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Development of BERMUDA: A Radiation Transport Code System
Part I. Neutron Transport Codes

Tomoo SUZUKI, Akira HASEGAWA, Shun—ichi TANAKA
and Hiroshi NAKASHIMA

Department of Reactor Engineering
Tokai Research Establishment,
Japan Atomic Energy Research Institute
Tokai-—mura, Naka—gun, Ibaraki—ken

(Received 13 February, 1992)

Abstract

A radiation transport code system BERMUDA has been developed for one—, two— and three—
dimensional geometries. Purpose of the development is to establish a basis of an accurate shielding
calculation method for general use. The time-independent transport equation is numerically solved using
a direct integration method in a multigroup model, to obtain spatial, angular and energy distributions of
neutron, gamma rays or adjoint neutron flux. In order to mitigate the ray effect, the spherical harmonics
expansion is not used in representing anisotropy of both angular flux and scattering cross sections. Group—
angle transfer matrices are calculated by numerically integrating double—differential cross section data,
taking energy-angle correlation into account. In addition, a first collision source method is used for a case
of point source. Angular flux distribution is obtained by integrating the transport equation over the line
segment along each angular discrete ordinate at each spatial mesh point. A fine energy grid (subgroup
having equal lethargy width) method is used, with a rebalancing scheme concerning the number of gain
and loss of particles over each coarse mesh region and also in each energy grid. As to group constants, a
library with any structure of energy groups is capable to be produced from a data base JSSTDL, or by a
processing code PROF-GROUCH-G/B, selecting objective nuclear data through a retrieval system
EDFSRS. Validity of the present code system has been tested by analyzing the shielding benchmark
experiments performed at the FNS facility in the JAERI. The test has shown that accurate results are
obtainable with this system especially in deep penetration calculation. In this report as Part I, described
are the devised calculation method and the results of validity tests. Input data specification, job control
languages and output data are also described as a user’s manual for the following four neutron transport

codes:
BERMUDA-1DN : sphere, slab (Sy0)
BERMUDA-2DN : cylinder (Ss)
BERMUDA-2DN-S16 : cylinder (S:6)
BERMUDA-3DN : rectangular parallelpiped , (Sg)

Development of gamma rays and adjoint neutron transport codes will be reported after validity test of
them as Part II and Part I, respectively.

Keywords: BERMUDA, Radiation Transport, Shielding, Code System, Direct Integration Method,
Energy Group, Neutron Angular Flux, Double-Differential Cross Section, Anisotropy,
Angular Discrete Ordinates, JSSTDL, PROF-GROUCH-G/B, EDFSRS, Gamma Rays,
Adjoint Neutron Flux, Benchmark Experiment, FNS, Validity Test
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1. Introduction

Since 1979, development of a radiation transport code system BERMUDA has been carried out in the
Japan Atomic Energy Research Institute. Purpose of the development is to establish a basis of an accurate
shielding analysis system for general use including fission and fusion reactors.

BERMUDA has been designed as a deterministic—type transport equation code for one—, two— and
three—dimensional geometries. It is not a modification of the formerly existing codes. We have tried to
attain high accuracy of the results with a precise simulation. Efficiency in computation is not considered
because an exact calculation method must be first achieved.

There have been good many discrete ordinates transport codes based on the Sn method? using the
Legendre expansion approximation in dealing with anisotropy in both neutron angular flux and scattering
cross sections. However, it is difficult to apply this spherical harmonics expansion in low order to
represent the extremely anisotropic angular distribution of fast neutron flux in a spatial region where a
source is localized in a small part. Similar difficulty is in dealing with the strong anisotropy of scattering
in the high energy region. The Sn codes are very excellent now for practical use even though the Sn codes
sometimes produce negative values or inaccurate distributions even for scalar flux in the high energy
region above 10MeV.

To overcome these difficulties, Takeuchi et al.” have developed the PALLAS code series without
using the Legendre expansion. They use the direct integration method to obtain the angular flux for each
direction of discrete ordinates at each spatial mesh point. In addition, they apply the exact energy—angle
correlation method in dealing with anisotropy of elastic scattering by integrating numerically the double
—differential cross section. Thus PALLAS has an advantage in calculating neutron flux having a strong
anisotropy. However, the energy group model is not used in PALLAS. With respect to energy variable,
PALLAS solves the transport equation in a continuous energy model, arraying discrete energy points E,
with equal lethargy intervals. This method is good for computer efficiency, though it is difficult to
maintain neutron balance in an energy interval between E, , and E; unless the energy meshes are made
extremely fine.

129 have been developed applying double—differential cross sections to the Sn codes.

Several codes
They are now useful in fusion neutronics analyses. We aim at developing a new—type transport code
incorporating various accurate simulation methods. For solving transport equation in space and angle, we
selected the direct integration method like PALLAS. This method is very natural, direct and simple in
simulating neutron transport phenomenon. Moreover, this method never calculates negative results and
does not need a so—called Diamond-Difference Approximation technique used in the Sn codes.

For energy variable, we have, on the contrary, selected the energy group model as in the Sn codes.
It is because the model is convenient to maintain neutron balance in each group. In addition, it is easy to
derive adjoint equation in the group model with the same scattering kernel.

These are the reasons why BERMUDA is designed using the direct integration method in the usual
energy group model. Moreover, it considers neutron balance in each region called a coarse mesh.
Scattering kernel is obtained numerically so as to conserve the number of neutrons after scattering.

Neutron transport calculation architecture in the present code system has become a combination of
the following models:

(a) Direct integration method for obtaining space—angle distribution of flux,
(b) Numerical integration of double—differential cross section of elastic and inelastic (discrete levels)
scatterings for obtaining group—angle transfer matrices,
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(c) Group dividing method into fine energy groups (grids) with a few iterations for each grid for the
groups except thermal energy group (For the thermal group, the usual energy group model is adopted
with iteration procedure for scattering source from the self group.) ,

(d) Neutron balance adjustment in each grid or group by renormalizing the obtained flux after space—
angle calculation sweep in each spatial region called a coarse mesh,

(e) First collision source method in case of a point source, in which the flux is obtained as the sum of the
solution and the uncollided flux and

(D) Scalar flux calculation after all angular fluxes are obtained by numerically integrating them over the
angular space for each spatial mesh point and for each energy grid or group.

Shortcoming of the present code system is to spend very much computer resources. The radiation
transport problems often involve a steep distribution function behaving like a delta function, and so, an
approximation with separation of variables like F (x, y) =f (x) g (y) is usually difficult to be applied.
Each variable of space, angle and energy needs to be discretized into very fine segments for numerical
calculation. Then the shielding calculation becomes very expensive especially in three-dimensional case.
In this case a precise solution is not obtained without consuming too much computer resources. One
practical solution is to devise some simplified approximation method. But it is necessary to validate the
approximated solutions by comparing with an exact solution or at least by an experimental value. To
resolve the shortcoming of the present three—dimensional code, more improvements will be necessary to
attain efficiency. A progress in computer hardware capability is also expected to solve this problem.

We have achieved an accurate calculation method especially for a penetration calculation up to two—
dimension. This has been confirmed through validity tests by comparison with benchmark experiments
performed at the Fusion Neutronics Source (FNS) facility?? in JAERI. Required computation time is
also in practical range except a three-dimensional case.

In Chapter 2, the nuclear data base system®, the processing code® and several libraries of group
constants set for BERMUDA are briefly described. The numerical methods to solve the neutron transport
equation in the present version of the code system are introduced in detail in Chapter 3. In Chapter 4,
some examples of validity tests are given in comparison with the benchmark experiments. Chapter 5 is a
guide for users to prepare input data as well as the job control languages for the FACOM/VP2600
computer. In addition, a brief description is given about the output data on printer or disk. Chapter 6 is
for concluding remarks.

The above-mentioned output data file on disk contains the space, angle and energy distributions of
flux. This data are processed to produce distributions and integrated values of various kinds of physical
quantities and to plot them in figures by some separate codes’ aid. These post—processing codes will be
released in the future.

The gamma rays and adjoint neutron transport versions in the BERMUDA code system will also be
reported after their validity tests as Part Il and Part III, respectively.
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2. Group Constants Library

It is necessary to prepare group constants as the coefficients of each term in the Boltzmann transport
equation. The coefficients are the macroscopic cross sections; the sum of products of atomic number
density and microscopic cross section. The neutron cross sections of nuclei are usually given to a transport
code as averaged values for each energy group. For reactions having resonances in a group, resonance
self—shielding factors are also prepared to give effective values of cross sections in a material or mixture.

A group constants library thus consists of microscopic cross sections and resonance self-shielding
factors; the parameters invariable through various problems having different composition and configura-
tion. Compiling them in a magnetic disk as a library file in binary form, the number of input parameters
for a transport code becomes quite few. Microscopic cross sections and other parameters commonly used
in the present code are supplied almost automatically from the library file.

In this chapter, we only mention the data source of the neutron cross section, processing code used,
data structure and brief descriptions of the stored data in the library.

2.1 Nuclear Data and Group Constants Processing System

The basic cross section data with respect to fine discrete energy points are first prepared from
measured raw data or theoretical calculations known as ‘evaluated nuclear data file.” For example, there
are ENDF/B, ENDL, JEF, JENDL, KEDAK and UKNDL. Hasegawa has completed a data base
management system, namely ‘Evaluated Data Files Storage and Retrieval System, EDFSRS,”® and stored
almost all obtainable nuclear data files in the world into the system.

To test the present code system, we made some libraries using JENDL files as well as ENDF/B-1V.
Those from JENDL files correspond to the latest version of JENDL files available at the development
stage of BERMUDA.

Group constants are made from those evaluated nuclear data files by processing them for each energy
‘group’ defined by dividing the energy space into some number of intervals. The structure of energy group
is defined fine enough for the problem to be analyzed. In general, weighting spectrum to produce group
constants are assumed for each energy region as fission or DT neutron source, 1/E, 1/%,, Maxwellian
spectrum or detailed thermal neutron spectrum based on a thermal neutron scattering kernel. In the
present work, adopted fundamental weighting spectrum is Maxwellian and 1/E (joined at 0.32eV) to
enhance the generality of applications not only for fusion neutronics but also for fission reactors.

For the processing, a code ‘ PROF-GROUCH-G/B’ was used. As to the details of the processing for
the group constants generation, they will be described in a report” ‘PROF-GROUCH-G/B, a Code
System to Produce Group Constants for BERMUDA or Other Transport Codes.’

2.2 Neutron Group Constants

A common 295-group (neutron group) constants data base JSSTDL-295 (the JAERI Shielding
Standard Library of 295 groups) has been produced. The energy space below 16.5MeV is divided into 295
energy intervals (groups) in such a manner that the group structures of various kinds of existing libraries
can be reproduced by collapsing the 295 groups into less number of groups.

There are three neutron group constants libraries prepared for BERMUDA test calculations;

(a) J2585. BERMUDAL. DATA (ENDF/B-1V," 120 groups, 30 nuclides),
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(b) J2585. BERMUDAJ. DATA (JENDL-2' and JENDL-3PR1,'®
120 groups, 30 nuclides) and

(c) J3931. BERM125X. DATA (JENDL-2, JENDL-3PR1 and JENDL-3PR2,'"
125 groups, 24 nuclides).

In Table 2.1, the boundary energies, middle energies and lethargy widths are given for the library
with 125 energy groups (J3931.BERM125X.DATA). Table 2.2 shows nuclides contained, together with
their code numbers (identification numbers for use in BERMUDA) and their atomic weights. This library
consists of 3876 binary records as follows:

(1) The first header record is

(EUP (I) , I=1, 126) , (EMID (I) , I=1, 125) , (DELU (I) , I=1, 125) ,

(CHI (I) , I=1, 125) , (NCODEL (N) , N=1, 30) , (AW (N) , N=1, 30) ,

(LEVEL (N), N=1, 30) , ((Q (L-1, N) , L=2, 41) , N=1, 30) , NSO, NTP,

(CSIGO (IS0) , ISO=1, NSO0) , (TP (ITP) , ITP=1, NTP) , (INDXFT (N) , N=1, 30) ,

where EUP : upper energy boundary (eV) ,
EMID : group mid—point in lethargy (eV) ,
DELU : group lethargy width,
CHI : dummy,
NCODEL : nuclide code number,
AW : atomic weight (in unit of neutron mass) ,
LEVEL : number of levels for elastic (=1) and inelastic (discrete levels) scattering,
Q : Q value (positively defined) for each level L,
NSO : number of g, points for f (g, T) table (=9) ,
NTP : number of temperature points for f (g, T) table (=4) ,
CSIGO : value of g, for f (0,,T) table (barn),
TP : value of T for f(g,,T) table (Kelvin),
INDXFT : index for f(0,,T) table existence and
0o : admixture cross section defined as a ratio of ‘sum of macroscopic total cross

sections of other nuclides in a mixture’ to ‘atomic number density of the
nuclide of interest.’

The remaining 3875=31X125 records are corresponding to the number of products obtained by
repeating 31 times of a group cross section record for 125 groups. The 31 records for each group consists
of 30 anisotropic data records (repeated for each nuclide) , and one record containing isotropic data of
all (30) nuclides.

(2) Anisotropic data record for each of 30 nuclides are given as,
LEV, (LGEN (L), SSS (L), (FC (LG, L), LG=1, LGEN (L)), L=1, LEV),

where LEV : number of levels including elastic level (Q=0 and L=1),
LGEN : number of Legendre coefficients for level L (anisotropic scattering data as
group constants are given in a form of Legendre coefficients. LGEN (L)
value does not contain the Legendre first (isotropic) term.) ,
SSS : scattering cross section for level L and
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Table 2.1 Energy group structure
GROUP UPPER LOWER MIDDLE LETHARGY
NO. ENERGY ENERGY ENERGY WIDTH
1 1.64870E+07 1.62310E+07 1.63585E+07 0.0156
2 1.62310E+07 1.59800E+07 1.61050E+07 0.0156
3 1.59800E+07 1.57320E+07 1.585SSE+07 0.0156
A 1.57320E+07 1.54880E+07 1.56095E+07 0.0156
5 1.54880E+07 1.52480E+07 1.53675E+07 0.0156
6 1.52480E+07 1.50120E+07 1.51295E+07 0.0156
7 1.50120E+07 1.47790E+07 1.48950E+07 0.0156
8 1.47790E+07 1.45500E+07 1.46641E+07 0.0156
9 1.45500E+07 1.43240E+07 1.44366E+07 0.0157
10 1.43240E+07 1.41020E+07 1.42126E+07 0.0156
11 1.41020E+07 1.38830E+07 1.39921E+07 0.0157
12 1.38830E+07 1.36680E+07 1.37751E+07 0.0156
13 1.36680E+07 1.34560E+07 1.35616E+07 0.0156
14 1.34560E+07 1.32480E+07 1.33516E+07 0.0156
15 1.32480E+07 1.30420E+07 1.31446E+07 0.0157
16 1.30420E+07 1.28400E+07 1.29406E+07 0.0156
17 1.28400E+07 1.26410E+07 1.27401E+07 0.0156
18 1.26410E+07 1.24450E+07 1.25426E+07 0.0156
19 1.24450E+07 1.22520E+07 1.23481E+07 0.0156
20 1.22520E+07 1.20620E+07 1.21566E+07 0.0156
21 1.20620E+07 1.18750E+07 1.19681E+07 0.0156
22 1.18750E+07 1.16910E+07 1.17826E+07 0.015%
23 1.16910E+07 1.15100E+07 1.16001E+07 0.015%
24 1.15100E+07 1.13310E+07 1.14201E+07 0.0157
25 1.13310E+07 1.11560E+07 1.12432E+07 0.0156
26 1.11560E+07 1.09830E+07 1.10692E+07 0.0156
27 1.09830E+07 1.08120E+07 1.08972E+07 0.0157
28 1.08120E+07 1.06450E+07 1.07282E+07 0.0156
29 1.06450E+07 1.04800E+07 1.05622E+07 0.0156
30 1.04800E+07 1.03170E+07 1.03982E+07 0.0157
31 1.03170E+07 1.01570E+07 1.02367E+07 0.0156
32 1.01570E+07 9.99990E+06 1.00781E+07 0.0156
33 9.99990E+06 9.39400E+06 9.69222E+06 0.0625
34 9.39400E+06 8.82490E+06 9.10500E+06 0.0625
35 8.82490E+06 8.29020E+06 8.55337E+06 0.0625
36 8.29020E+06 7.78790E+06 8.03513E+06 0.0625
37 7.78790E+06 7.31610E+06 7.54832E+06 0.0625
38 7.31610E+06 6.87280E+06 7.09099E+06 0.0625
39 6.87280E+06 6.45640E+06 6.66135E+06 0.0625
40 6.45640E+06 6.06520E+06 6.25774E+06 0.0625
41 6.06520E+06 5.69780E+06 S.87863E+06 0.0625
42 5.69780E+06 5.35250E+06 5.52245E+06 0.0625
43 5.35250E+06 5.02820E+06 5.18782E+06 0.0625
L4 5.02820E+06 4 .72360E+06 4 .87352E+06 0.0625
45 4L ,72360E+06 4.43740E+06 4 .57826E+06 0.0625
46 4.43740E+06 4.16860E+06 4 .30090E+06 0.0625
47 4.16860E+06 3.91600E+06 4.04033E+06 0.0625
48 3.91600E+06 3.67870E+06 3.79550E+06 0.0625
49 3.67870E+06 3.45590E+06 3.56556E+06 0.0625
50 3.45590E+06 3.24650E+06 3.34956E+06 0.0625
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Table 2.1

