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ABSTRACT

This study compares measurements with the results of discrete-
ordinates and removal-diffusion calculations of neutron tramnsport through
both laminated and homogeneous shields. Multigroup neutron spectra from
a fission neutron source were calculated using two digital computer codes,
ANISN and SABINE. The discrete-ordinates code, ANISN, is widely used in
the United States both for research and industrial applications. SABINE,
a removal-diffusion code, originated in Europe where removal-diffusion
theory is extensively utilized.

In this study calculated values of thermal (E&10.414 eV), resonance
(E;’l.45 eV), and fast (En>3‘0 MeV) neutron fluxes penetrating through
slab shields are compared to experimentally-determined values. Slab
shielding materials used were Al, Fe, Pb, water-extended polyester, and
borated-water-extended polyester Californium-252 was used to provide a
source of fission spectrum neutrons. An additional benchmark experiment
in which thermal, resonance, and fast neutron spectra are determined in a
homogeneous water medium was also performed.

The results of this thesis show, with respect to calculational
accuracy, that the discrete-ordinates technique as applied in ANISN is
far superior to the removal-diffusion method used by SABINE. This result
is probably due to breakdown in age-diffusion theory for lamina having
large differences in neutron slowing-down and diffusion properties. In
the case of the benchmark experiment ANISN calculated a thermal flux
value within 12% of the measured thermal flux. In comparison SABINE's

vii




result was off by a factor of twenty. Also considering factors such as
computer hardware and software, ANISN appears to be more desirable than
SABINE. A typical laminated shielding problem required approximately
half the central processing unit time to run on ANISN than it did on

SABINE for the same computer core storage.

-
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CHAPTER 1

INTRODUCTION

With the advent and growth of the nuclear power industry,
the need for expertise in solving the complex problem of radiation
transport through shield;;g has increased. Consequently, the
various methods and techniques used to solve this problem have
grown in number and increased in complexity. Thus, an engineer
faced with a shielding design problem is initially confronted
with the decision to use one calculational method versus other
methods. In making such a decision there are a number of factors
that must be taken into consideration. Some of the major ones
are: 1) cost, 2) time, and 3) the degree of accuracy required.
In most solution methods, these three factors are closely related.
Better answers usually entail more detailed calculations requiring
complex methods of solution. This in turn costs more, both in
time and money. The task of choosing a particular calculational
technique would be much easier if consistent sets of comparisons
between methods were readily available. Such comparisons are a
valuable aid in the selection of the optimum method of analysis.
Because of their interactions and production of secondary gamma
radiation, this is especially true for neutrons.

A comprehensive analysis of all the various methods of
calculating radiation transport would be an immense undertaking.
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The study presented here compares two methods of calculation that
are commonly used in radiation shielding. Ome is based on the discrete-
ordinates method fof solving the Boltzmann transport equation. The
other method is a combination of "removal" theory with age-diffusion
theory. Answers obtained using these two techniques are compared to
experimentally measured values. The specific benchmark problem chosen
was the determination of thermal, resonance, and fast neutron fluxes
transported through several arrangements of laminated shields.

The solution to this problem involved five steps. First
was the implementation of two computer codes and their accessory codes
on the L.S.U. computer system. These two codes are: 1) ANISN, a
mul ti-group one-dimensional discrete-ordinates transport code with
anisotropic scattering; and 2) SABINE, a removal-diffusion shielding
code in flexible geometry. The second step was to model the problem
and use the codes to determine calculated flux values. Next, it was
necessary to construct laminated shielding arrangements and accompanying
equipment to make experimental measurements. The fourth step was to
make the flux measurements using activation-foil techniques. Finally,
the fifth step was to analyze the experimental data and compare it with

the calculated results.




CHAPTER 1I1I

THE ANISN MODEL

A digital computer code, ANISN, is used in this study to treat the
neutron transport problem. ANISN numerically solves the one-dimensional,
energy-dependent Boltzmann transport equation for neutron or gamma pene-
tration in slab, spherical, or cylindrical geometries. This code can
handle three source arrangements: fixed sources, fission sources, and
combinations of the two. Anisotropic scattering of radiation is treated
by using Legendre polynomials. Also, multigroup cross-section sets may
be weighted by using space and energy-dependent fluxes generated by the
code.

The Boltzmann transport equation describes the general behavior of
uncharged radiation quanta in terms of seven-dimensional phase space
> >
(r,E,Q,t). Three spatial coordinates, the particle energy, two angles,
and time constitute this phase space. For any physical situation, know-
ledge of the particle demsity over all phase space is a complete solution
to the transport problem. A common form of the transport equation is:

> > > > > > > > >
Ved(r,E,Q,t) + ®(r,E,Q,t)L = S(r,E,,t) +
5> > > > > > 0 (1-1)
i) @(r,E,Q,t)Zs'P(Q,Q,E,E)dQ dE
> > _ >

where Ve®(r,E,,t) describes the net flow of particles
in the differential phase-space cell,
> > >
&(r,E,Q,t)I describes the loss of particles from the
cell by absorption and scattering out,
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g(;,E,ﬁ,t) describes the source of particles in the cell,
and /S 3(r, 58,01 P (@70, E/E) a0 " describes the
scattering of particles into the differential phase-
space cell.

