattering integral is always greater than or equal to zero,

the flux is always non-negative, and p = 1; therefore

I
-
s

K, s {ET(E)}Min (3)

Corngold5 has proved a maximum absorption theorem in which he

*

states that there exists a maximum absorption concentration, Na , such
that for, Na = Na*, no discrete eigenvalues exist. This means that, as
the absorption concentration increases, the eigenvalue increases at a
relatively faster rate than ET(E) and at some maximum absorption concen-
tration even the fundamental eigenvalue exceeds the limit given in
Equation 3, This implies that the flux decay in such systems becomes
non-exponential even at large distances from the source.

Thus far, we have considered only a semi-infinite medium. It is

interesting to find out the effect of leakage on the diffusion length in

a finite block of moderator. This problem has been theoretically analyzed



by William56’7’8 using the transport equation and taking into account the
neutron leakage in the transverse directions. In his analysis of the
existence of a fundamental mode decay as a function of both absorption
and transverse dimensions, he finds that the limit on the existence of
the discrete fundamental mode decay, in terms of a maximum transverse

%
buckling, B , is given by

2 - K 2

* 2
(B)" = {2 B, - K,

(%)

where KO is the infinite medium fundamental decay constant which is equal
to the inverse of the diffusion length. The maximum transverse buckling,
%

B , of rectangular prisms of polycrystalline moderators with only natural

-3 -2
absorption is found to be of the order of 10 cm ~ for beryllium and

1.5 x 10-3 c:m_2 for graphite at 300“1{.9 However, it should be noted that,
for poisoned and low-temperature crystalline moderators, these maximum
bucklings will be even smaller because, for this case, an increase in
absorption will increase the value of KO faster than ZT(E) below the
Bragg cut-off energy.

For a large class of moderators, like H,0 and D,0, the minimum
value of o, occurs at "high' energies, ~ 1 eV, and is the free-atom cross
section value.5 However, in the case of crystalline materials like
beryllium, beryllium oxide, and graphite, L displays sharp fluctuations
because of the coherent Bragg scattering peaks. Figure 1 shows that oL

drops at an energy just below the Bragg cut-off to a minimum which is

much lower than the free atom value. As seen in Figure 1, the total cross
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section below the Bragg cut-off energy is very sensitive to the moderator
temperature. We notice from Equations 3 and 4 that the critical absorp-
tion concentration or the critical transverse buckling is more restricted

in crystalline systems than in common liquids like H20 and DZO'

The pulsed neutron problem is a study of the time behavior of an
initial pulse of neutrons injected into a finite moderating system. For

this case, the general proof for the existence of a fundamental time-
11

eigenvalue using the transport equation has been given by Nelkin and

Corngold.12 The limit on the existence of the discrete fundamental mode

time~eigenvalue, A,» as predicted by transport theory analysis is given by

A _ < Limit {v Z_(E)} =\ (5)
(e} T
v -> O

where ho is the fundamental time decay constant and v is the neutron
velocity,
12 . . . .
Corngold ~ has proved a maximum buckling theorem in which he states
*
that there exists a maximum value of buckling, (B )2, such that, for B2
greater than (Bx)z, no discrete eigenvalues exist. This has been modi-

fied by a more recent theoretical analysis of this problem by Conn and

13,14,15

Corngold. The essence of their analysis is that, for systems

.

; o . ;
with buckling less than (B ) true discrete modes exist, whereas for sys-

* 2
)

tems with buckling equal to and somewhat greater than (B psuedo-

discrete modes exist. Howewver, in systems with bucklings substantially
% 2
greater than (B )~ , no discrete modes exist. Such a behavior has been