UPPER
ENERGY

3.24650E+06
3.04980E+06
2.86500E+06
2.69140E+06
2.52840E+06
2.37520E+06
2.23130E+06
2.09610E+06
1.96910E+06
1.84980E+06
1.73770E+06
1.53350E+06
1.35330E+06
1.19430E+06
1.05400E+06
9.30130E+05
8.20840E+05
7.24380E+05
6.39270E+05
5.64150E+05
4.97860E+05
4.39360E+05
3.87740E+05
3.42170E+05
3.01970E+05
2.66490E+05
2.35170E+05
2.07540E+05
1.83150E+05
1.61630E+05
1.42640E+05
1.25880E+05
1.11090E+05
9.80350E+04
8.65150E+04
7.63490E+04
6.73780E+04
5.94610E+04
5.24740E+04
4.63080E+04
4.08670E+04
3.60650E+04
3.18270E+04
2.80870E+04
2.47870E+04
2.18740E+04
1.93040E+04
1.50340E+04
1.17090E+04
9.11860E+03
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Energy group structure (continued)

LOWER
ENERGY

3.04980E+06
2.86500E+06
2.69140E+06
2.52840E+06
2.37520E+06
2.23130E+06
2.09610E+06
1.96910E+06
1.84980E+06
1.73770E+06
1.53350E+06
1.35330E+06
1.19430E+06
1.05400E+06
9.30130E+05
8.20840E+05
7.24380E+05
6.39270E+05
5.64150E+05
4.97860E+05
4 .39360E+05
3.87740E+05
3.42170E+05
3.01970E+05
2.66490E+05
2.35170E+05
2.07540E+05
1.83150E+05
1.61630E+05
1.42640E+05
1.25880E+05
1.11090E+05
9.80350E+04
8.65150E+04
7.63490E+04
6.73780E+04
5.94610E+04
5.24740E+04
4 .63080E+04
4.08670E+04
3.60650E+04
3.18270E+04
2.80870E+04
2.47870E+04
2.18740E+04
1.93040E+04
1.50340E+04
1.17090E+04
9.11860E+03
7.10160E+03

MIDDLE
ENERGY

3.14661E+06
2.95596E+06
2.77684E+06
2.60863E+06
2.45060E+06
2.30213E+06
2.16264E+06
2.03161E+06
1.90852E+06
1.79287E+06
1.63241E+06
1.44059E+06
1.27132E+06
1.12196E+06
9.90130E+05
8.73778E+05
7.71103E+05
6.80496E+05
6.00537E+05
5.29970E+05
4.67696E+05
4.12744E+405
3.64243E+05
3.21442E+05
2.83676E+05
2.50341E+05
2.20923E+05
1.94964E+05
1.72054E+05
1.51838E+05
1.33998E+05
1.18254E+05
1.04359E+05
9.20951E+04
8.12732E+04
7.17234E+04
6.32958E+04
5.58584E+04
4.92947E+04
4 .35025E+04
3.83910E+04
3.38798E+04
2.98986E+04
2.63855E+04
2.32850E+04
2.05489E+04
1.70357E+04
1.32677E+04
1.03329E+04
8.04715E+03
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LETHARGY
WIDTH

0.0625
0.0625
0.0625
0.0625
0.0625
0.0625
0.0625
0.0625
0.0625
0.0625
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.1250
0.2500
0.2500
0.2500
0.2500
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Table 2.1 Energy group structure (continued)

GROUP UPPER LOWER MIDDLE LETHARGY
NO. ENERGY ENERGY ENERGY WIDTH
101 7.10160E+03 5.53070E+03 6.26712E+03 0.2500
102 5.53070E+03 4.30730E+03 4 .88082E+03 0.2500
103 4.30730E+03 3.35460E+03 3.80122E+03 0.2500
104 3.35460E+03 2.61250E+03 2.96039E+03 0.2500
105 2.61250E+03 2.03460E+03 2.30551E+03 0.2500
106 2.03460E+03 1.58460E+03 1.79556E+03 0.2500
107 1.58460E+03 1.23410E+03 1.39841E+03 0.2500
108 1.23410E+03 9.61100E+02 1.08908E+03 0.2500
109 9.61100E+02 5.82930E+02 7.48501E+02 0.5000
110 5.82930E+02 3.53570E+02 4.53990E+02 0.5000
111 3.53570E+02 2.14450E+02 2.75360E+02 0.5000
112 2.14450E+02 1.30070E+02 1.67014E+02 0.5000
113 1.30070E+02 7.88910E+01 1.01298E+02 0.5000
114 7.88910E+01 4.78500E+01 6.14405E+01 0.5000
115 4,78500E+01 2.90230E+01 3.72659E+01 0.5000
116 2.90230E+01 1.76030E+01 2.26029E+01 0.5000
117 1.76030E+01 1.06770E+01 1.37094E+01 0.5000
118 1.06770E+01 6.47580E+00 8.31517E+00 0.5000
119 6.47580E+00 3.92780E+00 5.04338E+00 0.5000
120 3.92780E+00 2.38230E+00 3.05895E+00 0.5000
121 2.38230E+00 1.44490E+00 1.85531E+00 0.5000
122 1.44490E+00 8.76400E-01 1.12530E+00 0.5000
123 8.76400E-01 5.31560E-01 6.82539E-01 0.5000
124 5.31560E-01 3.22410E-01 4.13981E-01 0.5000
125 3.22410E-01 1.00100E-05 1.79648E-03 10.3800

FC : Legendre coefficients for level L.

(3) Isotropic data record for each group are given as,

(SST (N) , N=1, 30), (SSFNU (N) , N=1, 30) , (SSF (N) , N=1, 30),
(SSC (N) , N=1, 30) , ((SS0 (J, N) , J=1, 125) , N=1, 30) ,

(((FFF (IS0, ITP, N) , IS0=1, NS0) , ITP=1, NTP) , N=1, 30) ,
(((FFC (IS0, ITP, N) , IS0=1, NS0) , ITP=1, NTP) , N=1, 30) ,
(((FFE (IS0, ITP, N) , IS0O=1, NS0) , ITP=1, NTP) , N=1, 30) ,
(((FFT (IS0, ITP, N) , IS0=1, NS0) , ITP=1, NTP) , N=1, 30) ,

where SST : total cross section 0,
SSFNU : fission yield cross section v gy,
SSF : fission cross section g,
SSC : capture cross section g,
SSO : isotropic scattering matrix 0, "17! as the sum of inelastic continuum level

and (n, 2n) , (n, 3n) etc.,
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FFF : resonance self-shielding factor for fission cross section,
FFC : resonance self-shielding factor for capture cross section,
FFE : resonance self—shielding factor for elastic scattering cross section and
FFT : resonance self—shielding factor for total cross section.

The total 31 records of (2) and (3) are repeated for each of 125 energy groups.

Other cross sections for detector responses for seven reactions are also prepared in the first header
record (after INDXFT). These data are no more referred by BERMUDA directly, because editing of
reaction rates is now performed by other post—processing codes® after the angular, scalar and uncollided
fluxes are calculated and stored on the ouput disk of BERMUDA.

Table 2.2 Nuclides in the library J3931. BERM125X. DATA
ORDER IN NUCLIDE CODE ATOMIC MASS
LIBRARY NAME NUMBER (IN NEUTRON MASS UNIT)
1 H 11 0.9992
2 VACANCY 0 0.0
3 VACANCY 0 0.0
4 LI-6 36 5.9635
5 LI-7 37 6.9557
6 BE 40 8.9348
7 B-10 50 9.9269
8 VACANCY 0 0.0
9 c 60 11.8970
10 N 70 13.8830
11 0 80 15.8580
12 NA 110 22.7920
13 AL 130 26.7680
14 CR 240 51.5490
15 MN 250 54.4660
16 FE 260 55.3670
17 NI 280 58.2010
18 cu 290 63.5000
19 VACANCY 0 0.0
20 MO 420 95.0660
21 PB 820 205.4000
22 F 90 18.8350
23 CA 200 39.7360
24 V-51 230 50.5060
25 €C0-59 270 58.4270
26 NB 410 92.1080
27 TA 730 179.3900
28 VACANCY 0 0.0
29 VACANCY 0 0.0

30 S1I 140 27.8480
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3. Numerical Method to Solve Neutron Transport Equation

In this chapter, we describe the numerical method developed for the BERMUDA code system to
solve accurately the time—independent neutron transport equation. The method is almost numerical in the
meaning that neither expansion nor transformation with orthogonal functions is used. However, analyt-
ical, geometrical (i. e. spherical trigonometry used in Sec. 3.4) and physical equations describing neutron
transport and scattering are utilized as far as possible. Once the basic algorismic procedure is made up and
confirmed through validity tests, it will be applicable also to gamma rays and adjoint neutron transport
calculations with some modifications.

3.1 Transport Equation in Multigroup Model
The time—independent transport equation,”
Qe grad ¢ (1 ED+E,(n B) ¢ (1 E D)
={de{aQy (. B, Q) T, (E—~E Q—Q)+S (n E O),
is rewritten in a usual energy group model, where the flux ¢ and the independent source S are integrated

over a group width JE; and the macroscopic cross sections are averaged in the group as described in
Chap.2, as

Qegrad ¢ (n D+ (Mo (nD=q'(r D). (3.1
Symbols in Eq. (3.1) are as follows:
Q : unit direction vector drawn from the spatial point r,
. : sign for inner product of vectors, i. e. Q * means direction cosine between directions of Q

and gradient operator,
4 (h D=t (n D+AT) TS () O (D+S (1, Q) (3.2)
=1

(In Eq. (3.2), anisotropic and isotropic scattering sources are separately written. The
former is treated with double—differential cross section for elastic and inelastic (discrete
levels only) scatterings as described below. The latter involves inelastic (continuum level)
scattering and (n, 2n) and (n, 3n) reactions),

i Oy= (i (7O ’
Qaniso (11 §2) ESngﬁ (r'Q’)/AEJ'SAE,dESAE,dE

X SIN" (1 S F,™o," (E—E, Q—Q), (3.3)
m L
i,j : group indeces numbered from the highest energy group as 1, 2, --+, IMAX,
DA (;5= 2.N" (;S o™ 77" . isotropic scattering cross section corresponding to SSO in Sec. 2.2

(This is an averaged value for group j but is an integrated value for
group i),
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o/ (;;z S¢ i (;: 5) d< : scalar flux for group j,
m : nuclide,
N™ : atomic number density of nuclide m in a mixture,
L : level (L =0 for elastic and L#0 for inelastic (discrete levels) scatterings),
;'e'“j (L=0): resonance self-shielding factor (elastic) interpolated from the table FFE (see
F "= Sec. 2.2) to the actual (g,, T) point,
1 (L+0)
and

o." (E—E, 5’—4_2)): double—differential cross section.

The other symbols are used as usual.

Equation (3.1) is solved first for group 1, then the soludion ¢' is used in Eq. (3.2) to obtain the
slowing down source from the group 1. In this manner, Eq. (3.1) is solved consecutively up to the final
(lowest energy) group IMAX.

3.2 Direct Integration Method

Taking the gradient along the linear path of direction Q at the spatial point r, direction cosine

—_ >

becomes unity. Then, Equation (3.1) is written by using x which is a coefficient used as r’ —r+xQ

(d/dx) ¢ ()+Z (%) ¢ (x)=¢ (%), (B-4)

where the group index i is suppressed.
We consider a line segment [x,,_,, x,] where x, coincides the mesh point r that is, r= r (x,—x) Q.

If the values of ¢(x,_,), q (x,-;) and q (x,) are known, and the medium is homogeneous over the line
segment, the solution of Eq. (3.4) gives

¢ (x,)=¢ (x,-1) exp [—(x,—x, ) T ]
+S‘j_lexp [—(x,—%)Z% ] q (%) dx. 3.5)

Usually the point ; = _)— (X —Xp—1) S—i does not coincide with an adjacent mesh point of space and
angle, except in the case of one—dxmenswnal slab. So, the values of ¢ (x,_,) and q(x,_,) are obtained from
the values at the mesh points nearest to r —1 by interpolation with respect to space and angle coordinates.
The q (x) over [x, ,, x,] is also mterpolated usually by an exponential function using the values of
q (xp 1) and q (x,). As to angular ordinates, Q space is on the surface of a unit sphere, whose center is
r,. The surface is d1v1ded into a number of regions AQ,,, in which a representative direction Q is defined.
The definition of these Qn and 4 Qn is given in Sec. 3.4. At the beginning, the exact value of q (x,) is not
known because Eq. (3.2) contains ¢ (x,) for the self group. By this reason, an iteration procedure is
necessary, which is introduced in Sec.3.6.

3.3 Group—-Angle Transfer Matrices

This Section introduces the method of calculation for the anisotropic scattering source given in Eq.
(3.3).
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Omitting >, m, 3, N, L, > and F;™ for simplicity, Eq. (3.3) becomes,
i m L
Gt~ (. D= {207 (r, Q ’)/AEdeEIdE’SAE'dE 0 (E'~E, Q~Q).
When the angular space Q is discretized into a finite number of regions Aﬁn (see Sec. 3.4),
Ji n*—>n Y —AJ -3 : ’ g
Qaniso (r) ¢ (r’ Qn’) /AE‘]SAEJdE SAEndEsdérdgz
Xg (E—~EQ™—Q,)
=¢ d (;’) an’) Kanixoj_)i' n’—>n-
Thus, the group—angle transfer matrices are defined as,
i n’—>n= ) _); LI _>y_)_)
K SAEIdE /AE,.SMdESdﬁ'@ 0 (E—>EQ—Q). (3.6)

aniso

For the 5 space, we consider a sphere of radius 1 (a unit sphere drawn by unit direction vectors) whose
center is r (Fig. 3.1). Symbols given in Fig.3.1 are defined as follows:

Fig. 3.1 Spherical triangle N Q on the unit sphere (BERMUDA triangle)
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6,6 : polar angle (zero on the north pole),
Q0,9 : azimuthal angle (zero on eastside longitude),
ok (6, ¢’) : neutron direction before collision,
Q (6, ) : neutron direction after collision,
G} : scattering angle in the laboratory system,
0, : scattering angle in the center—of-mass system,
¢ : angle at 5 between I:I) and 5’,
4 = ¢,
w’ = cos?’,
w = cos0,
£ = cos® and
7 = cos0,.