The discrete-ordinates, S,s method is a procedure for obtaining
a numerical solution of the energy-dependent linear Boltzmann transport.
equation. Fundamentally, the method is formulated as a finite-difference
equation, and theoretically the solutions approach the exact solution
of the Boltzmann equation as space, energy, and angular meshes approach
differential size. ANISN is based on the discrete-ordinates technique
introduced by Carlson. &Y

In order to compare ANISN-calculated values to empirically deter-
mined values, it is necessary to model the experimental problem accord-
ing to options offered by the code. Modeling of a problem can be divided
into three general areas: source-shield geometry modeling, materials
and cross section modeling, and boundary condition modeling.

Since ANISN performs a one-dimensional calculation, three source-
shield geometries are available. The first option treats a spherical
source surrounded by shells of shielding material. In the second option,
a line source surrounded by cylindrical shields is considered. The
third option treats a planar source with slab shields. The experimental
source-shield arrangement used in this study is shown in Figure 1.

Figure 2 is a diagram of the Cf-252 source encapsulation. Because of

the small dimensions of the Cf-252 source, it was felt that the source

geometry would be best represented by a point source approximation.
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This approximation dictated using spherical geometry in the ANISN cal-
culations.

Also of importance with respect to geometry is choosing an appro-
priate angular-quadrature.set. The choice of quadrature was accomplished
by performing several ANISN calculations going from a less detailed
quadrature to a finer quadrature? It was found that an increase in
angular quadrature above S~16 did not result in proportionately better
answers. The cosines and weights for the S-16 quadrature are given in
Table 1. (&

In addition to quadrature, the size of the discrete meshes used
can greatly affect results. Theoretically, as mesh spacing approaches
differential sizes, better answers are obtained.(g) This author's
previous experience gained working with the ANISN code influenced the
choice of mesh spacing used for this study. The number of meshes,
zone radii, zone thicknesses, and materials for each zome used in the
ANISN calculations are presented in Table 2.

The next step in modeling the experimental problem for ANISN was
to prepare cross-section sets for the various shielding materials. ANISN
is capable of performing multigroup calculations; as group structure
becomes finer, theoretical accuracy increases. An increase in the number
of energy groups will result in a corresponding increase in the computer
memory storage requirement and C.P.U. time. These two factors then limit
the energy group structure which can be used in an ANISN calculation.

There is available on the L.S.U. computer system, a neutron cross-

section library for 100 discrete energy groups, named DLC-2D.

i —
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Cosine
-0.990298
-0.980501
-0.909285
-0.831997
-0.746751
-0.650426
-0.537097
-0.392289
-0.138957
0.138957
0.392289
0.537097
0.746751
0.831997
0.909285
0.980501

0.990298

TABLE 1

S-16 ANGULAR QUADRATURE COSINES AND WEIGHTS

Weight
0

0.0244936
0.0413296
0.0392569
0.0400796
0.0643754
0.0442097
0.109085
0.13717
0.13717
0.109085
0.0442097
0.0643754
0.0400796
0.0392569
0.0413296

0.0244936




TABLE 2

ANISN ZONE DESCRIPTIONS

System 1: Fe - WEP* - Fe
Zone No. Zone Radii(em.) Material Zone Thickness(cm.) Mesh Spaces
1 0.5 AfJ 0.5 1
2 6.22 Fe 5.72 5
3 26.22 WEP 20.0 20
4 31.30 Fe 5.08 5
System 2: Fe - BWEP**- Fe
7one No. Zone Radii(cm.) Material Zome Thickness(cm.) Mesh Spaces
1 0.5 Al 0.5 1
2 6.22 Fe 5.72 5
3 26.22 BWEP 20.0 20
4 31.30 Fe 5.08 5
System 3: Al - WEP*- Al
Zone No. Zone Radii(cm.) Material Zone Thickness(cm.) Mesh Spaces
1 0.5 Al 0.5 1
2 1.14 Fe 0.64 1
3 6.22 Al 5.08 5
4 26.22 WEP 20.0 20
5 31.30 Al 5.08 5
% WEP - water—extended polyester (607 water in 40% resin)
%% BWEP - borated water—extended polyester(l.8 mg boron/cc of mixture)
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TABLE 2 (cont.)
System 4: Al - BWEP**- Al
Zone No. Zone Radii(cm.) Material Zone Thickness(cm.) Mesh Spaces
0.5 Al 0.5 1
1.14 % Fe 0.64 1
6.22 Al 5.08 5
4 26.22 BWEP 20.0 20
5 31.30 Al 5.08 5
System 5: Pb - WEP*- Pb
Zone No. Zone Radii(cm.) Material Zome Thickness(cm.) Mesh Spaces
1 0.5 Al 0.5 1
2 1.14 Fe 0.64 1
3 6.22 Pb 5.08 5
4 26.22 WEP 20.0 20
5 31.30 Pb 5.08 5
System 6: FPb - BWEP**- Pb
Zone No. 7one Radii(em.) Materdial Zomne Thickness(cm.) Mesh Spaces
1 0.5 Al 0.5 1
2 1.14 Fe 0.64 1
3 6.22 Pb 5.08 5
4 26.22 BWEP 20.0 20
5 31.30 Pb 5.08 5

%% BWEP - borated wate

* WEP - water-extended polyester (60% water in 40% resin)

r-extended polyester (1.8 mg boron/cc of mixture)
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In order to use DLC-2D cross sections in ANISN-DOT format, it is
necessary to collapse the 100-energy-group library to a smaller
number of groups. This is accomplished by using a cross—section
collapsing code named APRFX—I.(Q) It 1s possible to use ANISN to
collapse the 100-group croSs sections; however, the computer core
storage required for this operation is greater than that which is
currently available on the L.S.U. system. Thus, APRFX-I must be
used to produce the cross-section input for ANISN.