16,17

experimentally observed by Ritchie and Rainbow in a beryllium oxide

moderator,



Current Experimental and Theoretical Situation

The behavior of the space, angle-dependent neutron energy spectrum

6,7

in small beryllium moderator systems has been analyzed by Williams by
solving the transport equation for the case of a simple separable plus
elastic kernel. This synthetic kernel is a crude approximation of the
scattering kernel to describe the neutron scattering phenomenon in poly-
crystalline moderators and it is devised such that it satisfies the de-
tailed balance equation and gives the correct total scattering cross sec-
tion when integrated over the final energies. William56 has shown that,
in assemblies approaching the limit in Equation 4, the angular spectrum
is strongly anisotropic as seen in Figure 2. The angular flux distribu-
tion has a marked forward (positive z direction) bias of neutrons possess-
ing energies at and below the Bragg cut-off energy. As one moves away
from the forward direction, the peak rapidly diminishes in intensity, be-
coming a depression in the negative z direction. When the moderator di-
mensions are small enough to exceed the limit in Equation 4, there is no
asymptotic spatial decay and the angular flux distribution is governed by
source and continuum transients. At some distance from the source, the
source transients die away and fhe angular spectrum is totally governed
by the continuum transients. In this region, the transient angular dis-
tribution has a forward bias of sub-Bragg neutrons; this bias progressively
increases with the distance from the source and the buckling of the system.
As the size of the system is decreased, a point is reached when
the angular spectrum would consist of a highly singular beam of neutrons

of energies below the Bragg cut-off, This is the well known crystalline

filtering effect.
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10

The behavior of the transverse flux distribution which changes
progressively with distance from the source has been observed experimentally
in graphite by DeJuren and Swanson.lB They showed that, to fit a
sin {B(x + xo)} function (where X is the extrapolated end point) to the
flux, it is necessary that X be an increasing function of z. Thus it
was shown, at least by implication, that in sufficiently small steady
state systems the flux is changing progressively even after large dis-
tances from the neutron source.

Recently Ahmed, Kothari, and Kumar19 have analyzed the diffusion
equation governing the spatial diffusion of neutrons in finite sizes of
crystalline moderator systems by using diffusion theory and an energy-
dependent buckling approximation. Their analysis predicted that the neu-
tron distribution reaches an equilibrium condition in beryllium assemb-
lies with transverse dimensions as low as 30 x 30 cm. They found that
the equilibrium condition is not reached in assemblies of intermediate
transverse dimensions between 20 x 20 cm and 30 x 30 cm; also that "pseudo-
equilibrium' conditions are established in assemblies with transverse di-
mensions less than 20 x 20 cm. The critical dimension of 30 x 30 cm for
polycrystalline beryllium is substantially lower than the critical dimen-
sions of 127 x 127 cm, as predicted by the transport analysis of Williams.
Williamszo has argued that the use of diffusion theory is not justifiable
in such small systems and therefore the diffusion theory results of Ahmed
et al. are highly questionable,

4 2
Lake and KallfelzZI’ZL’z3

have presented experimental results sup-
porting the more restrictive limit, given in Equation 4, for the existence

of the discrete fundamental mode decay. They have made a series of mea-
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surements of space dependent angular neutron energy spectra in various
rectangular configurations of polycrystalline beryllium. Figure 3 shows
one set of measurements of the space dependence of neutron angular spec-
trum in the positive z direction along the longitudinal axis of the

35.6 x 35.6 x 50.8 cm beryllium assembly.

According to the Williams theory,ﬁ’g the buckling range used in
this experiment should be well into the region governed by the continuum
of eigenvalues, and thus the spectra should be strongly space dependent.
But according to the aforementioned diffusion theory analysis of Ahmed et
al.,l9 the transition from a discrete asymptotic mode to a continuum decay
should occur for beryllium block sizes of 30 x 30 cm. As seen in Figure
3, the experimental results show that the relative flux peaking of sub-
Bragg neutrons is a progressively increasing function of distance from the
source. It shows no tendency to approach equilibrium distribution even
at distances in excess of 40 cm from the source plane, Lake and Kallfelz
concluded that their results are in qualitative agreement with Wiliiams'

transport theory predictions and in disagreement with Ahmed's diffusion

theory analysis.

Importance of }:T(E)Min

Theoretical study has shown that the upper limiting value of the
discrete eigenvalue is determined by ET(E)Min in the stationary diffusion
length problem and by (v ZT(E)Min) in the time dependent pulsed neutron
problem as given in Equations 3, 4, and 5.