Furthermore,
E’ = neutron kinetic energy before collision and E’= [(A+1)/A] Q (threshold

energy),
E = neutron kinetic energy after collision,
B? = 1— [(A+1)/A] Q/E,
A : atomic mass of target nucleus (in the unit of incident neutron mass
m. /Y 1—(v/c)?),

m, : neutron rest mass,
Q : Q—value (defined positive, and Q=0 for elastic scattering) and
a = [(A—1)/(A+1)]?

From the law of conservation of energy and momentum concerning the system of a neutron and a nucleus
suffering a collision, we obtain,

E/E’=[(48+1)*—24B(1 —1)]/(4+1)?

=[£yAB *—1+E2+E] Y/ (4+1), 3.7

. =1—[(48+1)*—(4+1)*E/E’) 248
=[y/AB - 1+E2 e E—1+E?]/AB and (3.8)

£ =[(A+1)2VE/E—[(4B*—1)/2(A+ 1)1V E/E
=(1+4Bu)/V 1+248u+ 4B . (3.9)

The negative sign in the duplicate signs in Eqgs. (3.7) and (3.8) are meaningful only when
E’ < [A/(A—1)] Q. Otherwise only the plus sign is used.

Incaseof [(A+1)/A] Q < E = [(A/(A—1)] Q, the neutron energy after collision, E, has two
values, because the curve of E has two branches in the graph drawn on the [E’, E] plane. However, the
calculated value of scattering kernel from E’ in this interval is considered to be very small, so that we
adopt only one branch corresponding to the plus sign, and make the value of the calculated kernel half
when E’ is in this interval.

From Eq. (10.7a) in Ref. 7,
0 (E'=E, Q=>Q)=0 (E’, 1) (du/df) 6 {E— E(E")},

where E (E")=E’— [2AE’ /(A+1)*1(1—Bu)— [A’B/(A+1)2](1—8 ?),
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and by using the relation,
6{E— E(E")}dE=56{—€ (1)} dt,
where £ ()= (1+ABu)/Y1+2A8u+AB 2,

we obtain

0 (E—E, Q—>Q)=0 (E’ 1t) (du/dE) 6 {E—E (1)}

=0 (E’) f(E’, 1) (du/dE) 6{§—§ (1)}, (3.10)

where the angular distribution function is normalized as
1
Sirf(E’, ) du=1/2x.

From Fig. 3.1, it is clear that

Q = (sinf cosp, sind sing, cosd) and
Q’ = (sinf’ cosp’, sinf’ sing’, cos6’).

Using the above equations, we obtain,

cos®= (S_E) . 5’) = cosf cos9’+ sinf sind’ cosd. .11

13

On the triangle (§ o 5), we can consider “6” and ©” and “/ and ¢” interchanged simultaneously, then

we obtain

€089°= cosf cos© + sinf sin® cosg. (3.12)

Equations (3.11) and (3.12) are the formulae of spherical trigonometry and can be rewritten with our

pre—defined symbols,
E=ww+y1—w’*y1—w’ % cos (¢ —¢), (3.13)
w’=wE+y1—w? Y1—E? cosp. (3.14)

0w’ /08 0w’/0¢
0@’ /0F  0¢’/0¢

§a={" o do= " aef"ap. (3.15)

As the Jacobian is easily proved to be unity, we can write

When Egs. (3.10) and (3.15) are substituted into Eq. (3.6),

Kanii ™" "7"= S AE,dE’/AEfS AE.dES 17 1d£S Aé,.d‘ﬁno If7 ()
X (dit/dE) 6{E—E (1)}
:G"S AEdE’/AEjS 9E (du/dE) f7 (1)

x§" deote—£ @) § e (3.16)

The 0/ and ' (1) are supplied as group constants and
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A= A5 €=E,) § (3.17)

is prepared as a table for discrete values of £, =cos [(2m’—1)z/160] . A description of the table is given
in Sec. 3.4.

Then Eq. (3.16) is reduced to
Kam'soj_,i' ""’":g‘ jSAE,dE,/AE'fSueAE?fj (ﬂ) du
X AP w0 {E (1), En} . (3.18)

Numerical integration with E’ and 1 (E) are performed by separating the ranges 4E; and Ju (JE;)
into fine intervals. For each combination of the fine E’ and E values, the ratio E/E’ determines ¢ from Eq.
(3.8) and £ from Eq. (3.9), 6 means m’ in the table of 4¢,, . is picked out and used, if £ (E/E’) happens
to fall in the fine interval of £,,. The data of f' (1) is prepared for 81 values of x as u,.=(41—k’)/40
k=1, -, 81).

The range of E’ is limited by the kinematics relation of Eq. (3.7) if E is given as,

w=E [(4B'+1)/(4—1D] 2,
E’,,=E [(48’—1)/(4—1)] ? and E’,,,,2 [(4+1)/4]Q

where 8’ =1+ [(A—1)/A] Q/E, and conversely,

E,o.=E’ [(48+1)/(4+1)] ?
E,.=E [(48—1)/(4+1)] ?,

where 8 *=1— [(A+1)/A] Q/FE.
Then actual intervals for numerical integration are given between group j and i (j<i or F >Ei) as,

[E’] =AE} N [E,min (Eloweri)' E,max (Eupperi)] and
(E)=A4E, N [E,,;, (E"), E,.(E)].

For self-group scattering (j=i), we at first use as the range [E’]
[E’:] AE N [E min (Elower) Emax (EIower)]

for elastic scattering.
Then the kernel for self—group scattering K, ;.
full range of 1 when Eup],e,i > Ejower /@ 25,

i—i, n’—n

must be added by a component integrated over the

[(Eupperi—- Elaweri/a)AEi] Sl_ldﬂa lf‘(ﬂ) A‘pn’nm’a {E (ﬂ)- Em’} .

3.4 Angular Discrete Ordinates and Azimuthal Weights of Scattering Angle

As shown in Fig. 3.1, the angular space 6 is considered as a unit sphere. In order to solve the
transport equatlon numerically, the surface of the unit sphere must be divided into an appropnate number
of regions AQ In each region, a representatlve direction Q is defined. The angular flux ¢' (r Q ) must
be calculated as an average value in AQ in order to obtain the scalar flux @' (r) by simple numerical
integration over Q.
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3.4.1 One-Dimensional Case

In the one—-dimensional case for sphere or infinite slab, the angular flux distribution is calculated only
along r or z coordinate, respectively. We fix this r or z direction to the north pole ﬁ of the unit sphere.
As no variation is considered about azimuthal rotation, angular discrete ordinates are distributed with
respect to only polar angle 6(0=6 =) on a longitude, in other words, on the axis between the north and
the south poles, i.e. the space of w=cosf. For this case, the Gaussian quadrature set consisting of
abscissae w, and weights W, is appropriate for numerical integration. We have selected the set of 20 points
(Table 3.1). Surface of the unit sphere is divided by latitudes into 20 zones havmg areas 27W,,.

Next, we consider the scattering angle between Q (before collision) and Q (after collision) on the
umt sphere. The scattering angle between them is given as © in Eq. (3.11). Taking © as a polar angle from
Qn, the azimuthal angle extension of AQ to Q is defined as A¢ illustrated in Fig.3.2, Wthh depends on
the magnitude of ©, the radius of the small circle drawn on the unit sphere around Q This 4¢ is the
measure (weight) of integration with ¢. In order to tabulate 4¢_. ... of Eq. (3.17), 80 points of @, are
selected over the range [0, 7] as

©,,=(7/80) (m’—1/2), m’=1, -, 80 and
&,=c050,,.

Then using Eq. (3.14), we have W* as the weight (symbol W*_, . is used for A¢, ..o not yet
normalized) as follows:

e =2{" dp=24¢

=2[cos ' {(wps w—W,Em)/D}

—cos™ {(@s, w1~ @) /D)L, (3.19)
Table 3.1 Gaussian quadrature set for n= 20

N ABSCISSA WEIGHT SOUTH BOUNDARY
1 0.9931286 0.0176140 0.9823860
2 0.9639719 0.0406014 0.9417846
3 0.9122344 0.0626721 0.8791125
4 0.8391170 0.0832768 0.7958357
S 0.7463319 0.1019301 0.6939056
6 0.6360537 0.1181945 0.5757111
7 0.5108670 0.1316886 0.4440225
8 0.3737061 0.1420961 0.3019264
9 0.2277859 0.1491730 0.1527534
10 0.0765265 0.1527534 0.0

11 -0.0765265 0.1527534 -0.152753¢4
12 -0.2277859 0.1491730 -0.3019264
13 -0.3737061 0.1420961 -0.4440225
14 -0.5108670 0.1316886 -0.5757111
15 -0.6360537 0.1181945 ~0.6939056
16 -0.7463319 0.1019301 -0.7958357
17 -0.8391170 0.0832768 -0.8791125
18 -0.9122344 0.0626721 -0.9417846
19 -0.9639719 0.0406014 -0.9823860
20 -0.9931286 0.0176140 -1.0000000
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where (1) BS means the south boundary (Table 3.1), (2) D is equal to y1—w,”Xy1—£,” and (3) the
factor 2 means the contribution from the left hand side of the longitude passing Q,. It is clear from Fig,
3.2 that the relation

W, =21 (3.20)

holds.
For a small value of 0, the circle of radius © is completely contained in the domain Aﬁn (Ops, n—1=0=
Bgs, n), SO that the relation

W* nnm' 27[6n’ n

holds. This is inadequate for accounting the slight neutron migration from the adjacent areas. To account
it, 5 points are taken uniformly over the W, = Jw, range [wpg , Wps o 1] .- The values of W* obtained
by Eq. (3.19) with the 5 different values of w, are averaged. Even so, Eq. (3.20) holds. This procedure
is applied not only for small ©, but for all 80 values of ©, i.e. the kernel K in Sec. 3.3 is obtained as an
average in the region Aan.

Here let us consider the conservation of the number of neutrons after collision. As f (E’, 1) in Eq.
(3.10) is normalized to 1/27 when integrated over u, 4¢,. .. in Eq. (3.17) is necessary to satisfy

Fig. 3.2 Azimuthal angle extension (J¢) of scattering on the unit sphere
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S48, 4%, i/ AD=21. (3.21)
So, we obtain ¢, p as
A(/’n’nm’: |:2’77"46571’/2Ag—iLu/*n’Lm’]—I‘V’kn’nm" (322)
L

We note that if W* were strictly calculated as the average of not 5 but infinite number of w, points, the
reciprocity relation,

AQnW* nwm' AQn’W* nn’ m*

would hold, because W* , . is the quantity integrated over 4Q,, but not over 4Q,.

3.4.2 Two-Dimensional Case

In the two—dimensional (r, z) cylindrical geometry, we fix r and z directions to the east and north
poles of the unit sphere, respectively. Angular distribution of flux is symmetric with respect to the (r, z)
plane, so that angular discrete ordinates 5,, are necessary to be distributed over the hemisphere (Figs. 3.3
and 3.4). The ordinates and their territorial boundaries are fixed as shown in Table 3.2 for S; case and in

N (2)

34 33 32 3 30 29
® o ® e [ ®
46—~
38 \37 36 / 3
47 - e ® ® [ J
. a0 , . 39
S
Fig. 3.3 Sg angular ordinates ( ® ) and their territories on the unit hemisphere in case of

two—dimensional (r, z) geometry
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Table 3.3 for S;¢ case.® There, the W*, ... must
boundary lines of 4. (Fig. 3.5).
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be defined with both latitudes and longitudes for the

For an example case of Fig. 3.5, Aﬁn, locates north—west of 5,,, and the circle of radius O, cuts only

the south—east part of 49,. Then, W* . _.is given as

*
Wnnm

= (@Ent e —En)/ 0
=vV1-w,’cos (94— P35 »)>
=w,2+c?

=@gs , and

=V1-wz2V1-§,%

where b,
G
5]

b,
D

os~'[(by—w,E,,) /D] —cos ' [(by—w,E,)/D],

When the circle © . passes the back side of the unit sphere and crosses the Aﬁﬁ, (just the symmetric

domain to the 4Q . with respect to the (r, z) plane), the value W* . . is added to W* o ame

The W*

n’ nm’

is calculated as the average value of W*, . by 25 different Q, points uniformly

distributed in the domain of AEZ),, (dw,, d¢,). The 4, . is Obtained as Eq. (3.22),

us—_ N(2)
. 6 7 AN
2/ 11/ 10| 9 \ 8 \N
148
20 /19 /18 /17 | 16 \ 15\ 14 \13\{
‘49/30Z29/28/27/26 25\2 \23\2
‘50/12/41/40/39/38/37 36\35\34\ 32 31
151 [56/55/ 53 [52[51 /50 49 8\ 47 \46\45\44\43\
152 $72| 71 (70 | 69 |68 67( 65 | 64 |63 |62 |61 |60)59
W E(r)
153 \88\87\86\35\ 83 \82 81 | 80 |79 78/7?/76)75}74}73/

el

« o[ [o]o <]

155 \\13 \112\111 110 \109

156\24\23 \122 \121 \120

108 /107 / 106/105/104/103/
119 /118/117/116/11\'/

128 /127 126

157 W32\ 131 \130 \ 129
N\

137 \

135 / 134 /i3

141
rd

159
160

Fig. 3.4

dimensional (r, z) geometry

140 4132/

i

S

S, angular ordinates and their territories on the unit hemisphere in case of two—
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A(/)n’nm’: [2”A§n’/ZA§LW*n’Lm’] W*n'nm"
L

3.4.3 Three-Dimensional Case

In the three—dimensional (%, y, z) geometry, we fix x, y and z directions to the front, east and north
poles of the unit sphere, respectively. In this case, there exists no symmetry plane in the unit sphere and
the discrete ordinates are distributed over the whole 47 area (Fig. 3.6 and Table 3.4). The points on the
westmost longitude having no weights in the case of two—dimension are not necessary in this case, because
interpolation of flux ¢ (x,_;) with respect to ¢ is not necessary.

Difference from Sec. 3.4.2 is only that the contribution to W*_, . from Aﬁn, on the back side of the
unit sphere is accounted independently. Each of n’, n and m’ amounts to 80. The number of 80 discrete
ordinates for each of (x, y, z) mesh points are too much for computers available now. The Sg
approximation is sufficient for penetration analyses, but is absolutely insufficient for streaming analyses.
So, a three—dimensional calculation is now very difficult. However, we dare have constructed the source
program as a base to adapt itself immediately to a computer of the next generation.

——

S

Fig. 3.5 Definition of W* . .
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3.5 Uncollided Flux from Point Source and First Collision Source

In the present version of BERMUDA, a fixed independent source can be given as a point source or
a distributed source. The point source can be given only for the following three cases:

(1) Center of a sphere (one—dimensional),
(2) One mesh point on axis of a cylinder (two—dimensional) and
(3) One mesh point on y—axis (0, y, 0) of a rectangular parallelpiped (three-dimensional).

The uncollided flux is analytically obtained in the point kernel model. For simplicity, let us assume that
the source point is located on the origin of the coordinates and the source Soi is isotropic. Then we have

o, (;5: (S, /4x| 7|2] exp{—21" (O, ;;},

where 2’ (0, r) is the optical dlstance between the origin and r the linear integral of the i—th group
macroscopic total cross section 2 (r) over the straight lme from the origin to the mesh pornt r.
Dimension of @y is that of a scalar flux, so that a factor I/AQ (n is determined by the direction r from
the origin) is necessary to be multlphed to the @, (r) in order to obtain ¢’ (r, Q, .) having the same
dimension of an angular flux ¢' (r Q, ,). However, this ¢, (r, ) is directed approximately to Q

Only in the three-dimensional case, this approximated uncollided flux @, is used to obtain the first
collision source (FCS) distribution as the product of ¢, and the group-angle transfer matrices K ™
prepared in Sec. 3.3 (here K contains also the isotropic component from the term of ;7). We use this
approximate FCS because the kernel K, as in the next paragraph is difficult to be calculated in the three—
dimensional case.