The group structure used in the ANISN calculations is listed
in the first column of Table 3. Several other calculations were
performed using 3 groups, 10 groups, and 13 groups of energy-averaged
cross sections. The 25 group structure was chosen because it closely
matches the 26-diffusion-group structure used in the removal-diffusion
code, SABINE.

Another consideration with respect to cross sections is treatment
of elastic scattering by use of Legendre polynomials. The DLC-2D library
contains scattering cross sections expanded up to nine terms. This is
called a P-8 approximation. As the order of the Legendre expansion
increases, better results should be obtained. It was felt that a P-5
approximation would be sufficient for the calculations being performed.
This decision was based on the trends used in other ANISN calculations.(é)

The final step in preparing the ANISN model is to determine the

correct boundary conditions to be used. ANISN allows four options for




Broad Group No.

1

2

10

11

12

13

14

15

16

17

18

19

20

21

22

TABLE 3

ANISN ENERGY GROUP STRUCTURE

Fine Groups*

1-9

10-14
15-19
20-24
25-29
30734
35-39
40-44
45-50
51-54
55-58
59-62
63-66
67-70
71-74
75-78
79-82
83-86
87-89
90-91
92-93

94-95

E(eV)** AE (eV)
14.918x10%  8.853x10°
6.065x10%  2.385x10°
3.68x10°  1.45x10°
2.23x10  8.80x10°
1.35x10°  5.29x10°
8.21x10°  3.23x10°
4.98x10° 1.96x10°
3.02x10°  1.19x10°
1.83x10°  9.65x10
8.65x10%  5.47x10%
3.18x10%  2.01x10%
1.17x10%  7.39x10°
4.31x103  2.73x10°
1.58x103  9.97x10%
5.83x102  3.69x10°
2.14x102  1.35x102
78.9 49.9
29.0 18.3
10.7 5.66
5.04 1.98
3.06 1.21
1.85 0.73

12
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TABLE 3 (cont.)

Broad Group No. Fine Groups* E(eV)** E(eV)
23 96-97 1.12 0.438
24 98-99 0.682 0.268
25 100 © 0.414 sink

* Refers to groups in DLC-2D library

** Upper bound of energy group
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the inner and outer boundary conditions. These are: vacuum (or no
reflection), reflection, periodic, and white (albedo). A cross-
sectional view of the ANISN spherical geometry of the Fe-WEP-Fe
shielding arrangement is shown in Figure 3. 1In the spherical
geometry case, ANISN makes use of hemispherical symmetry to perform
its calculations. Thu; boundary conditions must be specified at the
inner or left boundary and at the outer or right boundary as
illustrated in Figure 4.

It can be seen from Figure 1 that the experimental source-
shield arrangement is a non-symmetrical, multi-region configuration.
This complex geometry is impossible to model exactly in a one-
dimensional analysis. The ANISN spherical-geometry model would be a i
sphere with an outer radius equivalent to the distance between the
centerline of the Cf-252 source and the foil position (31.30 cm.).
Figure 5 depicts such a sphere superimposed over the experimental
geometry. From this figure it is seen that the outer boundary of the
sphere would essentially be in three different mediums: water, air,
and concrete. However, only one boundary condition can be specified
for the entire outer boundary. Since the experimental measurements
are made at a point on the boundary that is in the air medium, the

vacuum boundary option was used to describe the outer boundary conditioms.

The choice of an inner boundary condition is also complicated

by the non-symmetrical physical arrangement. The best boundary
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FIGURE 3. ANISN SPHERICAL GEOMETRY MODEL FOR Fe-WEP-Fe SHIELD
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condition for the inner boundary probably would be a white (albedo)
boundary. However, determination of neutron albedos for each of the
25 energy groups would be extremely difficult. Thus, a reflected, or

mirror image boundary condition was used for the inner boundary in the

ANISN calculations.

Additional experimeﬂzs and calculations were performed to study
the effect of the symmetrical modeling of non-symmetrical physical
arrangements. These experiments determined neutron fluxes throughout
an "infinite" homogeneous medium. Figure 6 is a representation of the
experimental configuration for this case. The ANISN model was in spheri-

cal geometry, with two zones using the reflected boundary condition at

both boundaries.




19

source l "L__ foil
osition

!
K\\\\\\\\\\\\\\\\\\\\\\\

FIGURE 6. EXPERIMENTAL ARRANGEMENT FOR "INFINITE" HOMOGENEOUS MEDIUM

ACTIVATION




CHAPTER IIL

THE SABINE MODEL

The computer code, SABINE, uses a different method then ANISN in
treatiné the neutron transport problem. SABINE applies the removal-diffusion
model in one dimension to obtain a numerical solution for neutron pene-
tration through bulk shielding. The code provides flexible geometry
options for both source and shielding regions. Experimentally deter-
mined removal cross sections provide the basic data necessary for fast
neutron interactions. In SABINE, particular attention has been paid to
the coupling of the removal flux with the input to the diffusion equations. :}!