In the case of a strong coherent scatterer, like polycrystalline

beryllium, beryllium oxide, and graphite, the total cross section shows
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sharp fluctuations with energy in the vicinity of Bragg scattering peaks,
At some Bragg cut-off energy the total cross section sharply drops down
to a low value as seen in Figure 1. This is due to the fact that those
neutrons whose wavelength is greater than twice the largest spacing be-
tween the crystal lattice planes cannot undergo coherent Bragg scatter-
ing.25 At energies below the Bragg cut-off, ZT(E) reaches its minimum
value and has a smooth energy dependence. Here the total cross section
is made up of the incoherent elastic, absorption, and thermal inelastic
cross sections. In materials like beryllium, beryllium oxide, and graphite,
the incoherent elastic cross section is negligibly small.l Since the ab-
sorption cross section is small, the total cross section is essentially
equal to the inelastic cross section and is very sensitive to moderator
temperature,

It is evident that, for any qualitative predictions of the value
of the limits B* and h*, an accurate knowledge of ZT(E)Min is necessary.
Williams6 has estimated the values of 8*2 at 300°K for graphite and
beryllium as 1.5 x 10_3 cm—2 and 10-3 cm-z, respectively. In the time
dependent case the usually accepted values of the upper limit of the
time eigenvalue, h*} are 3800, 2600, and 2500 sec—l for beryllium, graph-
ite, and beryllium oxide, respectively. One might ask at this point how
well established these wvalues are. In general, discrepancies have been
found in these critical values, particularly for graphite. Conn and
Corngold14 find that, for graphite, general agreement between theory and
the experimental dispersion curve for the time dependent case seem to re-
quire a value of h* about half of the usually accepted value of 2600

-1 .
sec ~. For answers to such questions one should look at the reported
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values of the total cross section below the Bragg cut-off energy for

these crystalline materials. Discrepancies between the calculated and

26,27

the experimental values have been reported for all three materials.

Particularly for graphite, a glance at the reported values of the

thermal inelastic cross section, o, indicates that experimental re-

inel?

sults seem to have limited accuracy. Both Hughes and Bacon25 indicate a

value of o, = 0.90 barn for graphite at a neutron wavelength, A, equal

nel
to 8 A. On the other hand, Egelstaff28 indicates L 0.56 barn
(BNL—32510 data) and Palevsky's result reported in Reference 29 indicates

0 nel = 0.28 barn at 8 %, Egelstaff28 reports that the cross section
measurement of polyerystalline materials, like graphite, is made diffi-
cult by the presence of a large small-angle scattering contribution.

Small-angle scattering of neutron525’28’30’31

is a process similar to
refraction where the neutrons are preferentially scattered through small
angles as they pass through many air/solid interfaces in a porous sample
such as graphite. The small-angle scattering contribution in an experi-
mental evaluation of the thermal inelastic cross section depends on the
presence of impurities, grain size, and the geometry of the experiment.
It has been suggested28 that the high cross section measurements,

> 0.56 barn at 8 A, may be due to small-angle scattering of neutrons by
the graphite grains. However, this does not explain the difference of a
factor of roughly two between the data of Egelstaff and Palevsky. The
theoretical calculation of the thermal inelastic cross section in the in-
coherent approximation made by Ghatak32 and Clendenin33 gives a value

which is a factor of two lower than the BNL-325 data.lo It has been
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suggested by several authors that, since graphite is a strong coherent
scatterer, it may very well be that the discrepancies are caused by the
breakdown of the incoherent approximation, especially at energies below
the Bragg cut-off. Khubchandani et al.34 have made a one phonon coherent
calculation of the inelastic cross section using Krumhansl and Brooks'35
model of the phonon frequency distribution inm graphite. They find better
agreement with the lower experimental results of Palevsky. Recently,
Conn36 has made a one phonon cocherent calculation using his approximate
model for the phonon frequency distribution of graphite. His results show
good agreement with BNL-325 cross section data for graphite at 478°K but
not at room temperature. On the whole, it is quite obvious that another
careful measurement of the thermal inelastic cross section below the Bragg
cut-off energy is desirable.