In the one- and two—dimensional cases, the uncollided scalar flux @, is used, which is defined only
on the north pole of the unit sphere for one—dimensional sphere case, and on the eastmost longitude for
two—dimensional cylinder case (either Sy or S;¢). In these cases, another set of group—angle transfer

—)] n;—n

matrices KO is separately prepared to account accurately the direction of the uncollided flux. Forty
points of Qno are uniformly distributed on the eastmost longitude as 6,,= (7/40) (n,—1/2), @, =0 for
matrices K, of the two—dimensional case. The K, for n,=21, ---, 40 are used when the point source is
located not on the origin but on a point (0, z) where z>0. The 40 points are considered to be sufficient
to account accurately the direction of @, because they are equivalent to S,, approximation and @n, is just
0.

The first collision source (FCS) distribution thus obtained is used in place of the independent volume
source in Eq. (3.2), so that the ray—effect is remarkably mitigated. In this case, the flux as the solution of
Eq. (3.1) is obtained without the uncollided component, which is usually added to the scalar flux (one-

or two—dimensional) or to the angular flux (three-dimensional) of the solution.
3.6 lteration and Energy Grid Model

3.6.1 Iteration Procedure
Now it is possible to calculate the source term for group i in Eq. (3.2). The isotropic scattering
matrices

Ky (0= [4Q,/47) 2 ()
can be contained into the group—angle matrices K/~ ™" by adding them to K,/ " ",

aniso

K (D= Kad ™" (D K7 ().

aniso
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So, the fixed component of the i—th group source (SD') is obtained as the sum of slowing down source
from upper groups and first collision source FCS' or input distributed source. In the source term, the self-
group scattering of ¢' (r, Q,) is excluded.

(1) Case of a point source (one or two—dimensional)

— — i-1 — — —
SD'(r,Q)=2K"H () ¢ (r, Q)

=1 n
3K T o (), (323)
j=t
(2) Case of a point source (three-dimensional)

— —> -1 Ly — , —>—>
SDI(rnQ)=22K7H" () ¢ (r, Q)

j=t n
+ITKTE () ¢ (n Q) and (3.24)
=l n

(3) Case of a distributed source
D (r, ﬁn):izzzxf*"'"’*" (67 (n &) +5' (7. 8.
=t
Then, Eq. (3.1) is written as,
Qv grad ' (r, Q)T (D ¢ (1 L)
=DK1 (n L) +SD (R Gy
=¢' (r. D). (3.25)
For the special cases of one—dimensional slab and three—dimensional rectangular parallelpiped, no

curvilinear coordinate exists. In these cases, the term K" "™ (r) ¢' (r, Q,) can be subtracted from the
both sides of Eq. (3.25). Then we have an equation given as,

Qe gradp ' (L Q)+ L (N B (1 B)=Q' (1 Q). (3.26)
where 4 O=% (A=K~ () and

Q' (nE)=TK () ¢ (n ) +SD! (1 G,
n’'#En

The ¢' in the right hand side of Eqgs. (3.25) and (3.26) is unknown at this moment. So, the equation is
solved by iteration, starting with an initial guess value of ¢' which is set equal to ¢' ' (0 for group 1). Each
stage of the iteration consists of calculational sweeping for all (;,) 5) points, performing the direct
integration method as Eq. (3.5) for Eq. (3.4). Interpolation of ¢(x,_,) and q(x,_,) is necessary with
respect to polar angle for sphere, azimuthal angle and either r or z for cylinder and two variables out of
(x, y, z) for rectangular parallelpiped. Usually an exponential function is used for the interpolation, while
linear interpolation is adopted for regions such as £,< 107 or X ;>0. This is the same as for the
interpolation of q (x) in the integrand of Eq. (3.5).

The sweeping flow is as follows:
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(1) One—dimensional case
The direction number n is defined in Table 3.1 for this case.
(a) In the order of n=20, -+, 11 from the outermost mesh of r or z consecutively to the origin and
(b) In the order of n=10, -+, 1 from the origin to the outermost.

(2) Two—dimensional S; case

The direction number n is defined in Fig. 3.3.

First, the set of procedures (a) and (b) given below is performed from the radially outermost mesh
consecutively to the axis of the cylinder.

(a) In the order of n=48, 40, 47, 38, 37, 46, 34, 33, 32, 45, 28, 27, 26, 25 from the top (maximum

z) to the bottom (minimum z) and

(b) In the order of n=44, 20, 19, 18, 17, 43, 12, 11, 10, 42, 6, 5, 41, 2 from the bottom to the top.

Secondly, the set of procedures (c) and (d) given below is performed from the axis to the radiaily
outermost.

(c¢) In the order of n=139, 36, 35, 31, 30, 29, 24, 23, 22, 21 from the top to the bottom and

(d) In the order of n=16, 15, 14, 13,9, 8, 7, 4, 3, 1 from the bottom to the top.

The angular fluxes of the eight westmost points n=41, -+, 48 are used only to obtain ¢ (x,_;) and
q (x,-1) forn=2, 6, 12, 20, 28, 34, 38, 40, respectively, by interpolation with respect to azimuthal angle
¢ from the flux values of adjacent mesh points. This ordering has been optimally decided so as to use the
newest flux values through the iteration.

(3) Two—-dimensional S, case
This case is analogous to that of Sg. The direction number n is defined in Fig. 3.4.

(4) Three—dimensional case

The direction number n is defined in Fig. 3.6.

First, the set of procedures (a):--(d) given below is performed from the front (maximum x)
consecutively to the back (minimum x).

(a) In the order of n=280, 78, 77, 74, 73, 72, 68, 67, 66, 65 from the top (maximum z) to the bottom

(minimum z) and

(b) In the order of n=460, 59, 58, 57, 52, 51, 50, 46, 45, 42 from the bottom to the top.

The set of (a) and (b) is performed from the right (maximum y) to the left (minimum y).

(¢) In the order of n=79, 76, 75, 71, 70, 69, 64, 63, 62, 61 from the top to the bottom and

(d) In the order of n=56, 55, 54, 53, 49, 48, 47, 44, 43, 41 from the bottom to the top.

The set of (c) and (d) is performed from the left to the right.

Secondly, the set of procedures (e)---(h) given below is performed from the back to the front.

(e) In the order of n=40, 38, 37, 34, 33, 32, 28, 27, 26, 25 from the top to the bottom and

(f) In the order of n=20, 19, 18, 17, 12, 11, 10, 6, 5, 2 from the bottom to the top.

The set of (e) and (f) is performed from the right to the left.

(g) In the order of n=39, 36, 35, 31, 30, 29, 24, 23, 22, 21 from the top to the bottom and

(h) In the order of n=16, 15, 14, 13, 9, 8, 7, 4, 3, 1 from the bottom to the top.

The set of (g) and (h) is performed from the left to the right.

After each stage (one set of the whole sweep) of iteration above, the obtained angular flux is
normalized so as to maintain neutron balance in the energy group and also in the spatial regions. The total
gain by independent source or FCS and slowing down source from upper groups is equal to the total loss
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by absorption, leakage and slowing down into lower groups. The neutron balance is described in Sec. 3.7.
We denote the normalized flux after “t” times’ iteration as ¢' ) (r, Q,). Then the convergence is checked
for the criterion £(¢ is given as an input parameter) as

670D (1 Q) /6 1O (r Q) —1]|<e (3.27)

for all the spatial and angular mesh points except those ¢' " =0. If Eq. (3.27) is not satisfied for the all
mesh points, the procedures Eq. (3.25) or (3.26) and the followings are repeated until Eq. (3.27) is
satisfied. Thus the i—th group angular flux distribution is obtained.

3.6.2 Restart and Bootstrap Options

The calculation requires a fairly long computation time except one-dimensional case, so that often it
is not completed in a single run. So, to continue the calculation from the previous run, we programmed
a restart option for energy group continuation. Input parameter TMAX (see Chapter 5) controls to stop
a calculation where the convergence of some group (i) is attained before permitted CPU time is
exhausted. Then the angular fluxes of groups 1 to iz and the other necessary data are stored on the disk
files for continuing the calcualtion for the next batch where i + 1 is input as the starting group number
as well as the data on the disk files.

Another option is a so—called bootstrap method for spatial region continuation in the z direction. The
first bootstrap step deals mainly with the region nearest to the source. The second bootstrap step is for the
region adjacent to the region of the first step in the z—direction. The second step is started after the
calculation from group i to group IMAX finished in the first bootstrap. A fictitious interface of z-plane
(z>>0) is set as an interface between the regions of the two steps. At the first step, the angular flux on the
plane (only the component for §<<7z/2) is stored on a disk file to be used as the boundary condition for
the second step.

In case of a point source, the point source must be placed exactly on the corresponding position for
each bootstrap step. Only mesh sizes (Jz) can be coarser except for the z region under calculation. This
is because the first collision source FCS' must be obtained for each spatial mesh point of the region under
calculation.

3.6.3 Energy Grid Model

In the course of developing the present code system, we have been in trouble for three years for an
overestimation of flux in a deep penetration analysis. We have found that this is mainly because of the
overestimation of elastic self-group scattering source especially in the group having a peak of source
spectrum. The cause of error is considered to exist in assuming the flux distribution flat with respect to
lethargy within a group.

Let us assume that the source is of mono—energy or is given only in the first group. The neutron
spectrum will shift to lower energy side in the group with suffering scattering in due course of penetration.
The flat flux approximation cannot account this spectral shift within the group. This means that elastic
removal from this group is underestimated. The spectral shift occurs also because the group does not
accept the elastic slowing down source from upper groups if it is the first group. Then the neutrons can
reach in the calculation too deep without losing energy. The overestimation of the flux for the first group
in the deep region will also cause overestimation of the fluxes for every group of lower energy.

The problem has been solved by making energy group structure fine enough. It will be explained as
follows: at every collision of elastic scattering, neutron loses energy though it remains within the same
energy group as before collision. According to increase of penetration distance, neutron flux itself
attenuates exponentially. Moreover the scattering components shift neutron spectrum in the group to
lower energy side or goes down to the lower groups as neutron suffers more collisions in due course of
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penetratlon as illustrated in the upper part of Fig.3.7. However, the scattermg kernel into the self group
Kion (r) is not represented with respect to penetration distance. The r means only the composition at
the point r. And the group model treats the neutron flux always as flat with respect to lethargy within a

group. So the spectral shift within a group is always raised back to the upper energy side and

/
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Fig. 3.7 Illustration of slowing down and penetration procedures and calculation of

slowing down source into a grid
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overestimation occurs at deep penetration.

In the scope given above, we find a definite improvement in the overestimation by dividing each
energy group into several fine groups (grids) of equal lethargy widths.” The scattering source is
calculated precisely between grids with the transfer matrices K& " ™", After a survey about the number
of divisions, it has been confirmed that ten grids in a group are sufficient for almost compositions of
nuclides for the present 125—group structure. The lethargy width of a grid is 0.00156 in the high energy
region above 10MeV. Energy group structure of the group constants library is already fine enough to
represent the 14MeV source spectrum and resonance cross sections of iron etc. Since the grid is rather an
artificial division for elastic removal calculation in relation with penetration distance, the group constants
can be used commonly for ten grids in a group. Usually iteration procedure is not necessary for a grid, or,
at most two or three times of iteration are sufficient even for composition of heavy nuclides. This means
that computation time is equivalent to that of the case where ten or more times of iteration are performed
for a group without grids.

For the thermal group where up—scattering exists, we do not apply this energy—grid method but
perform the usual iteration procedure until the Condition(3.27) is fulfilled, though it often exceeds a
hundred times of iteration to satisfy a convergence for compositions like concrete which contain
hydrogen.

To save magnetic disk area for storing angular flux, the flux for each grid is condensed (summed up)
for the group. But the ten—grid fluxes in the just upper group ((i— 1)th group) are kept as well as the ten—
grid fluxes in the i—th group for calculating slowing down source into a grid from the grids in the (i—1)th
and the i—th groups precisely. The slowing down source from the (i—2)th or upper groups are equally
distributed into the ten grids (Fig. 3.7).

Thus the relation between elastic slowing down process and penetration distance can be dealt with
more precisely. This proves that the flux distribution function is very hard to treat in the form of
separation of variables, that is, the variables of energy E and penetration distance ;) An example of deep
penetration calculation into a stainless steel assembly is given in Sec. 4.1.

3.7 Coarse Mesh Rebalance

Equation (3.1) is a balance equation concerning the number of neutrons in a subspace of (;) 5)
However Eq. (3.4) has no attnbute as balance equation. So it is necessary to renormalize the calculated
P (r Q) after sweepmg over all (r, Q) points. This is applied for each time of iteration in either a group
or a grid. The r space is divided into some number of regions (volumes) each of which is called a coarse
mesh. In each of them, the ¢i is renormalized to maintain a relation given as,

Snd;)Sda [s"+;_2: fakrig )
=Snd75d§ = /¢ - fak ~ig 1

+ [net leakage from a coarse mesh],

where V_ is the volume of a coarse mesh. The coarse meshes are defined by input parameters INTERX
etc. (see Chapter 5) for the two—and three-dimensional cases. In the one—dimensional sphere and slab
cases, the whole volume is treated as one coarse mesh. In the one—dimensional slab, only z direction is
considered so that the cross section of lcm? is assumed in the (x, y) plane.

For the two— and three—dimensional cases, the whole volume is divided into plural number of coarse
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mesh regions. In the two—dimensional (r, z) case, a rectangular region in the (r, z) plane stands for a ring—
shaped volume made by rotating the rectangle around the axis of the cylinder (0, z). In the three—
dimensional (x, y, z) case, a rectangular parallelpiped region is considered as a coarse mesh in the whole
volume.

A rough estimation is performed for the net leakage from each coarse mesh, and one coarse mesh is
selected as of the largest leakage. Coarse mesh rebalance is performed for this region. At the mesh points
on surfaces, edge-lines or corners, only the outgoing angular fluxes are normalized, while at the inner
mesh points, the angular fluxes are renormalized for all directions of the discrete ordinates.

A rough estimation is again performed for the net leakage from each of the remaining coarse meshes,
and the one coarse mesh is selected as of the largest leakage. At this step, the current incoming from the
adjacent normalized coarse meshes is assumed to be zero in the meaning of minus leakage. This current
is considered as a fixed source in an accepting coarse mesh. This flow is essential to keep the coarse mesh
rebalance. Otherwise, the order of renormalized regions would fall in an absurdity in the next iteration
stage. Thus the procedure continues until all the coarse meshes are renormalized.

The renormalization factor F to be multipiled to ¢' (Z 5) in a coarse mesh is obtained as

F =GAIN/(ABBS —SELF+XLEK),

where  GAIN = nd?? 495D (1. Q).
aBBs = th72 (n X A0.8 (1 Q)
SELF = nd?? Aﬁ,,%K En () (n Q)
XLEK = Sscd:an (n-Q) 6" (s Q)

S, :surface of a coarse mesh,

Sd: :surface integral and

— —
n :outward normal unit vector at s.
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4. Validity Tests of Code System

4.1 Deep Penetration

Nakashima et al.'” have made a benchmark experiment concerning neutron deep penetration to
assess the multigroup neutron cross section libraries and the calculational methods for fusion neutronics.
Here, a validity test of the BERMUDA-2DN is made by analyzing the benchmark experiment of DT
neutrons into an assembly of type 316L stainless steel with thickness 120cm which is composed of two
cylinders of 45cm diam. X 60cm long and 50cm diam. X 60cm long. Neutron spectra are measured in the
cylindrical assembly for DT neutrons of the FNS?? in JAERI. The DT neutrons are injected to one side
of the flat surface of the cylinder as illustrated in Fig.4.1. Energy spectra of scalar flux above 0.8MeV have
been measured at five positions of 8, 28, 48, 68 and 88cm in depth along the axis of the cylinder in the
experimental arrangement shown in Fig.4.2, using a small spherical NE213 liquid scintillator with an
unfolding code FORIST.'"