The removal-diffusion model is based on the fast neutron removal

concept combined with age-diffusion theory. This method is commonly
6)

referred to as the "Spinney method" after its chief developer. The
Spinney method is characterized by the following basic physical assumptions:
1. The penetrating component of the source neutrons consists
of: a) high-energy neutrons that suffer only small energy
losses through small-angle collisions, and b) the uncollided
neutrons.
2. Neutrons that suffer large energy losses through either wide- |
angle elastic or inelastic scattering are regarded as being
removed from the beam of fast neutrons. This process is

described by an energy-dependent "removal' cross section.

3. These "removed" neutrons are then rapidly degraded in energy

20
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in accordance with Fermi age theory and do not travel very

far from their point of removal.(Z)

The penetrating component of the source neutrons is described by the
kernel,
o (r,E) = S, (E)exp (-Zy (E)x) /dmr” (2-1)
where QR(r,E) is the removal flux,
So(E) = the source strength of fission spectrum neutromns,
ZR(E) = removal cross section evaluated at energy E,
r = distance from the source.
Those neutrons which are removed can be considered as local sources

of degraded neutrons. The behavior of these particles is described by

|
age-diffusion theory. The source intensity is given by, j ﬂ;
s(r) = J (SO(E)ZR(E)exp(-ZR(E)r)/4ﬂr2)dE (2-2) V) i

In one formulation, the removed neutrons are then introduced into the xﬁ

highest energy group of an appropriate set of one-dimensional multigroup
diffusion equations. The equations comprising the multigroup set are:
2 2 _ _
v Ql(r) - K1¢1(r) - ZI/D1 ¢1(r) + S(r)/D1 =0 ,G=1 (2-3)
2 2 2 _
v QG(r) - KGQG(r) - ZG/DG QG(r) + DG—lKG-IQG-l(r) =0 ,6>1 (2-4)
where QG = group diffusion flux for Gth group,

ZG = group-averaged macroscopic absorption cross section,
DG = group-averaged diffusion coefficient, |
1/k,.. = slowing down length for Gth group,

G = index of the energy group.
In SABINE, an improved version of the basic Spinney method is used.

Instead of one large removal group, a number of smaller, discrete removal
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energy groups are used to characterize the fast neutron removal compo-
nent. Also a complicated scheme of coupling the calculated group removal
fluxes to the diffusion equations is used. This coupling is accomplished
through the source terms in the diffusion equations. A detailed expla-
nation of this method is given by Ponti.Qi)

Preparing the SABINE model.;f the experimental problem involves
a similar procedure to the ANISN modeling process. Generally, the three
areas of interest are the source-shield modeling, materials and cross
section modeling, and boundary conditioms.

Table 4 lists the various geometry options available in SABINE.

These geometry options apply both to the source and shield regions

'}'VS

separately. Thus, in SABINE the source region can be modeled by one

SN/

geometry configuration and the shield region by another. This factor

.

provides increased flexibility in the geometry modeling process. It

can by seen from Figure 2 that the Cf-252 source would be best described
as a finite cylinder which can be treated by geometry option II. The
shield geometry, illustrated in Figure 1, would be best described as
finite plane slabs. SABINE does not have the ability to treat such a
geometry. However, the actual Pd-Cf203 cermet which is the source of
neutrons approaches a point source with respect to the transverse dimen—
sions of the shields. Thus, the shielding slabs could be considered as
infinite plane slabs which can be treated with geometry option I.
Consequently, the SABINE geometry model consisted of a finite cylindrical
source and infinite plane slabs of shielding materials.

The next step in modeling the problem for SABINE is to prepare cross




II,

III.

Iv.

TABLE 4
SABINE GEOMETRY OPTIONS

Infinite plane slabs.

Finite or infinite cylinder radiating in the
radial direction.

Spherical.

Finite cylinder radiating along its axial

direction. (Disk geometry)

23
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sections. The authors of SABINE provide an appropriate cross section
library to be used with the code. This cross section library contains
two types of data: removal cross sections and cross sections for the
diffusion equations. Another code named SABLIB prepares the cross section

data in the correct form for usage by SABINE.Qg)

The energy-dependent remov;i cross sections used in SABINE come from
several different sources. Experimentally determined values for H20,

Pb, C, Fe, and Al are used. Removal data for other elements and isotopes
has been compiled from several sources.(g) In addition to removal cross
sections, the fraction of source neutrons emitted in each removal group
is required for the calculations. Table 53 lists the removal energy

group structure and the source neutron group fractions.

Cross section data for the diffusion calculations is taken from the
General Atomic cross-section library. These cross sections are spectrum-—
weighted using calculated fast and thermal spectra in water. The fast
spectrum calculation uses a P-3 approximation, and the thermal calculation
uses a P-1 approximation. All the cross sections are group-averaged
according to the diffusion energy group structure given in Table 6.