In the case of beryllium oxide there is only one reported value of
the thermal inelastic cross section below the Bragg cut-off energy. This

37,38

has been given by Zhezherun et al., who report a 0. = 0.8 barn

nel

below the Bragg cut-off energy. This figure has a large experimental error
of the order of 50% or more, and, as stated by the authors, no attempt has
been made to determine the effect of the small-angle scattering contribu-

tion. The theoretical incoherent calculation of the inelastic cross sec-

tion below the Bragg cut-off energy, using the computer codes GASKET39 and

FLANGE40, gives a value of Gi which is approximately half of that re-

nel

ported by Zhezherun et al. It should be noted here that, in the case of

strong coherent scattering moderators, the incoherent calculation of the

. 34,36,41
inelastic cross section has been reported to yield poor results,” ’77°



16

especially in the sub-Bragg energy region. The above discussion shows the
desirability of an accurate measurement of the thermal inelastic cross
section for beryllium oxide below the Bragg cut-off energy range.

Finally, for beryllium there is only one reported experimental re-
sult of the total cross section given in the BNL-325 cross section data.
This measurement was done with the same technique and by the same group
as the BNL-325 graphite measurement mentioned earlier, which still differs
from theory and other measurements. Borgonovi and Sprevakal have made a
one phonon coherent calculation of the thermal inelastic cross section in
beryllium. Their result shows excellent agreement with the BNL-325 data
as compared to an incoherent calculation which was a factor of two higher
than the BNL-325 data. 1In view of the above discussion, it seemed desir-

able to have another measurement of oin for beryllium, as a check on the

el

previous experimental value.

Objectives

The objectives of this investigation are described in this section.

a) Perform a series of measurements at room temperature to deter-
mine the total cross section of beryllium, beryllium oxide, and graphite
in the sub-Bragg energy range.

b) Measure the total cross section, in the above-Bragg energy range,
at room temperature, for the beryllium moderator used in the experiments
of Lake and Kallf21223 and compare the measured cross section with the
BNL-325 data to determine the effects of extinction25 on the cross sec-
tion. The effect of extinction is to reduce the coherent Bragg peaks in

the total cross section. The phenomenon of extinction is discussed in
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detail in Chapter III.

c) Determine the space, angle-dependent neutron energy spectra in a
small finite beryllium moderator using the adjoint Monte Carlo theoretical
approach. From a comparison of the theoretical spectrum calculations with

212
422,23 one can obtain some

the experimental results of Lake and Kallfelz
information about the adequacy of various beryllium scattering kernels
and about methods of solution of the transport equation.

d) Theoretically analyze the spatial behavior of the total, angle-
integrated neutron energy spectra as a function of the transverse size of
a beryllium moderating system. Both the SN approximation and the diffu-
sion theory approximation would be used in the theoretical analysis to
determine whether the neutron distribution could reach an equilibrium con-
dition in a 150 x 150 x 1590 cm, 60 x 60 x 150 em, and 35.56 x 35.56 x 150
cm long beryllium block. This analysis would provide an indication of
whether the critical transverse size is closer to the Kotﬁarilg diffusion
theory limit of 30 x 30 cm or the William39 asymptotic transport theory

limit of 127 x 127 cm. This in turn sheds light on the applicability of

diffusion theory for small moderating systems.
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CHAPTER II

MEASUREMENT OF TOTAL CROSS SECTION BELOW THE BRAGG

CUT-OFF ENERGY

The total cross section was measured at room temperature in the
sub-Bragg energy range for beryllium, beryllium oxide, and graphite. The

1.28,42 that is, the

method used was the simple transmission technique,
counting rate of neutrons at the detector was measured with and without
the sample in the neutron beam. The ratio of these two counting rates is
called the transmission of the sample and bears a direct relation to the
total cross section of the sample. If IO is the counting rate at the de-

tector with no sample in the beam, then after insertion of a sample of

thickness d, the counting rate is

L r & F (6)

where R is the microscopic total cross section and N is the atom density
of the sample. If the transmission ¢f the sample is defined as T = I/Io’

the total cross section o, can be expressed as

6, = 55 Los(D) )

In order that this equation apply rigorously, scattered neutrons

must not reach the detector, that is, the experiments must be carried out
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with a "good geometry." Good geometry is best achieved by locating the
detector as far away from the neutron source as possible and by making
the detector and sample small.