For analyzing the experiments with the BERMUDA-2DN, the target room shown in Fig.4.1 is
modelled as a cylinder so that its axis coincides with that of the test port loading the stainless steel
assembly. A DT point source is located at the origin, and the spectrum is given as input data prepared by
a Monte Carlo calculation®” with the MORSE-DD code?” taking account of the detail of the rotating
target structure. Symmetry condition is imposed with respect to the z=0 plane.

Then the bootstrap method described in Sec.3.6.2 is used. As the first step of bootstrap, axial mesh
sizes in the target room are made rather smaller than in the assembly. Thus the angular flux for each
energy group is obtained as the boundary flux over the z-plane corresponding to the surface of the
stainless steel assembly. At the second step, the angular flux in the assembly is calculated from the
boundary flux plus the first collision source, setting axial meshes fine enough and radial meshes common
to the first step calculation. Scalar flux is estimated as the sum of ® and @,

A calculation with BERMUDA-2DN was at first made for the present benchmark experiment
without the energy grid method. There an overestimation was observed larger than that with DOT3.5.
After trials which were repeated many times, we have attained the energy grid model described in Sec.
3.6.3.

The calculated results with the improved BERMUDA-2DN are compared with the experiments in
Fig.4.3, in which the small circles with error bar show the measured values. For a comparison, the
calculations with the DOT3.5 code? are shown in Fig.4.4. The both calculations are made using the same
group cross sections: BERM125X for BERMUDA-2DN and JACKEX?® for DOT3.5 processed from
the JENDL files with the same energy group structure. Nevertheless, BERMUDA—-2DN reproduces
better the measured spectra, especially at the deep penetrations, than the DOT3.5 code. These results
prove the necessity and the usefulness of the energy grid method in the BERMUDA-2DN.

The required computer resources are shown in Table 4.1 for the present code, and in Table 4.2 for
the DOT3.5. In Table 4.1, VU time represents the CPU time performed as vector computation, that is, the
figures for CPU time contains those of VU time. These tables show that the BERMUDA-2DN code
requires a large computer resource comparing with the DOT3.5 code.
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SS316L. DEEP PENETRATION SPECTRUM
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the measured spectra in the Type 316L stainless steel assembly
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Table 4.1 Problem dimensions and required computer res-
ources for BERMUDA-2DN on FACOM/VP100

stepl step2
energy groups 66 66
radial meshes 50 50
axial meshes 50 42
angular ordinates 48 (Sy) 48 (Sp)
memory (MB) 41 41
CPU (min) 142 129
VU (min) 50 42
disk (MB) ~200 ~200
I/0 times (EXCP) ~40,000 ~40,000

Table4.2 Problem dimensions and required computer
resources for DOT3.5 on FACOM/M380

energy groups 66
radial meshes 50
axial meshes 90
angular ordinates 160 (S,q)
order of spherical harmonics P;
memory (MB) 5
CPU (min) 80
disk (MB) ~100
I/0 times (EXCP) ~55,000

4.2 Spectrum in a Cavity

An experiment has been carried out to study the behavior of 14MeV neutrons incident to a large

cavity.'” The cavity is composed of mortar wall, whose inner surface is coated with stainless steel. It
simulates a shielding box of a neutral beam injector (NBI) in a tokamak fusion reactor, where 14MeV
neutrons are considered to be injected from the core plasma in the opposite direction to the neutral beam.
Fast neutron spectra have been measured inside the cavity with a 5.06cm diam. X 5.06cm long cylindrical
NE213 scintillator with the FORIST code.'"

The experimental arrangement and the vertical cross—sectional view are shown in Figs.4.5 and 4.6,
respectively. The DT neutrons travel through a cylindrical hole in the concrete shield and a rectangular
transport of stainless steel before arriving at the cavity. The inner surface of the duct is completely lined
with stainless steel: therefore, it is expected that neutrons uncollided and shallowly scattered within the
stainless steel layer are mainly able to enter the cavity.

The measured results have been analyzed with the MCNP-3,'” DOT3.5” and BERMUDA-2DN-
$16 codes using the group constants based on the ENDF/B-1V,'¥ JENDL-2'® and JENDL-3PR1.'® In
the analyses, the experimental configuration having the rectangular transport and the cavity is approxi-

mated with a two—dimensional (r,z) geometry: the rectangular transport with a cylinder having the same
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cross section and the cavity with a cylinder of 156cm inner diameter. Table 4.3 gives the material
composition used for the calculations. To make the comparison rigorously between the results of
calculations and measurements, the calculated fast neutron spectra are smeared with a Gaussian
distribution function having the same resolution as that determined in unfolding the measured data using
the FORIST code. In several figures (Figs.4.8(a) to 4.12), the positions of interest inside the cavity are
referred with the Cartesian coordinates (x,y,z) as defined in Fig.4.7, where the origin is fixed at the center
of the front inner surface of the cavity and the x—axis corresponds to the z-axis in the (r,z) geometry.
In Figs.4.8(a) and 4.8(b), the results of BERMUDA-2DN-S16 are compared with those of the
experiments. In these figures, the spectra calculated with the MCNP-3 code and FSXLIB?” library in the
same (r,z) geometry are also given. They also show a similar difference above 12MeV to those of
BERMUDA-2DN-S16. As the spectra are possibly dominated by single scattering of source neutrons, the
difference between the experiments and the calculations can be attributed to the geometrical approxima-
tion, especially the cylindrical presentation for the rectangular inlet of the cavity. Except for the above
difference, the BERMUDA-2DN-S16 calculations are in good agreement with the experiments, in
particular, compared with the DOT3.5 calculations at the position (88,0,60) represented in Fig.4.9.
The contour map in Fig.4.10 shows the shortcoming of the Legendre expansion in the high energy
region. Serious spatial fluctuations are observed in the flux obtained with the DOT3.5 code. In addition,
a large discrepancy is also seen between the Ps and P, approximations. Although it is not shown in Fig.

Table 4.3 Atomic densities of the structural materials

. Type 304
Element Ordinary Mortar stainless Air
concrete
steel

Hydrogen 7.94—3°% 1.82—2
Cardon 5.41—4 3.80—4 3.17—4
Nitrogen 4.20—5
Oxygen 4.32—-2 4.39—-2 1.13—-5
Sodium 7.86—4 1.02—-3
Magnesium® 3.82—4 3.14—4
Aluminium 2.64—3 3.44-3
Silicon 1.48—2 1.59—2 1.70—-3
Phosphorus® 6.92—5
Sulfur® 5.15—5 6.52—5 4.46—5
Potassium” 5.29—4 7.35—4
Calcium 2.56—3 1.74—-3
Chromium 1.74—-2
Manganese 1.73-3
Iron 5.86—4 5.05—4 5.79-2
Nickel 8.11-3

*Read as 7.94 X 107 3/barn + cm.

PElement not existing in the group constants library was treated in the manner that its number
density was added to another appropriate element (%) having almost the same atomic weight
as if it was (%) .
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4.10, even the negative flux appears in Py calculations in spite of the use of first collision source option.
These dreadful features are originated from that the distribution in the cavity is dominated by the
neutrons backscattered with the rear wall. But the backscattering distribution is unable to approximate
with P5 and P; expansions. Contrary, the BERMUDA-2DN-S16 with P, model gives a smooth
distribution and reveals the neutron flow from the inlet into the cavity. These results demonstrate the
superiority of the BERMUDA code considering exactly the relationship between the energy and angle.

Next, the BERMUDA-3DN code is also tested using a supercomputer FACOM/VP2600 in a three—
dimensional geometry, although only the S; approximation is applicable because of the limitation of
memory size available on the computer. The calculated results are shown in Figs.4.11 and 4.12 with the
measured spectra, for which required are almost one day of CPU+ VU time with a memory of 440MB
taking (30,30,60,80) points for (x,y,z,ﬁ), respectively and 70 energy groups. At least, the three-
dimensional geometry is exactly described to represent the experimental configuration, whereas the Sq
approximation is very poor for calculating the streaming and backscattered neutrons.

Moreover, the usage of Eq.(3.24) in the three—dimensional case instead of Eq.(3.23) makes a cause
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of error to some extent because the direction of the uncollided flux @' is not so exactly taken into account
as in the ny in Eq.(3.23) which is also a difficulty of the available memory. So far, a few three—dimensional
discrete ordinates transport codes*?®) have been developed and employed as only an auxiliary tool to
two—dimensional codes under the limited conditions without any validity test with the experiments. The
present validity test suggests that the BERMUDA-3DN code will become more practical in use with the
great development of the computer.

4.3 Offset Slits Streaming

Another validity test of the BERMUDA-2DN-S16 and BERMUDA-3DN codes have been made
using an experiment of DT neutrons streaming through slits in type 304 stainless steel.'” The experimental
arrangement and the cross—sectional view are shown in Figs.4.13 and 4.14. Reaction rates of a NE213
detector have been measured for fast neutrons at eleven points inside the slits and the stainless steel as
indicated in Fig.4.15. The reaction rates are obtained by integrating the pulse height distribution of the
small spherical NE213 scintillator produced by fast neutrons above some threshold energy. Three kinds of
reaction rates covering 15MeV neutrons have been measured for different threshold energies of 2MeV, 5
MeV and 10MeV."¥

The results of the measurement and a calculation with the BERMUDA-3DN code are summarized
in Table 4.4, in which the measured values are given as the reaction rates [reactions/(10%* detector atoms)
/(1 source neutron)] and the calculated values in the ratios (C/E) to the measured values. The
calculations are in good agreement with the measurements inside the first slit seeing the DT source
directly, while they are considerably different at other positions. Streaming neutrons through the narrow

Table 4.4 The measured neutron reaction rates in the offset slits
assembly and the ratios of the calculated values with the
BERMUDA-3DN to the measured values (C/E)

position (cm) neutron reaction rates®
a) E>2MeV b) E>5MeV ¢) E>10MeV
X Y Z, measured C/E | measured C/E | measured C/E

As® 500[2.48—08" 1.25|1.01—08 1.18|4.09—09 1.14
| 1®2000]1.79—08 1.27|9.60—09 1.08 |3.94—09 1.08
11i®3500{1.45-08 1.26|8.14—09 1.13|3.39—09 1.15
it

[e <]

N @450 0(8.78—09 1.59 | 4.47—09 1.41|1.78—09 1.45
©s®6500/2.99—10 2.10|1.24—10 1.91|4.69—11 2.04

®8500|1.48—11 4.04 | 4.10—12 3.55|1.35—12 3.84
Bs® 540/1.62—08 1.90 6.62—09 1.73|2.51—09 1.77
| s ®3540[7.15—-10 2.52|1.80—10 2.00|5.97—11 1.95
1

S
1 1@®4540{1.14—09 1.65|2.40—10 1.54|7.23—11 1.58
nid@6540/3.31-10 1.72|1.27—10 1.36{4.82—11 1.34
© t@8540|5.68—11 1.13|2.19—11 0.694| 8.29—12 0.641

*reactions/10%*detector atoms) / (1 source neutron)
*Read as 2.48x 107°
“Type 304 stainless steel
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gaps are strongly directive, and their behaviour is traced accurately only when the angular quadrature is
matching with the direction. The Sg approximation is insufficient for tracing the directive neutrons. More
quadrature points, however, are unavailable, because about 22 hours of CPU+ VU time and 440MB
memory have been required for the present analysis. Besides, another difficulty has been made clear
concerning to the coarse mesh rebalance. The coarse meshes in the present calculation are defined so that
each of the slits is treated as a single coarse mesh, while the intensity and spectrum of neutrons are
significantly different inside each slit and in the surrounding shield. Another systematic survey with the
BERMUDA-2DN-S16 code suggests that an inappropriate setting of coarse meshes will introduce wrong
results: the coarse meshes have to be given with consideration of the behaviour of neutrons.'”

] // e/n/{/ ////% //L/én g// //// :?,-) Y
7 15t Slit / 2 Slit -
O
NELEDQ' | ///1 > ; |
© 7 / X
=
/// /////f i
To)
N Vi //ﬁ/ /
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> 5 . - - y
~ 30;.5.
90 _
Unit in cm
Fig. 4.14 Horizontal (x, y) and vertical (x, z) cross—section views of the experimental

assembly
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4.4 Summary

The validity tests of the neutron transport codes in the BERMUDA code system have been carried
out using three kinds of shielding benchmark experiments for DT neutrons: deep penetration, cavity and
slits streaming. The state—of-art of the present codes are summarized in the followings:

1) Fine energy meshes are essential for deep penetration problems, and the energy grid model used in the
BERMUDA code is very effective.

2) The behaviour of neutrons in a cavity is dominated by backscattered neutrons. Therefore, the exact
description of the angular dependence of scattering cross section is definitely important. In this point
of view, the BERMUDA code using the P, approximation is superior to other discrete ordinates codes
such as DOT3.5. On the other hand, the usual energy model with iterations is sufficient, because the
penetrated neutrons are negligible: the distribution is determined by neutrons with small number of
scatterings.

3) The cavity problem has made clear the importance of the shallowly scattered neutrons in the vicinity
of the cavity inlet. In order to obtain exactly the figure of distribution, exact angular scattering, higher
order of Sn quadratures and exact treatment of the geometry are required. The BERMUDA-2DN and
BERMUDA-2DN-S16 have a drawback in the description of the rectangular geometry, while
BERMUDA-3DN has a difficulty in the applicable Sn quadratures because of the limitatiion of the
computer available.

4) As for the offset slits streaming, the approximation of the geometry is very important and the
BERMUDA-3DN code is essentially suitable. Nevertheless, it might be said that the BERMUDA-
3DN code is not so practical for the streaming problems on the computer at the present, except for the
cases where an accurate solution is needed in a localized region, because all variables of (;,)E,a) are
necessary to be dealt with very minutely in the problem.
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5. User's Manual

5.1 BERMUDA-1DN

5.1.1 JCL
The JCL (a set of job control languages) for the BERMUDA-1DN execution on the FACOM/
VP2600 computer in JAERI is as follows:

//ICLG JOB
// EXEC JCLG
//SYSIN DD DATA,DLM="+ +’
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.05 W.03 C.00 1.02 E.01 SRP
OPTP MSGCLASS=X,MSGLEVEL=(1, 1, 2), CLASS=0,NOTIFY =Jxxxx
OPTP PASSWORD = xXXXXXXX
//  EXEC LMGO,LM=1J9091. BERMD1DN®!
//FT01F001 DD DISP=SHR,DSN =Jxxxx. FLUX1DN.DATA®?
//FT02F001 DD UNIT=WK10,SPACE=(TRK, (100, 50)), DISP=(NEW, DELETE, DELETE),
// DSN=&&WORK, DCB=(RECFM = VBS, LRECL=23472, BLKSIZE=23476, DSORG =PS)
//FT03F001 DD DISP=SHR, DSN=Jxxxx. SDB1DN. DATA®®
//FT04F001 DD DISP=SHR, DSN=1J3931. BERM125X. DATA, LABEL=¢,, IN)
//SYSIN DD DISP=SHR, DSN=Jxxxx. DATA1DN. DATA®"
++
//

($1) There has already been a load module J9091. BERMD1DN. LOAD prepared for a public use in
JAERL
If necessary, a new load module is able to be created on a disk from the source module J9091.
BERMUDA. FORT77 (BERMDIDN). The JCL for creating a new load module is as follows:

//JCLG JOB
// EXEC JCLG
//SYSIN DD DATA,DILM="+ +°
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.01 W.01 C.02 1.02 E.00 SRP
OPTP MSGCLASS=X, MSGLEVEL=(1, 1, 2), NOTIFY =Jxxxx, PASSWORD = xxxxxxxx
// EXEC FORT77VE, SO=J9091. BERMUDA,
/! A="ELM (BERMDIDN), SOURCE, NOVMSG, NOVSOURCE’, LCT=62
/! EXEC LKEDCT77, LM =1Jxxxx. BERMDIDN, UNIT=xxxxx, MODS="07, 07, I’, A=MAP
++
//

These steps of compilation and linkage are executed rather rapidly on the FACOM/M780 scalar
computer. The new load module is applied by replacing the above “LM=1J9091.BERMD1DN"®" with
“LM=Jxxxx. BERMD1DN”,
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($2) The flux file Jxxxx. FLUX1DN. DATA has to be allocated beforehand as:

//FT01F001 DD UNIT =xxxxx,SPACE= (TRK, (70, 10)),
// DISP= (NEW, CATLG, CATLG), DSN=Jxxxx. FLUX1DN. DATA,
/! DCB= (RECFM=VBS, LRECL =23472, BLKSIZE=23476, DSORG =PS)

This file contains the angular and spatial distributions of neutron flux etc. for all of the calculated
energy groups, which is processed for the output data edition with the post-processing codes.”