The next step in the SABINE modeling process is specification of
boundary conditions. In SABINE it is necessary to specify boundary con-
ditions at the outer boundary of the shield and at the source-shield
interface. The code does not allow flux values to be given at the outer

boundary because this is assumed to be a result and not a datum of the

problem. The usual outer boundary condition is of zero incoming current.
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TABLE 5

REMOVAL ENERGY GROUPS and SOURCE FRACTIONS

Group No. EH (MeV) AE (MeV) E}_
1 18.0 1.5 5,085 x 107
2 16.5 1.582 7.91 x 1073
3 14,318 0.918 1.1 x 1074
4 14.0 1.0 2.3 x 1074
5 13.0 1.0 4.6 x 1074
6 12.0 1.0 9.08 x 1074
7 11.0 1.0 0.002
8 10.0 1.0 0.003
9 9.0 1.0 0.006
10 8.0 1.0 0.012
11 7.0 0.935 0.02057
12 6.065 0.865 0.03287
13 5.2 0.8 0.048
14 boh 0.72 0.06552
15 3.68 0.68 0.0884
16 3.0 0.77 0.14
17 2.23 0.88 0.22
18 1.35 0.529 0.157
19 0.821 - 0.203

EH = upper energy of the group
AE = group width

Fi = fraction of fission neutrons emitted into i—t-:-t—l- group




|
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TABLE 6

SABINE DIFFUSION ENERGY GROUP STRUCTURE

Group No. E_H AE_
0 18.0 MeV 3.082 MeV
1 14.918 8.853
2 6.065 2.385
3 3.68 1.45
4 2,23 880.0 KeV
5 1.35 529.0
6 821.0 KeV 323.0
7 498.0 196.0
8 302.0 119.0
9 183.0 96.5
10 86.5 54.7
11 31.8 20.1
12 11.7 7.39
13 4.31 2.73
14 1.58 997.0 eV
15 583.0 eV 369.0
16 214.0 135.1
17 78.9 49.9
18 29.0 18.3
19 10.7 5.66
20 5,04 1.98

21 3.06 1.21
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TABLE 6 (cont.)

Group No. By AE
22 i?gﬁ 0.73
23 1.12 0.438
24 0.682 0.268
25 0.414 0.214
26 0.200 sink

upper energy of group

width of group
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That is:
J_ =0/4+D0°/2=0 (2-5)
where J_ is the incoming current,
¢ is the boundary flux,
D is the diffusion coefficient.
At the inner boundary, some for&Jof boundary condition with respect to
the diffusion flux must be given. Three options are available in the code:
1. &5(xy) = &g
where ¢G(ri) = the group diffusion flux at the inner
boundary L
¢0G = total flux (removal flux plus diffusion
flux) for G < 6,

d.. = diffusion flux for G > 6,

0G
G = index of diffusion energy groups.

2. dg(ry) =0

3. =Ddg(ry) = Jog
In a previous comparison of ANISN and SABINE calculations by J.T. West,(g)
the first boundary condition option was used. The boundary fluxes were
taken from the ANISN calculation of the same problem. This type of
procedure is also suggested by the authors of SABINE. Thus a similar
procedure is used in this study. The group fluxes at the source-shield

interface previously calculated by ANISN are used as the inner boundary

f1uxes(¢0's) in the SABINE calculations.




CHAPTER IV
EXPERIMENTAL PROCEDURE

An important part of this study was the experimental determination
of the thermal(En<0.414eV), resonance(En=1.45eV), and fast(En>3.0MeV)
neutron fluxes penetrating a seriegaof jaminated slab shields. Three steps
were required to accomplish this task. First, the shields had to be designed
and constructed. Second, thermal and resonance fluxes were measured using
capture reactions in indium foils. Third, the fast flux was measured
utilizing the 32S(n,p)32P threshold reaction. In additionm, measurements

of the thermal, resonance, and fast neutron fluxes were made in an "infi-

bl
nite" homogeneous water medium. The dimensions in the water were large fﬁk'
in comparison to neutron slowing down and diffusion parameters. This ‘5A}
additional experimental procedure was performed to study the effects of 2

the symmetrical mathematical modeling of non-symmetrical shielding systems.
Before any measurements could be made, it was necessary to design and

construct some shielding arrangements. In the design phase several fact-

ors such as cost, availability of materials, and ease of construction

were taken into consideration. A major goal of the experimental procedure

was to make flux measurements with many different shielding configurations.

With these factors in mind, it was felt that laminated slab shields off-

ered the greatest experimental flexibility at the lowest cost. The

shields did not have to be massive since their function was mnot really

shielding, but rather only attenuation of a localized beam of neutrons.

29
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The basic shielding materials were chosen to reflect realistic con—
siderations in shield design. That is, metal was used for primary and
secondary gamma shields, and hydrogenous material was used for the neutron
ghield. Figure 7 is a schematic of the shielding configurations. Alum-
inum, iron, and 1lead were used as the metal shields because of their cost,
availability, and range of densifies. Two aluminum slabs, 24 in. x 24 in.
x 2 in., and four steel slabs, 15 in. x 15 in. x 1 in., were used. Lead
bricks, 6 in. x 4 in. x 2 in., were stacked to construct the lead shields.
The hydrogenous shields were fabricated of water-extended polyester (40%
polyester resin and 60% water) and borated-water—extended polyester(lo mg

of boric acid/cc of mixture). Each of the hydrogenous arrangements con-

|

sisted of four, 15 in. X 15 in: x 5 cm., slabs. Six different shielding '%F}‘
— ‘k\

combinations were used: Fe-WEP-Fe, Fe-BWEP-Fe, Al-WEP-Al, Al-BWEP-Al, ;5;)
Pb-WEP-Pb, Pb-BWEP-Pb. The cost of all the basic materials and shield 2}‘

fabrications was about $100.