The method used for the selection and measurement of the neutron
energy, in the cross section measurement, was the slow neutron chopper and
time-of-flight technique. The neutron beam from the thermal column of a
reactor was chopped into short-time duration pulses by the rotating chop-
per. The neutrons of different energies in the pulse were allowed to

traverse a flight path of 2 to 3 meters to a BF, detector where they were

3
counted. The counting rate was recorded im a multi-channel analyzer as a
function of time after the chopper burst., Knowing the flight time and path
length, it was a straightforward procedure to arrive at the neutron velo-
cities and hence the incident neutron energy spectrum. A synchronous

motor was used to maintain a constant chopper speed while measuring the
detector response with and without the sample in the neutron beam. This
made it unnecessary to correct the cross section data for chopper trans-
mission, detector efficiency, air scattering, and absorption corrections.
As long as the chopper speed was maintained constant, these corrections
were the same for the data taken both with and without the sample in the
neutron beam and would eventually cancel out in the transmission ratio;
hence it was unnecessary to correct the measured data for the above-
mentioned factors. For the UT(E) measurements, a chopper speed of 1800

RPM was selected which provided a reasonable compromise between acceptable
energy resolution (which improves with increasing rotor speed) and good

neutron transmission (which increases with decreasing rotor speed) in the
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sub-Bragg energy range. This sub-Bragg energy range for beryllium,
beryllium oxide, and graphite involved a region from 0.001 to 0.005 eV.
As mentioned earlier, in this energy range the total cross section is made
up of the incocherent elastic, absorption and both the coherent and inco-
herent thermal inelastic cross sections; howeﬁer, the incoherent elastic
cross section is mnegligibly small.l’43 The absorption cross section in
such moderators is relatively small, for example, in beryllium and beryl-
lium oxide the absorption cross section, o is 10 mb at a neutron velo-
city of 2200 m/sec and in graphite o, is of the order of 4.5 mb. Thus,
the inelastic cross section can be obtained by subtracting the 1/v ab-
sorption cross section from the measured total cross section in this
energy range.

In a normal procedure to measure the total cross section, a good
geometry must be maintained, such that the scattered neutrons cannot reach
the detector. But in the case of materials like graphite and beryllium
oxide, which are porous by nature, there is a large amount of small-angle
scattering of neutrons. In such cases, maintaining a good geometry would
mean that those neutrons which undergo small-angle scattering would not
reach the detector, thus yielding an anomalously high total cross section.
It was, therefore, necessary that the solid angle subtended by the detec-
tor at the sample be large enough for the detector to see all the small-
angle scattered neutrons. However, in such a detector-sample geometry,
those neutrons which are elastically and inelastically scattered through
small angles, and also those that are multiple-scattered, can also reach

the detector; from here on, these two contributions at the detector will



21

be referred to as '"multiple-scattering" contributions. Such a measurement
requires that the measured cross section data be corrected for the theo-
retically calculated "multiple-scattering" contribution. Such a theoreti-
cal calculation assumes a prior kmnowledge of the total cross section,

which one wants to measure. Thus, one is required to develop an iterative
scheme in the analysis of the total cross section measurement. This scheme

is discussed in detail in a later section.

Instrumentation and Equipment

The total thermal neutron cross sections have been measured by the
slow neutron chopper time-of-flight technique using the Georgia Tech Re-
search Reactor (GTRR) thermal column as a neutron source. The instrumenta-
tion necessary to carry out such & cross section measurement consists of
the neutron source, the neutron chopper, the neutron detection system, and
the data processing and recording equipment. A detailed description of the
instrumentation and equipment used in our experiments has been given by

Lake.23

The neutron Source was obtained from the end of the thermal column
of the GTRR. During the work described here, the GTRR operated at one
megawatt power and produced a peak thermal column neutron flux in excess
of 102 neutrons/cmz/sec.