($3) The grid source file Jxxxx. SDBIDN. DATA has to be allocated beforehand as:

//FT03F001 DD UNIT =xxxxx, SPACE=(TRK, (10, 05)),
1/ DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. SDBIDN. DATA,
/7 DCB=(RECFM=VBS, LRECL=23472, BLKSIZE=23476, DSORG =PS)

This file is necessary for restarting the job (see Sec. 3. 6. 2), and can be deleted after the calculation
up to the last (IMAX-th) energy group has been completed.

Usually a one-dimensional problem is rapidly completed in a batch job. So, when required CPU time
for the job is sufficient for completing calculation up to the last group, the one line of the J CL®® may be
substituted with
//FT03F001 DD DUMMY
without allocating the Jxxxx. SDB1DN. DATA.

($4) The input data file Jxxxx. DATAIDN. DATA has to be allocated beforehannd as:
//FT05F001 DD UNIT =xxxxx, SPACE=(TRK, (01, 01)),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. DATAIDN. DATA,

// DCB=(RECFM=FB, LRECL =280, BLKSIZE=13120, DSORG =PS)

The content of this file is described in Sec. 5. 1. 2.
Otherwise, the one line of the JCL® is substituted with

//SYSIN DD *
(input data described in Sec. 5. 1. 2]
/%

without allocating the Jxxxx. DATA1DN. DATA.

5.1.2 Input Data

#01 (F6.0) 1 line
« TMAX (=300.) : CPU time (sec) to terminate the job and to prepare the disk files for restarting the
next job
#02 (13) 1 line

+ KIND(=0) : dummy
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#03 (213) 1 line
* IRSTRT(=1) : group no. to be restarted (initially=1)
* ITMAX : maximum number of iteration times for each energy grid
(ITMAX=1, 2 or 3)
(ITMAX is defined as 1, if O or blank is input.)

#04 (18A4) 1 line

* Problem title : any characters, numbers or blanks describing the problem on columns 1~72

#05 (914, 2E12.5) 1 line
* IMAX : total number of energy groups for this problem (= 125)
* IP : geometry
0 -+ slab (infinite in x— and y—directions)
IP=
2 -+ sphere
* MMAX : number of kinds of mixture (<20)
* KMAX : number of spatial regions (MMAX<KMAX=<20)
(In a region, mixture is assigned to be homogeneous and mesh sizes (Jz or 4r) are assigned
to be equal to each other.)
* IMAXL : total number of groups of the group constants library used
(for example, IMAXL =125 for J3931. BERM125X. DATA)
* I1LIB : group no. “on the group constants library” where the group 1 is to be defined
(for example, IMAX+I1LIB=<126 for J3931. BERM125X. DATA)

In BERMUDA, the I1LIB-th group on the library is called as “group 1”.

* IFIS(=0) : dummy
* IPS : type of the fixed source
0 --- spatially distributed source
IPS=
1 -+ point source (only at the center of the sphere)
* INTPS(=0) : dummy
* ER : upper energy (eV) for the group 1 of the problem
EUP (I1LIB+1)<ER<EUP (I1LIB)
* EPS : convergence criterion (for angular flux) to be used to terminate the thermal group iteration
(usually 107)

#06 (2013) 1 line
* (MM (MK), MK =1, MMAX) : number of nuclides to be included in each mixture
(1=MM(MK)<£10)
(For a vacuum, assign one dummy nuclide which is contained in another mixture. Input its
code number in #12 and atomic number density (0.) in #13.)

#07 (1016) [(KMAX+9)/10] lines

The brackets [---] means the integer discarding the fractions.
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+ (MR (K), K=1, KMAX) : mixture no. (=MK defined in #06) to be assigned to each region
#08 (1016) [(KMAX+9)/10] lines
« (INTER (K), K=1, KMAX) : number of mesh intervals between the ‘origin’ and the outer
boundary of each region (even number only)
(2<INTER (1)<INTER (2)<---<INTER (KMAX)=260-KMAX)
#09 (10F6.3) [(KMAX+9)/10] lines
+ (DR (K), K=1, KMAX) : mesh size 4z or 4r (cm) for each region
(not the region thickness)
#10 (6E12.5) 2 lines
« (BCR (L), L=11, 20) : right (outer) boundary condition (10 words)
—1. -+ symmetry condition (only for IP=0)
BCR (L)= {
0. -+ vacuum boundary condition (for IP=0 and 2)
(at the present, group independent only)
#11 (6E12.5) 2 lines when IP=0, not necessary when IP=2
+ (BCL (L), L=1, 10) : left (origin) boundary condition for slab (10 words)
—1. --- symmetry condition
BCL (L)= {
0. -+ vacuum boundary condition
(at the present, group independent only)
#12 (101I6) MMAX lines
» (MCODE (M, MK), M=1, MM (MK)) : code no. of each nuclide in the mixture MK defined in
the group constants library to be used (for example, see Table 2.2)
(The order of nuclides in a mixture is able to be arbitrary.)
Repeat this in the order of MK =1, -+, MMAX renewing the line for each mixture.
#13 (6E12.5) [{MM(MK)+5} /6] lines for each mixture
« (AN (M, MK), M=1, MM (MK)) : effective number density (10?¢m™) of each nuclide in the
mixture MK
(The order of nuclides in a mixture must be same as in #12.)
Repeat this in the order of MK =1, -, MMAX renewing the line for each mixture.
#14 (216) 1 line

« N1 : the first mesh point no. to give spatial distribution of non-zero independent source in #15
« N2 : the last mesh point no. to give spatial distribution of non—zero independent source in #15
If IPS=1 in #1 then N1=N2=1. Otherwise, | < N1<N2=<NMAX.
(NMAX: see (3) below)

In BERMUDA, the numbering of the mesh points is as follows:

(1) “1” for the origin,

(2) doubly (twice) numbered as “INTER(K)+K” and “INTER(K)+K+1” for the interface
between the K—th and the (K+1)—th regions where K=1, ---, KMAX-1 (for treating spatial
discontinuity of the macroscopic cross sections and the source distribution at the interface) and
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(3) “NMAX=INTER (KMAX) +KMAX"” (=260) for the outermost mesh point.

#15 (6E12.5) {{(N2-N1)/6] +1} lines
* (81 (N), N=N1, N2) : spatial distribution of independent source
Independent source is given in the form of a function with separation of variables as
S1 (N) X82 (I) XS3 (L).
(Each of the S1, S2 and S3 should be normalized to its correct magnitude, respectively.
However, it is also valid that the product of the S1, S2 and S3 has the correct normalized

value for each energy group (k). )

#16 (216) 1 line
« I1 : the first energy group no. to give energy spectre of non—zero independent source in #17
» 12 : the last energy group no. to give energy spectre of non—zero independent source in #17
If the source is mono—energy (monochromatic), I1=12=1.
Otherwise, 1SI1<I2<IMAX.

#17 (6E12.5) {[(12-11)/6] +1} lines
* (82 (I), I=11, I2) : energy spectre of independent source
(As BERMUDA has been programmed not in a continuous energy model but in a usual
multigroup model, only the S2 (except the S1 and S3) must be given as integrated value for
group i over 4E,.)
The S2(I) is generally normalized to be 1 integrated over energy, that is,

i S2(h=1.

I=11

(However, note the proviso (%) under #15.)

#18 (216) 1 line
* L1 : the first ordinate no. to give angular distribution of non—zero independent source in #19 (see
Table 3.1) ‘
*» L2 : the last ordinate no. to give angular distribution of non—zero independent source in #19
If the source is mono—directional, L1=L2.
Otherwise, 1=L1<L2<20.

#19 (6E12.5) {[(L2-L1)/6] +1} lines
* (83 (L), L=L1, L2) : angular distribution of independent source
The S3(L) is generally normalized to be 1 integrated over the unit sphere, that is,

L2
2t3 W,S3(L)=1 (W, : see Sec. 3. 4. 1 and Table 3.1)

L=LI

(However, note the proviso( % ) under #15.)

An example of input data for the BERMUDA-1DN is shown in Fig. 5.1.
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5.1.3 Output Data
The output data of BERMUDA-1DN are stored on the magnetic disk FTO1 (Jxxxx. FLUX1DN.
DATA,; see Sec. 5. 1. 1 ($2)) and are also given on the printer.

The data on the output disk are as follows:

(1) In case of IPS=0, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form,

((PHI (N, L), N=1, 260), L=1, 20), (TPHI (N), N=1, 260),
((FEMK (M, MK), M=1, 10), MK =1, 20), ((FTMK (M, MK), M=1, 10), MK =1, 20),

where PHI (N, L) : ¢'(ry, @y),

20

TPHI (N) : ®i(ry) =272 W' (1, @),

L=1
FEMK (M, MK) :T.Mi for mixture MK (see Sec. 2. 2 and Sec. 3. 1) and
FTMK (M, MK) :}™ for mixture MK (see Sec. 2. 2).

(2) In case of IPS=1, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form,

DATA SET NAME : J1057.BERMUDA.DATA(DATA1DN)

e D B e e L e e e e e - It St e Lttt Sttt -
300. #01
0 #02
1 #03
J.N.S.T. VOL.14,210 BY SEKI,MAEKAWA LI-C ASSEMBLY #04
117 2 4 4 125 9 0 1 0 1.455 +7 1.0 -3 #05
4 6 5 4 #06
1 2 3 4 #07
20 44 66 82 #08
0.5 1.0058.96136.91938 #09
0. 0. 0. 0. 0. 0. #10
0. 0. 0 0. "
240 260 280 250 #12
36 37 240 260 280 250 "
60 240 260 280 250 "
240 260 280 250 "
1.751 -3 6.349 -3 7.303 -4 8.185 -5 #13
2.507 -3 3.128 -2 3.086 -3 1.075 -2 1.374 -3 2.023 -4 "
6.930 -2 1.751 -3 6.349 -3 7.303 -4 8.185 -5 '
1.161 -3 4.159 -3 4.821 -4 5.632 -5 "
1 1 #14
1. #15
1 1 #16
1 #17
1 20 #18
7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 #19
7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 "
7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 7.957747 -2 "
7.957747 -2 7.957747 -2 "

Fig. 5.1

Example of input data for the BERMUDA-1DN
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((PHI (N, L), N=1, 260), L=1, 20), (TPHI (N), N=1, 260),
((FEMK (M, MK), M=1, 10), MK =1, 20), ((FTMK (M, MK), M=1, 10), MK =1, 20),
(PHIO (N), N=1, 260), (PHIOO(L), L=1, 20),

where PHI (N, L) : ¢' (ry, @) (without component of uncollided flux),

20

TPHI (N) : ' (1) =22 Z Wi’ (1w, @1) + @g'(rn),s

FEMK (M, MK) :see above (1),

FTMK (M, MK) :see above (1),

PHIO (N) : Dg'(ry) (uncollided flux) and

PHIOO (L) :§' (0, wy) (point source at the origin).

The data on the output print are as follows:

(a) list of input file Jxxxx. DATAIDN. DATA (see Sec. 5. 1. 1 ($4)) like Fig. 5. 1,
(b) list of the main input parameters with explanatory captions,

(The items (c) ~ (f) below aré repeated for each energy group i (i=1, -+, IMAX).)

(¢) CPU+ VU time (sec) accumulated from the start of computation (EXEC LMGO) until the end
of each main calculational item,
(d) when the convergence has been attained or ITMAX iterations have been finished for the 10-th
grid,
* neutron balance parameters; F, GAIN, ABBS, SELF, XLEK (see Sec. 3. 7) integrated over the
entire spatial region dealing with it as a single coarse mesh region,
* group no. i, iteration times IT, residual VERGF,

where VERGF=max| @97 (ry, 0) 89D (ry wp) —11<6

(N, L : except the cases where ¢ (ry, w;)=0),
IT : iteration times (IT=1, 2, *-+),

{(When the energy grid model is used for the group i, these printed neutron balance parameters and
VERGF are meaningless, because the iteration is terminated by ITMAX (<3) times. In addition,
these parameters are obtained only from the data of the last (10-th) grid in the group i.)

(e) - the upper energy boundary EUP (i) (eV),
* the lower energy boundary EUP (i+1) (eV),
* the energy width JE, (eV) and
(f) neutron scalar flux @' (ry) for N=1, ---, NMAX.

The STOP code 2222 indicates that the input fixed source for the group 1 is O.
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5.2 BERMUDA-2DN

5.2.1 JCL

The JCL for the BERMUDA-2DN execution on the FACOM/VP2600 computer in JAERI is as
follows;

//ICLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="+ +’
// JUSER XXXXXXXX,XX.XXXXXXXX, XXXX. XX
T.12 W.06 C.00 1.10 E.04 SRP
OPTP MSGCLASS=X, MSGLEVEL=(1, 1, 2), CLASS=7, NOTIFY =Jxxxx*"
OPTP PASSWORD = xXXXXXXX
//  EXEC LMGO, LM=J9091. BERMD2DN,A ="HIO= (01, 09)’ ©?
//FT01F001 DD DISP=SHR, DSN=Jxxxx. FLX601. DATA®®
//FT02F001 DD DISP=SHR, DSN =Jxxxx. BOUNDFLX. DATA®¥
//FT03F001 DD UNIT=WK 10, SPACE=(TRK, (100, 50)), DISP=(NEW, DELETE, DELETE),
//  DSN=&&WORK, DCB=(RECFM=VBS, LRECL =23472, BLKSIZE =23476, DSORG =PS)
//FT04F001 DD DISP=SHR, DSN=1J3931. BERM125X. DATA. LABEL=¢(, , , IN)
//SYSIN DD DISP=SHR, DSN=Jxxxx. DATA2DN. DATA®®
//FT08F001 DD DISP=SHR, DSN=1Jxxxx. FLUX2DN. DATA®®
//FT09F001 DD DISP=SHR, DSN=Jxxxx. FLX609. DATA®"
//FT12F001 DD DISP=SHR, DSN=Jxxxx. SDB2DN. DATA®®
++
//

($1) “CLASS=7" is a night job for free submission. Beside this, there are the classes 6 and 8 which
need an approval of the Computing and Information Systems Center of JAERI for submission, and of
which the class 8 is a night job. For these classes, permitted CPU time (T. xx), print lines (W. xx) and
170 times (EXCP 1. xx) have different values from those of the class 7.