Measurements of the thermal neutron flux and the 1.45 eV resonance
flux were made by activation of indium foils. Standard foil-activation
techniques were utilized.(lg) Activation times and foil weights were chosen
such that the fifty-four minute In-116m gamma activity produced would
yield high counting rates. These rates were sufficient to obtain counts,
in a reasonable amount of time, having omne standard deviation within *27%
of the count. Corrections were made for thermal flux depression, self-
shielding by the indium foils, and the perturbations due to the cadmium

covers. (}2-)
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The detection system used to count the activated indium foils con-
sisted of a 3 in. x 3 in. NaI(T1) scintillation crystal (Harshaw type
12-S-12), a Hewlett-Packard Model 6515-A high voltage supply, and a TMC
Model 401-D multi-channel analyzer. All foils were counted bare, posi-
tioned on the surface of a 1.5 cm. thick plexiglass shield atop the NaI(T1l)
crystal. The detector was calibrated to count the indium 1.293 MeV gamma
by using the Co-60 1.33 MeV gamma emitted from a National Bureau of
Standards source.

The fast neutron flux (E,>3.0 MeV) was determined by use of the
32S(n,p)32P threshold reaction. This measurement was performed by using
an ethyl disulfide activation procedure as described by Morel.(ll) Five
milliliter samples of ethyl disulfide were activated for approximately
twelve hours and then allowed to decay for at least twenty-four hours.

The P-32 activity in the samples was then counted using a Beckman 18-250
liquid scintillation counter. Counting efficiency for a 5 ml. sample was
determined from data compiled by Greene(lZ) for the same liquid scintilla-
tion system. Flux perturbations due to the large sample size were
minimal and thus were disregarded.

The final experiments were measurements of the thermal, resonance,
and fast neutron fluxes in an "infinite" homogenous water medium. Figure 6
is a diagram of the experimental apparatus. Indium foil activations
were used to measure the thermal and resonance fluxes, and ethyl disulfide
activation was used to determine the fast flux. The measurements were
made in the californium shielding facility, several feet away from the
other Cf-252 sources. Twenty centimeters was used as the source to de-
tector distance, which is equivalent to the thickness of the hydrogenous

slab shields used in the previous experiments.




CHAPTER V
RESULTS AND CONCLUSIONS

The results of the experimental measurements and the calculations
are presented in Tables 7A, 8A, and 9A. Tables 7B, 8B, and 9B present
the calculated-to-measured flugaratios for the thermal, resonance, and
fast neutron fluxes. A review of these data indicate that the ANISN
calculations compared more favorably with measured values than did the
SABINE calculations. Consideration of the thermal, resonance, and fast
neutron results separately for the laminated shield configurations and
the "infinite" water medium will be useful in a more thorough analysis
of the data. :

All of the ANISN-calculated thermal neutron fluxes for the laminated '
shields fell within a factor of two of the measured values. In contrast,
the SABINE results were at least a factor of 84 times greater than the
experimental results. For the "infinite" water medium, the ANISN cal-
culation was within *#13% of the measurement, while SABINE calculated a
value 21 times greater. The inaccurate ANISN-modeling of the non-sym-
metrical physical geometry is a possible explanation for the differences
observed in the ANISN results for the laminated shielding cases. In the
experimental configuration, the water in the tank containing the neutron
source acted as a neutron reflector, boosting the thermal flux at the
point of measurement. Since the ANISN boundary conditions did not account
for this reflection, the calculated values were less than the measured
thermal fluxes. The results of the "infinite" water medium experiment

33
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TABLE 7A

THERMAL FLUX*

Shield Measured#* ANISN SABINE ’
Fe-WEP-Fe 4.0 x 1077 7.0 x 1078 6.9 x 1072
Fe-BWEP-Fe 1.1 x 1077 2.1 x 1078 1.7 x 107
A1-WEP-Al 1.5 x 1075 1.7 x 1076 2.0 x 1073
A1-BWEP-AL 3.9 x 107° 3.9 x 107/ 4.5 x 1074
Pb-WEP-Pb 1.6 x 107 1.9 x 107° 1.8 x 1073
Pb-BWEP-Pb 4.3 x 107° 4.4 x 1077 3.6 x 1074
Water 2.2 x 1074 2.4 x 1074 4.5 x 1073
2

- -1
* All values are given in units of n-cm "sec = per source neutron as

determined by indium foil activation.

**x Experimemtal error is estimated to be within *15% due to combined

errors in the activation cross section, counting, and flux perturbations.