The neutron chopper2 basically consists of a rotor with cadmium-
plated stainless steel blades separated by ndarrow aluminum spacers. The
drive is provided by a synchronous motor which maintains a constant speed
of 1800 RPM. This speed was selected to provide a reasonable compromise
between the acceptable energy resolution and good neutron transmission in

the energy range of interest from 0,005 to 0.001 eV.
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The neutron detector used in the measurements was a two inch diam-

eter, aluminum cathode, Reuter-Stokes model RSN-44A, BF_ proportional

3
counter filled to a high gas pressure (90 cm of Hg) for improved neutron
detection efficiency. A monitor detector, with a low efficiency of the
order of a few tenths of a percent, was used to monitor the total number
of neutrons incident on the chopper during the with- and without-sample
measurements.

The data processing and recording equipment is basically a TMC
multi-channel analyzer which measures and records the arrival time of neu-

trons at the BF, detector with respect to the zero reference time. This

3
time is the instant at which the chopper blades are parallel to the neutron
beam. The low level signals from the detectors are amplified in a solid
state preamplifier and the leading and trailing edges are sharpened in a
double-delay-line linear amplifier. Electronic and low voltage gamma ray
noise pulses are blocked out in an integral discriminator prior to feeding

the detector pulse to the TMC multi-channel analyzer unit. Figure 4 is a

block diagram of the data collection system.

Experimental Procedure

A schematic diagram of a typical experimental set up is given in
Figure 5. The 16 x 16 x 20 inch long cavity in the thermal column was
used to house a 14 x 14 x 20 inch long Boral box tightly packed with beryl-
lium blocks. The end of the box facing the thermal column was covered with
a 1/8 inch thick aluminum plate and the opposite end was covered by a 1/4
inch Boral plate with a central 2 x 3 inch hole, to define the effective

area of the neutron source. One of the purposes of using such a box was
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to fill the cavity and thus to help reduce the neutron background. Also,
the beryllium box conveniently served as a filter for beryllium cross
section measurements. In the cross section measurement of graphite and
beryllium oxide, a 1 x 1 inch hole running through the longitudinal axis
of the box was provided to get the maximum primary neutron intensity.

The chopper with its zero timing device was positioned squarely in
front of the GTRR thermal column, aligned with the center of the beam col-
limator, and leveled carefully. The monitor detector was placed between
the collimator and the chopper. The BF3 detector was set up and centered
across the end of a typical 2.6 meter flight path.

In the beryllium cross section measurement, the BF3 detector was
surrounded by a 3 inch thick boron carbide shield, with only a 2 x 2 inch
area of the detector exposed to the neutron beam. A sample holder, with
its 2 x 2 inch cadmium plate collimator, was placed in front of the BF3
detector on a table guide. The detector, the chopper, and the axis of
the table guide were optically aligned to be on the central axis of the
incident neutron beam,

In the cross section measurement of beryllium oxide and graphite
it was required to have a sample-detector geometry in which the solid
angle subtended by the detector at the sample was sufficient for the de-
tector to see all the small-angle scattered neutrons. The experimental
set up is shown schematically in Figure 5. The BE‘3 detector was com-
pletely surrounded with a cylindrical cadmium shield exposing only the
middle two inches of the detector. A two-inch diameter cadmium plate

collimator was positioned close to and in front of the BF3 detector. The
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sample holder with a one-inch diameter cadmium plate collimator was placed
on the bench guide, approximately 2 1/2 inches away from the 2 inch diam-
eter collimator. As shown in Figure 5, a tight shield was formed around
the BF3 detector with boric acid filled boxes, coated with a layer of par-
affin. A cavity was provided in the shield to house the sample holder.
The distance of 2.6 meters between the 2 x 3 inch source collimator and
the one-inch diameter collimator of the sample holder provided a well-
defined incident neutron beam tightly collimated to less than 50 minutes
of an arc. Details of the sample-detector geometry are given in Figure 6.