(32) There has already been a load module J9091. BERMD2DN. LOAD prepared for a public use in
JAERL
If necessary, a new load module is able to be created on a disk from the source module J9091.
BERMUDA. FORT77 (BERMD2DN). The JCL for creating a new load module is as follows:

//JCLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="++’
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.02 W.03 C.02 1.02 E.00 SRP
OPTP MSGCLASS=X, MSGLEVEL=(1, 1, 2), NOTIFY =Jxxxx, PASSWORD = xXXXXXXX
// EXEC FORT77VE, SO=J9091. BERMUDA,
// A="ELM(BERMD2DN), SOURCE, NOVMSG, NOVSOURCE’, LCT=62
// EXEC LKEDCT77, LM=Jxxxx. BERMD2DN, UNIT =xxxxx, MODS="11, 11, I’, A=MAP
++
//
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These steps of compilation and linkage are executed rather rapidly on the FACOM/M780 scalar
computer. The new load module is applied by replacing the above “LM=1J9091. BERMD2DN”®? with
“LM=Jxxxx. BERMD2DN".

(83) The HIO (high-speed input/output) work file for the angular and scalar fluxes Jxxxx. FLX601.
DATA has to be allocated beforehand as:

//FT01F001 DD UNIT=TSSWK, SPACE=(CYL, 250,, CONTIG),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FLX601. DATA,
// DCB=(RECFM=F, LRECL =23000, BLKSIZE =23000, DSORG =PS)

This file contains the spatial distributions of the angular and scalar neutron fluxes for all of the
calculated energy groups as a HIO work file for calculating the slowing down source from the upper
energy groups.

So, this file can be deleted after the job has been successfully terminated in TMAX sec (see Sec.
5. 2. 2) because the same data are stored in the FT08 (Jxxxx. FLUX2DN. DATA®®) for restarting the
job. The main purpose of the FT01% and FT09%” is to utilize the HIO option for saving the I/O times
(EXCP). In fact, the TSSWK is automatically deleted at 8:00 a. m. (the TSSWK2 at 5: 00 p. m.) in
JAERI The HIO option needs to allocate the file ‘contiguously’ on the disk (CONTIG), and the FT01
and FT09 need to be allocated every time (or every day) before submitting the restarting job.

At the present, the specifications of the disk in JAERI are as follows:
1 VOL=1,326 CYL X2 (=19, 890 TRK X2),
1 CYL=15 TRK and
1 TRK =47, 476 bytes.
However, BLKSIZE cannot exceed 32, 767 bytes.

($4) The boundary flux file Jxxxx. BOUNDFLX. DATA has to be allocated beforehand as:

//FT02F001 DD UNIT = xxxxx, SPACE= (TRK, (20, 05)),
//  DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. BOUNDFLX. DATA,
// DCB=(RECFM=VBS, LRECL=23472, BLKSIZE=23476, DSORG =PS)

This file contains the boundary flux in case of the bootstrap option (see Sec. 3. 6. 2). In the first step,
the boundary flux is written in this file; and in the second step, the boundary flux is supplied from the file.
When the bootstrap option is not used (ISTEP=0 in Sec. 5. 2. 2), the one line of the JCL® is not
necessary as well as allocation of the file.

(85) The input data file Jxxxx. DATA2DN. DATA has to be allocated beforehand as:
//FT05F001 DD UNIT =xxxxx, SPACE=(TRK, (01, 01)),

// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. DATA2DN. DATA,
// DCB=(RECFM=FB, LRECL =280, BLKSIZE=3120, DSORG =PS)

The content of this file is described in Sec. 5. 2. 2.
Otherwise, the one line of the JCL® is substituted with
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//SYSIN DD
[input data described in Sec. 5. 2. 2]
/%

without allocating the Jxxxx. DATA2DN. DATA.
($6) The flux file Jxxxx. FLUX2DN. DATA has to be allocated as:

//FT08F001 DD UNIT=xxxxx, SPACE= (TRK, (3650, 50)),
//  DISP=(NEW, CATLG, CATLG), DSN =Jxxxx. FLUX2DN. DATA,
//  DCB=(RECFM=VBS, LRECL=23472, BLKSIZE =23476, DSORG =PS)

This file contains the angular and spatial distributions of neutron flux etc. for all of the calculated
energy groups. It is used for restarting the job for energy group continuation. After the computation has
been completed for all of the energy groups and the bootstrap steps, it is processed for the output data
edition with the post—processing codes.®

Note that the contents of the Jxxxx. FLUX2DN. DATA for the bootstrap step 1 vanish when the
same file is used in the step 2. Usually comparison of the output data with the measured data concerns the
region of the step 2. However, if it is necessary to save the data obtained in the step 1, dual files have to
be allocated as Jxxxx. FLUX2DNI1. DATA and Jxxxx. FLUX2DN2. DATA for each step.

($7) The HIO work file for the uncollided flux and the resonancne self-shielding factors Jxxxx.
FLX609. DATA has to be allocated beforehand as:

//FT09F001 DD UNIT=TSSWK, SPACE=(CYL, 13,, CONTIG),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FLX609. DATA,
// DCB=(RECFM=F, LRECL=23000, BLKSIZE =23000, DSORG =PS)

This file contains the spatial distribution of the uncollided neutron flux etc. for all of the calculated
energy groups as a HIO work file for calculating the first collision source from the self and the upper
groups in Eq. (3. 23). If IPS=0, it contains only the resonance self-shielding factors of which the T.™ is

used in the F;™ in Eq. (3. 3). So ‘13 CYL’ is too much, and ‘1 CYL’ may be sufficient when IPS=0.
This file can also be deleted after the job has been successfully terminated in TMAX sec same as the
FTO01, because the same data are stored in the FTO8 for restarting the job.

($8) The grid source file Jxxxx. SBD2DN. DATA has to be allocated beforehand as:
//FT12F001 DD UNIT =xxxxx, SPACE=(TRK, (280, 20)),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. SDB2DN. DATA,
// DCB= (RECFM=VBS, LRECL=23472, BLKSIZE=23476, DSORG =PS)
This file is necessary for restarting the job as well as the FT08, and can be deleted after the calculation
up to the IMAX-th group has been completed (in case of ISTEP #0, up to the IMAX-th group in the step

2). The contents of the FT12 are:

(1) the group no. ig (Up to the ig group the calculation has been completed.) and
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(2) the grid source into the ten grids within the group (ig + 1) from the groups 1~ (i —1) and from
the ten grids within the group iy.

5.2.2 Input Data
#01 (F6.0) 1 line
* TMAX : CPU time (sec) to terminate the job and to prepare the disk files for restarting the next job
(If CLASS=7, then TMAX=6900.)

#02 (413) 1 line
« IRSTRT : group no. to be restarted (initially=1)
« ISTEP : step no. for bootstrap option
0 --- no bootstrap option
ISTEP=11 :-- the first step
2 -+ the second step
» IFACE : interface z—mesh point no. for bootstrap option (0 when ISTEP=0)
IFACE must be on the bottom boundary mesh point of a partition in the z—direction. (The
numbering method for mesh points is described in #10.)
When ISTEP=2, IFACE is different value from that in ISTEP=1.
+ ITMAX : maximum number of iteration times for each energy grid
(ITMAX=1, 2 or 3)
(ITMAX is defined as 1, if O or blank is input.)

#03 (18A4) 1 line
 Problem title : any characters, numbers or blanks describing the problem on columns 1~72

#04 (914, 2E12. 5) 1 line

*» IMAX : total number of energy groups for this problem (=125)

« MMAX : number of mixtures (<20)

+« KMAX : number of spatial regions (MMAX<=KMAX)
Definition of a ‘region’ is that it is a rectangular part on the (r, z) plane, where mixture is
assigned to be homogeneous.
The (r, z) plane must be completely covered with the KMAX regions. Actually a ‘region’
is a ring-shaped volume made by rotating the rectangle around the axis of the cylinder
(r=0).

« IMAXL : total number of groups of the group constants library used
(for example, IMAXI =125 for J3931. BERM125X. DATA)

 I1LIB : group no. “on the group constants library” where the group 1 of this problem is to be defined
(for example, IMAX +I1LIB< 126 for J3931. BERM125X. DATA)

In BERMUDA, the I1LIB-th group on the library is called as “group 1.

* IFIS(=0) : dummy
» IPS : type of the fixed source
0 --- spatially distributed source
IPS=
IZPS -+ point source on the z—axis of the cylinder (IZPS=1)
The IZPS is the z—mesh point no. for the point source. When 1ZPS=1, z (IZPS)=0
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(origin). The numbering method for the mesh points is described in #10. The point source
cannot be placed on an interface between partitions in the z—direction.

* NRR : number of partitions in the r—direction (NRR =20)
In each partition, mesh sizes (Jr) are assigned to be equal to each other.

* NRZ : number of partitions in the z—direction (NRZ<20)
In each partition, mesh sizes (Jz) are assigned to be equal to each other.

* ER : upper energy (eV) for the group 1 of the problem
EUP (I1LIB+1) <ER=EUP (I1LIB)

» EPS : convergence criterion (for angular flux) to be used to terminate the thermal group iteration
(usually 107%)

#05 (2013) 1 line

* (MM (MK), MK =1, MMAX) : number of nuclides to be included in each mixture
(1=sMM (MK)=10)
(For a vacuum, assign one dummy nuclide which is contained in another mixture. Input its
code number in #12 and atomic number density (0.) in #13.)
In a problem, maximum 20 nuclides can be selected out of 30 or 24 nuclides in the libraries.
The definition of the maximum ‘number’ is that a nuclide contained commonly in plural
number of mixtures is counted as 1, notwithstanding that the nuclide has equal or not equal
atomic number densities in those mixtures.

406 (1016) [(NRR+9)/10] lines
The brackets [--] means the integer discarding the fractions.

* (INTERR (KR), KR=1, NRR) : number of mesh intervals between the origin and the outer
boundary of each partition in the r—direction
(Either even or odd numbers are valid.)
(1=INTERR (1)<INTERR (2)<---<INTERR (NRR)=60-NRR)

#07 (10F6.3) [(NRR+9)/10] lines
* (DRR (KR), KR=1, NRR) : mesh size 4r (cm) for each partition in the r-direction
(not the partition thickness)

#08 (1016) [(NRZ+9)/10] lines
+ (INTERZ (KZ), KZ=1, NRZ) : number of mesh intervals between the origin and the top boundary
of each partition in the z—direction
(Either even or odd numbers are valid.)
(1=INTERZ (1) <INTERZ (2)<---<INTERZ (NRZ)<110-NRZ)

#09 (10F6. 3) [(NRZ+9)/10] lines
* (DZZ (KZ), KZ=1, NRZ) : mesh size 4z (cm) for each partition in the z—direction
(not the partition thickness)

#10 (516) KMAX lines
s (J1 (K), 12 (K), I1 (K), I2 (K), MR (K), K=1, KMAX) : assignment of composition
J1 (K) : left mesh point no. of the region K
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J2 (K) : right mesh point no. of the region K

I1 (K) : bottom mesh point no. of the region K

I2 (K) : top mesh point no. of the region K

MR (K) : mixture no. for the region K (=MK defined in #05)
(1=J1<J2ENRMAX<60 and 1SI1<I2ENZMAX<110)

In BERMUDA, the numbering of the mesh points is as follows:
(1) “1” for the origin,
(2) doubly (twice) numbered as “INTERR(KR)+KR” and “INTERR(KR)+ KR +1” for the
interface between the KR-th and the (KR + 1)—th partitions in the r—direction where KR =
1, ---, NRR-1 (for treating spatial discontinuity of the macroscopic cross sections and the
source distribution at the interfaces) and
(3) “NRMAX=INTERR (NRR)-+NRR” = 60 for the outermost mesh point in the r—direction.
And it is same for the z—direction except “NZMAX=INTERZ (NRZ)-+NRZ”=110.

#11 (2F6.3) 1 line
* BCTOP : top boundary condition for z=z (NZMAX)
» BCBOT : bottom boundary condition for z=0.
—1. --- symmetry condition
boundary conditions=

0. -*- vacuum boundary condition

#12 (10I6) MMAX lines
* (MCODE (M, MK), M=1, MM (MK)) : code no. of each nuclide in the mixture MK defined in
the group constants library to be used (for example, see Table 2. 2)
(The order of nuclides in a mixture is able to be arbitrary.)
Repeat this in the order of MK =1, ---, MMAX renewing the line for each mixture.

#13 (6E12. 5) [{MM(MK)+5} /6] lines for each mixture
* (AN (M, MK), M=1, MM(MK)) : effective number density (10*¢cm™) of each nuclide in the
mixture MK
(The order of nuclides in a mixture must be same as in #12.)
Repeat this in the order of MK =1, ---, MMAX renewing the line for each mixture.

#14 (416) 1 line

» IZ1 : the first mesh point no. to give axial distribution of non—zero independent source in #15

+ IZ2 : the last mesh point no. to give axial distribution of non—zero independent source in #15

» JR1 : the first mesh point no. to give radial distribution of non—zero independent source in #15

» JR2 : the last mesh point no. to give radial distribution of non—zero independent source in #15
These mesh points must be given in the definition of (1)~(3) in #10 (1=Z1Z1=1Z22<
NZMAX and 1<JR1<JR2=<NRMAX). When IPS=0 in #04 and 1Z1<IZ2 and JR1<
JR2, S1in #15 is a volume source. When IPS#0, S1 is a point source (IZ1=IZ2=IPS and
JR1=JR2=1).

#15 (6E12.5) {{(IR2-JR1)/6] +1} lines
* (S1 (JR, 1Z), JR=JR], JR2) : spatial distribution of independent source
Independent source is given in the form of a function with separation of variables as
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S1 (JR, IZ) XS2 (I) XS3 (L).
(Each of the S1, 82 and S3 should be normalized to its correct magnitude, respectively.
However, it is also valid that the product of the S1, S2 and S3 has the correct normalized
value for each energy group (k).)

Repeat this in the order of IZ=1Z1, ---, IZ2.

#16 (216) 1 line
* 11 : the first energy group no. to give energy spectre of non—zero independent source in #17
¢ 12 : the last energy group no. to give energy spectre of non—zero independent source in #17
If the source is of mono—energy (monochromatic), I1=I12=1.
Otherwise, 1 =11 <I2=<IMAX.

#17 (6E12. 5) {{(12-11)/6] +1} lines
* (82 (I), I=1I1, I2) : energy spectre of independent source
(As BERMUDA has been programmed not in a continuous energy model but in a usual
multigroup model, only the S2 (except the S1 and S3) must be given as integrated value for
group i over 4E,.)
The S2 (I) is generally normalized to be 1 integrated over energy, that is,

122 S2(=1.

I=11

(However, note the proviso (*) under #15.)

#18 (216) 1 line
* L1 : the first ordinate no. to give angular distribution of non—zero independent source in #19 (see
Fig. 3. 3)
» L2 : the last ordinate no. to give angular distribution of non—zero independent source in #19
If the source is mono—directional, L1=L2.
Otherwise, 1<L1<L2<40. (S3 (L) for L=41, ---, 48 are automatically assumed to have
equal values to the adjacent (just right) ordinates, respectively.)

#19 (6E12.5) {[(L2-L1)/6] +1} lines
* (83 (L), L=L1, L2) : angular distribution of independent source The S3 (L) is generally normalized
to be 1 integrated over the unit sphere, that is,

L2 —
2 49,83 (Ly=1.

L=L1

(However, note the proviso (%) under #15.)

Some examples of input data for the BERMUDA-2DN are shown in Fig. 5. 2. and 5. 3.
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5.2.3 Output Data
The output data of BERMUDA-2DN are stored on the magnetic disk FT08 (Jxxxx. FLUX2DN.
DATA,; see Sec. 5. 2. 1 (8§6)) and are also given on the printer.

The data on the output disk are as follows:

(1) In case of IPS=0, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form.