TABLE 7B

THERMAL FLUX RATIOS

Shield ANISN/Measured SABINE/Measured
Fe-WEP-Fe 0.18 173
Fe-BWEP-Fe 0.19 159
Al1-WEP-Al 0.11 138 |
A1-BWEP-Al 0.10 114
Pb-WEP-Pb 0.12 112
Pb-BWEP-Pb 0.10 84

Water 1.12 21
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TABLE 8A

RESONANCE FLUX*

Shield Measured** ANISN SABINE
Fe-WEP-Fe 4.3 x 1078 8.8 x 100 1.7x107°
Fe-BWEP-Fe 5.5 x 1070 8.4 x 100 1.9 x 107
Al1-WEP-Al 5.9 x 1078 4.2 x 1078 1.02 x 107%
A1-BWEP-A1 6.1 x 10°° 3.9x 1008 1.0x 10°°
Pb-WEP-Pb 3.6 x 1078 3.6 x 108 6.0 x 107
Pb-BWEP-Pb 3.5 x 10°° 3.0 x 108 6.1 x 107
Water 1.8 x 1078 5.4 x 0%  2.2x107

* All values are given in units of n-cm-zsec_1 per source neutron as
determined by indium foil activation.
% Experimental error is estimated to be within +50% due to error in

the resonance activation cross section.

TABLE 8B

RESONANCE FLUX RATIOS

Shield ANISN/Measured SABINE /Measured
Fe-WEP-Fe 0.21 398
Fe-BWEP-Fe 0.15 336
Al1-WEP-Al 0.71 1729
Al-BWEP-Al 0.64 1646
Pb-WEP-Pb 0.94 1670
Pb-BWEP-Pb 0.91 1729

Water 31.0 1223




TABLE 9A
FAST FLUX*

Shield Measured** ANISN SABINE
Fe-WEP-Fe 5.7 x.107 9.1 x 107 6.1 x 10
Fe-BWEP-Fe 4.5 x 107 9.0 x 10/ 6.1 x 107"
A1-WEP-AL 1.4 x 13'6 1.8 x 1078 1.7 x 107>
A1-BWEP-A1 1.7 x 1078 1.8 x 1008 1.7 x 1073
Pb-WEP-Pb 1.1 x 10°° 1.4 x 1078 1.1 x 107>
Pb-BWEP-Pb 9.9 x 1077 1.4 x 10°° 1.1 x 107>
Water 1.2 x 107 2.2x 107 8.6 x 1072

% All values are given in units of n--cm-zsec-1 per source neutron as
32 32
determined by ~“S(n,p)” P threshold reaction.
%% Experimental error is estimated to be within +25% due to combined

errors in the average cross section and counting statistics.

TABLE 9B

FAST FLUX RATIOS

Shield ANISN/Measured SABINE/Measured
Fe-WEP-Fe 1.6 1085
Fe-BWEP-Fe 2.0 1356
Al1-WEP-Al 1.3 1218
Al-BWEP-Al 1.1 1036
Pb-WEP-Pb 1.3 991
Pb-BWEP-Pb 1.4 1137
Water 1.8 702

36
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tend to support this explanation. The ANISN model adequately describes
the geometry and the boundary conditions for the homogeneous medium. Thus
in this situation, ANISN calculated a thermal flux value which is in good
agreement with the experimentally-determined result. The tremendous errors
in the SABINE calculations for the laminated shields are probably due to
the breakdown of diffusion the&iy near interfaces in materials with vastly
different neutron physics properties. This hypothesis is supported by the
results of the "infinite" water experiment where no interfaces or bounda-
ries are present and the error in the SABINE answer is reduced. Another
possible source of error could be that the individual slab shield thick-
nesses were thin in comparison to the thermal neutron slowing down length
and thermal diffusion parameters.

The resonance flux ratios given in Table 8B indicate that ANISN
predicted the resonance flux much better than SABINE for the laminated
shielding cases. However, for the "infinite" water medium, the ANISN
value is high by a factor of 31. This divergence from ANISN results in
the laminated cases is difficult to explain. The +50% error given for
the resonance flux measurements is based upon a conservative estimate due
to uncertainties in the average resonance activation cross section.

Also considering uncertainties due to self-shielding, foil thicknesses,
and detector orientation an experimental error in excess of 507 is poss—
ible. In any event, the ANISN results were still much closer to the
measured fluxes than were the SABINE values.

The fast neutron flux (E&’B.O MeV) measured represents the uncollided
portion of the source neutrons. In both the laminated and "infinite"

medium cases, ANISN predicted fast fluxes within a factor of two of the
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measured values. The best SABINE fast flux result is greater than 700
times the measured flux. Once again the experimental error quoted is
based on a conservative estimate considering uncertainties in the average
cross section. Other sources of error such as counting statistics, count-
ing efficiency, and detector orientation could possibly contribute to a
greater error. )