In order to average out the effects of any small variations in the
thermal column neutron intemsity, the cross section measurements with and
without the sample were repeated with a convenient frequency of 600,000
TMC sweeps. For a typical chopper speed of 1800 RPM this corresponded to
a time duration of one hour and twenty-four minutes per run. This re-
petitive data collection with and without the sample was continued until
the accumulated neutron counts were sufficient to yield good statistical
accuracy. A count of incident neutrons on the sample over the duration of
each measurement was recorded by the monitor detector. This also reflects
the small fluctuations in the incident neutron intensity. Thus, normal-
izing the with and without the sample data for the same total number of
incident neutrons would alsc average out the influence of small fluctua-
tions in the incident neutrecn intensity.

A preliminary measurement of the total cross section of beryllium
below the Bragg cut-off energy range was made for two 1/2 inch thick

beryllium samples. One was a new sample of Brush Wellman, N - 50 - C,
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high-purity grade beryllium, for which a detailed chemical analysis was
available and the other sample was selected from an older lot of Brush
reactor grade beryllium blocks borrowed from Argonne National Laboratory,
where the blocks were last used as a part of a mock up of the beryllium
reflector for the Argonne Advanced Research Reactor (AZRZ). It was found
that the two measurements yielded the same value for total cross section
below the Bragg cut-off energy. The two beryllium samples were then put
together to form a one inch thick sample and this was used in the subse-
quent experiments, primarily, because of the reduced experimental time
and improved statistical accuracy. The chemical composition of the "new"
sample of beryllium is given in Table 1. The density of the beryllium
samples has been determined to be 1.85 gm/cms, indicating that the samples
were practically pore-free. Measurement of the total cross section of
beryllium below the Bregg cut-off energy was made with the sample at 64.75,
52,75, 46.75, and 2,0 inches from the BF3 detector. The first three mea-
surements were made to ensure that the experimental geometry was good,
that is, the detector did not see the neutrons that are scattered in the
sample. The last experiment was made to find out the influence of small-
angle scattering, if any, on the measured total cross section and also as
a check on the accuracy of the theoretical calculation of the "multiple-
scattering” contribution.

In the total cross section measurement of graphite below the Bragg
cut-off energy, two 2 inch thick Union Carbide, AGOT, reactor grade grap-

ite samples were used. One of the graphite samples had the extrusion di-

rection perpendicular and the other parallel to the thickness of the sample.



Table 1.

Chemical Composition ofazhe Brush Wellman, N - 50 - C,

Reactor Grade Beryllium
(Average grain size - 11.3 microns)

Element % Weight
Beryllium 99.17
Beryllium oxide 0.9
Silicon 0.018
Nitrogen 0.016
Nickel 0.011
Calcium 0.01
Zinc 0.01
Magnesium 0.007
Chromium 0.006
Titanium 0.006
Aluminum 0.004
Manganese 0.004
Copper 0.003
Molybdenum < 0.001
Lead 0.0006
Cobalt 0.0004
Silver 0.0003
Lithium < 0.0003
Cadmium < 0.0001
Boron 0.00008

29
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The density of the graphite samples was measured to be 1.695 gm/cmB. A

partial chemical composition of the graphite sample is given in Table 2.

Table 2. Chemical Composition of the
Union Carbide, AGOT, Reactor
Grade Graphite4
(Maximum grain size - 30 yu)

Boron content (ppm) 0.4
Ash content (%) 0.07

(Half of the ash content is (supposedly)
iron and the rest is made up of trace
amounts of calcium, silicon, vanadium,
titanium, etc.)

Two measurements of the total cross section for graphite, below the Bragg
cut-off energy,were made with the center of the sample 2 and 2.5 inches
away from the center of the detector. When the sample was moved 1/2 inch
away from the previous position, the solid angle subtended by the detector
at the sample was reduced by 56%, which was a substantial change at this
close range. A comparison of the results of these two measurements gives
an indication of whether the solid angle subtended by the detector at the
sample was large enough that all the small-angle scattered neutrons reached
the detector. If the results of these two measurements, corrected for the
"multiple-scattered” neutrons, are the same within the experimental accu-
racy, then for this sample-detector geometry, the detector was seeing all
the small-angle scattered neutrons. To find the influence of the extrusion
direction on the total cross section below the Bragg cut-off emergy, an-

other cross section measurement of graphite was made in which the extrusion
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direction of the graphite sample was at right angles to the incident
neutron beam.

The basic principle behind the total cross section measurement of
beryllium oxide, below the Bragg cut-off energy, is very similar to that
of graphite and has been discussed in detail in the above paragraphs.

The BeO sample was 1,837 inch thick; its density was measured to be 2.886
gm/cmB. The theoretical density of beryllium oxide is 2.96 gm/cms, indi-~
cating that the sample was slightly porous. The chemical composition of
the beryllium oxide sample obtained from the Ventron Corporation is given
in Table 3. The beryllium oxide sample was prepared at the 0Oak Ridge Y-12
Plant by hot pressed powder fabrication techniques, wherein a fine mesh
beryllium oxide powder is pressure-compacted at elevated temperatures in

a graphite die. This method yields a fine grained structure which is

randomly oriented to give an essentially isotropic polycrystalline material.

Procedure of Data Analysis

Detector Analyzer Dead-time

An experiment was performed by Lake22 to determine the magnitude
of the combined BF3 detector plus multi-channel analyzer dead time losses
as a function of measured count rate., The detector count rate as a func-
tion of reactor power level was measured with the time-of-flight analyzer
by repeatedly triggering the analyzer with an electronic pulser. Since
the neutron intensity incident on the detector was directly proportional
to the reactor power level, the measured count rate should change in a

linear relationship with the reactor power level if the dead time is neg-

ligible. Thus, any deviation from such a simple linear relationship is



Table 3. Chemical Composition of the Nuclear Grade Beryllium
Oxide (Ventron Corporation Stock No. 16100)45
(Average grain size - 1-2 )

Element Parts per
Million
Beryllium oxide 99%
Sulphur 770
Phosphorus < 50
Sodium 20
Calcium 20
Silicon 20
Iron 17
Aluminum 10
Copper 10
Fluorine 10
Zinc < 10
Nickel < 10
Chromium < 10
Manganese < 10
Magnesium < 10
Titanium < 10
Barium < 10
Molybdenum < 10
Strontium < 10
Cobalt < 1
Tin < 1
Lead < 1
Silver < 1
Boron < 0.5
Cadmium < 0.5
Lithium < 0.4
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indicative of the magnitude of the dead tinme as a function of measured
count rate. An enpirical relationship for the percent live tine was given

by Lake as

%Live Tine = (A + B) (8)

where x is the neasured count rate and A = -1.665 + 0.03 70/unit count
rate. The intercept, B=99.6 £ 0.7 % at zero count rate was obtai ned

by least squares fit to the experinental data. 22

Equati on 8 has been
used to correct for the detector dead tine |osses.

Goviously, the logic of the situation requires that the live-tine
be 100%for zero count rate, i.e., B should be equal to 100%. This, how
ever, has insignificant influence on the neasured cross section because
of the reasons given below In all the total cross section neasurenents
bel ow the Bragg cut-off energy, the dead tine corrections were always |ess
than 27, in the case of beryllium oxide and graphite measurenments and |ess
than 47~ in the case of the berylliummeasurements. A so the dead tine
corrections for the with- and without-the sanple data were different by a
factor less than 0.87, However, to test: the accuracy of the live time
correction, tw neasurenents of berylliumtotal cross section were nade
by us in the energy region around 0.06 eV. The total cross section for
beryll'ium reaches a fairly constant value of 6.0 barns near this energy
region. 1In the first experiment the detector live time corrections were
of the order of 82 to 99% conpared to 57 to 97%live tinme correction of
the second experiment. The two neasurenents yielded the same val ue of

total cross section of berylliumw thin the experinmental accuracy of * 2%