Data gathered in this study would support a conclusion that SABINE
calculations are not accurate. However, work performed by West(g) and
Ponti(lé) using the SABINE code resulted in different conclusions. West
used ANISN and SABINE to perform calculations of the gamma and neutron
fluxes penetrating the shielding of a typical commercial light water re-
actor. West did not quote the neutron flux values calculated, but con-
cluded that the SABINE calculations compare "favorably" with the ANISN
calculations. Ponti performed SABINE calculations and compared his results
with experimental measurements made at the Forschungs-Reaktor Geesthacht
reactor. This reactor is a 1 MW, swimming pool-type with MIR-type fuel
elements. Ponti studied several shielding arrangements, but only the
data from his infinite water medium experiment can be compared to this
paper's results. At 20 cm. from the source in the water Ponti obtained
SABINE/measurement ratios of approximately 1.0 for thermal neutrons, 0.7
for epithermal neutrons, and 1.1 for fast neutrons. In comparison to the
SABINE/measured flux ratio results presented earlier in this paper, Ponti's
results are remarkable. One basic difference between the two SABINE
calculations is with respect to the source geometry. Ponti had a volume

distributed source which he modeled using a "disk geometry." That is, a

thin cylindrical source radiating in the azimuthal direction shielded by
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a cylindrical shield. During discussion of his SABINE calculations
Ponti did not specify what boundary condition was used at the source-
shield interface. This factor brings up an important point concerning
SABINE. Early in this thesis study it was learned, by trial and error,
that if the group boundary fluxes at the source-shield interface are in-
put as zeroes, SABINE calculat®d answers that were compatible with the
measurements. Consequently, the wrong input could be used in SABINE and
what appears to be good answers can be obtained. These arguments do not
refute Ponti's results. Both he and West have been successful in treat-
ing specific problems; but, in this study SABINE has been disappointing.
There are a number of possible sources of error in using SABINE and fur-
ther work in determining these is warranted.

1t is important to discuss some other factors in the analysis of the
ANISN and SABINE comparison. One such factor is the computer hardware
and software necessary to run these two codes. Both ANISN and SABINE
require approximately 250K bytes of high-speed core to Tun in the overlay
mode on the I.B.M. 360/65 computer system. For the "infinite'" water
medium problem both codes used about two minutes of central processing
unit (C.P.U.) time. However, for the laminated shields ANISN completed
each problem in an average time of 3.03 C.P.U. minutes, while SABINE
needed an average of 6.8 C.P.U. minutes. But, to complete an ANISN cal-
culation requires an extra step or job to prepare cross—-section data.
This increases the over—-all C.P.U. time required to run an ANISN job,
however a given set of cross sections can be used for several calculations.
Another consideration when comparing the relative worth of the codes is

their flexibility. From previous discussion it was noted that SABINE can
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describe more complex geometries. However, it is restricted to just
shielding calculations. On the other hand, ANISN can be used to perform
criticality calculations as well as shielding analyses. Also,the ANISN
code can use more complete libraries of cross-section data than can SABINE.

From the final analysis of the results of this study, some general
conclusions can be made in reg;rd to ANISN and SABINE., These conclusions
are:

1. The discrete-ordinates code, ANISN, is considerably more accurate

than the removal-diffusion code, SABINE, for the problems con-
sidered in this thesis.

2. The ANISN code cannot adequately handle complex geometries, but

£

the resulting errors may be tolerable for flux estimatioms.

Bt B

3. Considering other factors such as computer core storage, Cc.P.U.

2

time, and code flexibility, ANISN appears to be superior to
SABINE.
4. To isolate the reasons for the large discrepancies in the SABINE

results further work should be done.
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APPENDIX A

INPUT FOR ANISN AND SABINE

ANISN and SABINE are both run in the overlay mode of the link editor
on the I.B.M. 360/65 O.S. Presently, both codes require approximately
260K bytes of high speed core t: run. Central processing unit time
necessary to run a job on either code depends on the complexity of the
job. The compiled version of ANISN named ANISN.M resides on file 1 of
a standard label magnetic tape, T1522. This is the only tape necessary
to run an ANISN job. The Fortran version of SABINE resides on file 2
of a standard label magnetic tape, T1927. The data library named
SABINE.LIBRARY resides on file 1 of magnetic tape T1929. Both of these

tapes are needed to run a SABINE job. On the following pages the input

for the "infinite" water problem used by ANISN and SABINE are listed.
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APPENDIX B

FOIL ACTIVATION CORRECTION FACTORS

1. Thermal Flux Depression Correction

F(th) = 1 +a/2 * (3RL/2A(R+L) - 1) for R>>A
F(th) = 1 + 0.34aR/A for R<<A
where
F(th) = thermal neutron flux depression correction factor
R = radius of foil
L = diffusion length in medium
)\ = transport free mean path in medium
a = function of I,d .
d = average thickness of foil ;
Za = macroscopic absorption cross section for foil

Example: Indium foil activation in water medium.
R = 3.175 cm.
L= 2.76 cm.
A = 0.51 cm.
g, d=taA 0a/vW
¢ = 0.0195 g/cm.?
A = 0.6023 x 102%
0a =175 b for indium(0.032 eV)
W = atomic weight, for jndium = 115
Id = 0.0179
o = 0.0358 (Taken from Fig. 10-12 of Price(13))

F(th) = 1.0598
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2. Self-shielding Factor for Thermal Neutrons

K(th)* =P t o/ 1 - exp (Pto)

P = atom density of target nuceli
t = foil thickness
o = average thermal cross section

Example: for indium foils ™

P = 0.037 x 1024 atom/cc.
t = 2.68 x 1073 cm.
g = 130 barns

K(th)* = 1.0056
3. Self-shielding Factor for Resonance Neutrons i
K(r)* = P t op/ 1 - exp(PtOr)
Example: for indium foils
oy = 2640 barns

K(r)* = 1.135

* Assuming neutron beam direction is normal to the plane of the foil.
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