DATA SET NAME : J1057.BERMUDA.DATA(DATA2DN1)

et S et B A Ay EEEEL LS EEV ST PR RSS!

6900. #01
1 133 1 #02
SECOND TARGET ROOM SYMM. 19/11/86 TUE. ENERGY 686G MESH TUNNING #03
66 4 11 125 5 0 1 8 5 1.5488 +7 5.0 -3 #04
210 7 9 #05
6 7 8 10 11 36 37 42 #06
3.75 0.8 2.5 4.6 0.8 8.488 2.0 12.0 #07
16 17 27 28 45 #08
15.5 2.0 7.8 1.6 4.0 #09
1 42 1 17 1 REG 1 AIR FRONT PART #10

43 44 1 17 2 REG 2 MORTAR "

45 50 1 19 3 REG 3 ROOM WALL "

1 14 18 30 1 REG 1-2 AIR FRONT PART "

15 16 18 30 4 REG &4 FE TEST PORT FLAME "

17 44 18 19 2 REG 2-2 MORTAR "

17 50 20 32 3 REG 3-2 ROOM WALL "

1 7 31 32 1 REG 1-3 AIR FRONT PART "

8 16 31 32 4 REG 4-3 FE TEST PORT SUS316 "

1 9 33 50 4 REG 4-4 FE TEST PORT SUS316 "

10 50 33 50 3 REG 3-3 ROOM WALL "

0. -1. #11
70 80 #12

11 80 80 130 130 130 140 140 140 260 "

80 11 130 130 130 140 260 "

60 140 140 140 240 250 260 280 420 "
3.8810 -5 1.0400 -5 #13

9.4246 -3 7.4297 -4 3.7680 -2 5.0802 -4 4.6874 -4 1.9408 -3 "

1.1347 -2 3.3427 -4 3.7143 -3 6.8100 -4 "

4.31509 =2 7.9740 =3 5.4090 -4 7.8590 -4 3.0194 -3 1.7903 -2 “

5.8590 -4 "

3.1729 -4 1.6962 -3 6.9211 -5 4.4572 -5 1.5575 -2 1.7343 -3 "

5.5740 -2 9.7339 -3 1.2421 -3 "
1 1 1 1 #14
7.95775E-02 #15
1 66 #16

2.0282-08 1.6009-05 2.2393-04 2.1827-03 1.0623-01 7.0219-01 #17
4.0324-02 8.6730-03 2.8072-03 1.9716-03 2.1199-03 2.1551-03 "

1.7718-03 1.3596-03 1.1058-03 9.8002-04 9.2473-04 8.2910-04 "
7.5409-04 6.0028-04 5.4624-04 5.1257-04 4.8040-04 4.1078-04 "
4.5049-04 4.1154-04 4.7600-04 4.9296-04 1.8409-03 1.8610-03 "
1.7291-03 1.8799-03 1.9314-03 1.8899-03 1.7907-03 1.6436-03 "
1.5582-03 1.6650-03 1.6286-03 1.7793-03 1.8020-03 1.9477-03 "
1.9063-03 1.9100-03 1.9603-03 2.2028-03 2.1438-03 2.2946-03 v

2.2418-03 2.1865-03 2.3360-03 2.3938-03 2.1764-03 2.1903-03 "
2.3662-03 2.2569-03 4.1317-03 4.4672-03 4.3554-03 4.1279-03 "
3.9131-03 3.7597-03 3.4531-03 3.1428-03 2.8487-03 2.6150-03 "

1 40 #18
1. 1. 1. 1. 1. 1. #19
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. "

Fig. 5.2 Example of input data for the BERMUDA-2DN (ISTEP=1)
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(((PHI (JR, IZ, L), L=1, LMAX), IZ=1, NZMAX), JR=1, NRMAX),
((TPHI (JR, 1Z), 1Z=1, NZMAX), JR=1, NRMAX),
((FEMK (M, MK), M=1, 10), MK =1, 20), ((FTMK (M, MK), M=1, 10), MK =1, 20),
. —
where PHI (JR, IZ, L) 0 (TR Z1z, 1),

DATA SET NAME : J1057.BERMUDA.DATAC(DATAZ2DNZ2)
T T T S A e R e D il A i S -
6900. #01
1 2 9 1 #02
STEP-2 SUS316 ASSEMBLY DEEP PENETRATION 21/11/86 FRI. 66G MESH TUNNING #03
66 4 13 125 5 0 1 8 8 1.5488 +7 5.0 -3 #04
210 7 9 #0S

) 7 8 10 i1 36 37 42 #06
3.75 0.8 2.5 4.6 0.8 8.488 2.0 12.0 #07
1 2 3 4 14 24 34 42 #08
248.0 2.0 78.0 1.6 2.96 2.96 3.06 3.825 #09
1 42 1 2 1 REG 1 AIR FRONT PART #10
43 44 1 2 2 REG 2 MORTAR "
45 50 1 4 3 REG 3 ROOM WALL "
1 14 3 6 1 REG 1-2 AIR FRONT PART "
15 16 3 8 4 REG 4 FE TEST PORT FLAME "
17 44 3 4 2 REG 2-2 MORTAR "
17 50 S 8 3 REG 3-2 ROOM WALL "
1 7 7 8 1 REG 1-3 AIR FRONT PART b
8 14 7 8 4 REG 4-2 FE TEST PORT FLAME "
1 9 9 30 4 REG 4-3 FE TEST PORT SUS31é6 "
10 50 9 30 3 REG 3-3 ROOM WALL "
1 11 31 50 4 REG 4-4 FE TEST PORT SUS316 "
12 50 31 50 3 REG 3-4 ROOM WALL "
0. -1. #11
70 80 #12
11 80 80 130 130 130 140 140 140 260 "
80 11 130 130 130 140 260 "
60 140 140 140 240 250 260 280 420 "
3.8810 -5 1.0400 -5 #13
9.4246 -3 7.4297 -4 3.7680 -2 5.0802 -4 4.6874 -4 1.9408 -3 "
1.1347 -2 3.3427 -4 3.7143 -3 6.8100 -4 "
4.31509 -2 7.9740 -3 5.4090 -4 7.8590 -4 3.0194 -3 1.7903 -2 "
5.8590 -4 "
3.1729 -4 1.6962 -3 6.9211 -5 4.4572 -5 1.5575 -2 1.7343 -3 "
5.5740 -2 9.7339 -3 1.2421 -3 "
1 1 1 1 #14
7.95775E-02 #15
1 66 #16
2.0282-08 1.6009-05 2.2393-04 2.1827-03 1.0623-01 7.0219-01 #17
4.0324-02 8.6730-03 2.8072-03 1.9716-03 2.1199-03 2.1551-03 "
1.7718-03 1.3596-03 1.1058-03 9.8002-04 9.2473-04 8.2910-04 "
7.5409-04 6.0028-04 5.4624-04 5.1257-04 4.8040-04 4.1078-04 "
4.5049-04 4.1154-04 4.7600-04 4.9296-04 1.8409-03 1.8610-03 "
1.7291-03 1.8799-03 1.9314-03 1.8899-03 1.7907-03 1.6436-03 "
1.5582-03 1.6650-03 1.6286-03 1.7793-03 1.8020-03 1.9477-03 "
1.9063-03 1.9100-03 1.9603-03 2.2028-03 2.1438-03 2.2946-03 "
2.2418-03 2.1865-03 2.3360-03 2.3938-03 2.1764-03 2.1903-03 "
2.3662-03 2.2569-03 4.1317-03 4.4672-03 4.3554-03 4.1279-03 "
3.9131-03 3.7597-03 3.4531-03 3.1428-03 2.8487-03 2.6150-03 "
1 40 #18
1. 1. 1. 1. 1. 1. #19
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. "

Fig. 5.3 Example of input data for the BERMUDA-2DN (ISTEP=2)
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40---when calculation has been completed until the group IMAX,

LMAX=
48---when calculation is to be restarted from the group (i +1),
NZMAX, NRMAX : see Sec.5.2.2 (#10).
40 — . —
TPHI (JR, IZ) . (Dl (rJR, le) - ZAQL¢‘ (rm, Zyz, QL)’
L=1
FEMK (M, MK) : $M for mixture MK (see Sec.2.2 and Sec.3.1) and
FTMK (M, MK) : M for mixture MK (see Sec.2.2).

(2) In case of IPS#0, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form,

(((PHI (JR, 1Z, L), L=1, LMAX), IZ=1, NZMAX), JR=1, NRMAX),

((PHIO (JR, 1Z), IZ=1, NZMAX), JR=1, NRMAX), (PHI00 (L), L=1, 40),

((TPHI (JR, 1Z), 1Z=1, NZMAX), IZ=1, NRMAX),

((FEMK (M, MK), M=1, 10), MK =1, 20), ((FTMK (M, MK), M=1, 10), MK =1, 20),

where PHI (JR, 1Z, L) @ (Tyrs Ziz, §L) (without component of uncollided flux),
LMAX, NZMAX, NRMAX : see above (1),
PHIO (JR, 1Z) : @' (1yr, Z1z) (uncollided flux),
PHI00 (L) : §'(0, zyzps, Q1) (point source),
0o — .
TPHI (JR, IZ) H <Dl (rJR, le) = ZAQL¢1 (rm, zlz,Q L) +(D0‘ (rm, le),
L=1
FEMK (M, MK) : see above (1) and
FTMK (M, MK) : see above (1).

The data on the output print are as follows:

(a)list of input file Jxxxx. DATA2DN.DATA (see Sec.5.2.1 ($5)) like Fig. 5. 2 or Fig. 5. 3,
(b)list of the main input parameters with explanatory captions,

(The items (c)~(f) below are repeated for each energy group i (i=1, -+, IMAX). )

(c) CPU+ VU time (sec) accumulated from the start of computation (EXEC LMGO) until the end
of each main calculational item,
(d)when the convergence has been attained or ITMAX iterations have been finished for the 10-th
grid,
* neutron balance parameters; F, GAIN, ABBS, SELF, XLEK (see Sec. 3. 7) integrated over the
entire spatial region dealing with it as a single coarse mesh region,
* group no. i, iteration times IT, residual VERGF,

where VERGF= max |6 """ (rip, 215 QB (1 229,) } — 11<e
L IZ, L

(IR, IZ, L : except the cases where ¢' ™ (ryz, Ziz, §L)=0),
IT : iteration times (IT=1, 2, -*),
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(When the energy grid model is used for the group i, these printed neutron balance parameters and
VERGTF are meaningless, because the iteration is terminated by ITMAX (= 3) times. In addition,
these parameters are obtained only from the data of the last (10-th) grid in the group i.)

(e) ° the upper energy boundary EUP (i) (eV),
* the lower energy boundary EUP (i+1) (eV),
» the energy width 4E; (eV) and
(f) neutron scalar flux o (TR, Z5z) for JR=1, ---, 10 and for IZ=NZMIN, ---, NZMAX,

where
1 for ISTEP#2 and
NZMIN=
IFACE for ISTEP=2 (see Sec. 5. 2. 2 (#2)).

The STOP codes are as follows:

(1) 1001 : KMAX regions do not cover completely the whole (r, z) plane, or some regions overlap
(error in J1 (K), J2 (K), I1 (K) and I2 (K) in input data #10).

(2) 2001 : IFACE in input data #02 is not on the bottom boundary of a partition in the z—direction,

(3) 2222 : The input fixed source for the group 1 is zero (error in input data #14~#19) and

(4) 9876 : Total number of nuclides exceeds 20 (error in input data #05 or #12).

5.3 BERMUDA-2DN-S16

5.3.1 JCL

The JCL for the BERMUDA-2DN-§16 execution on the FACOM/VP2600 computer in JAERI is
as follows;

//JCLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="+ +’
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.14 W.08 C.00 .10 E.13 SRP
OPTP MSGCLASS=X, MSGLEVEL=(l, 1, 2), CLASS=8, NOTIFY =Jxxxx®
OPTP PASSWORD =xxxxxxxx
//  EXEC LMGO, LM=J9091. BM2DNS16, A ="HIO= (01, 09)*®*?
//FT01F001 DD DISP=SHR, DSN =Jxxxx. FX601S16. DATA®Y
//FT02F001 DD DISP=SHR, DSN =Jxxxx. BNDFXS16. DATA®¥
//FT03F001 DD UNIT=WK 10, SPACE=(TRK, (100, 50)), DISP=(NEW, DELETE, DELETE),
// DSN=&&WORK, DCB=(RECFM = VBS, LRECL =23472, BLKSIZE =23476, DSORG =PS)
//FT04F001 DD DISP=SHR, DSN=J3931. BERM125X. DATA. LABEL=¢(, , , IN)
//SYSIN DD DISP=SHR, DSN =Jxxxx. DT2DNS16. DATA®?
//FT08F001 DD DISP=SHR, DSN =Jxxxx. FX2DNS16. DATA®®
//FT09F001 DD DISP=SHR, DSN =Jxxxx. FX609S16. DATA®"
//FT12F001 DD DISP=SHR, DSN =Jxxxx. SB2DNS16. DATA®®
++
//
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(81) “CLASS=8" is a night job which needs an approval of the Computing and Information Systems
Center of JAERI for submission. Besides this, there is the class 6 which also needs an approval but is not
a night job. For this class 6, permitted CPU time (T. xx), print lines (W. xx) and I/O times (I. xx) have
different values from those of the class 8.

($2) There has already been a load module J9091. BM2DNS16. LOAD prepared for a public use in
JAERIL
If necessary, a new load module is able to be created on a disk from the source module J9091.
BERMUDA. FORT77 (BM2DNS16). The JCL for creating a new load module is as follows:

//JICLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="+ +’
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.02 W.03 C.02 1.02 E.00 SRP
OPTP MSGCLASS=X, MSGLEVEL=(], 1, 2), NOTIFY =Jxxxx, PASSWORD = xxxxxxxx
// EXEC FORT77VE, SO=J9091. BERMUDA,
// A="ELM (BM2DNS16), SOURCE, NOVMSG, NOVSOURCE’, LCT=62
// EXEC LKEDCT77, LM =1Jxxxx. BM2DNS16, UNIT =xxxxx, MODS="11, 11, 1’, A=MAP
++
//

These steps of compilation and linkage are executed rather rapidly on the FACOM/M780 scalar
computer. The new load module is applied by replacing the above “LM=J9091.BM2DNS16”®? with
“LM=Jxxxx.BM2DNS16.

($3) The HIO (high-speed input/output) work file for the angular and scalar fluxes Jxxxx.FX601S16.
DATA has to be allocated beforehand as:

//FT01F001 DD UNIT=TSSWK, SPACE=(CYL, 780,, CONTIG),
7/ DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FX601S16. DATA,
// DCB=(RECFM=F, LRECL =23000, BLKSIZE=23000, DSORG =PS)

This file contains the spatial distributions of the angular and scalar neutron fluxes for all of the
calculated energy groups as a HIO work file for calculating the slowing down source from the upper
energy groups.

So, this file can be deleted after the job has been successfully terminated in TMAX sec (see Sec.
5. 3. 2) because the same data are stored in the FT08 (Jxxxx. FX2DNS16. DATA®®) for restarting the
job. The main purpose of the FT01 ¢* and FT09%” is to utilize the HIO option for saving the I/O times
(EXCP). In fact, the TSSWK is automatically deleted at 8: 00 a. m. (the TSSWK2 at 5: 00 p. m.) in
JAERI. The HIO option needs to allocate the file ‘contiguously’ on the disk (CONTIG), and the FT01
and FT09 need to be allocated every time (or every day) before submitting the restarting job.

At the present, the specifications of the disk in JAERI are as follows:
1 VOL=1, 326 CYL X2 (=19, 890 TRK X2),
1 CYL=15 TRK and
1 TRK =47, 476 bytes.
However, BLKSIZE cannot exceed 32, 767 bytes.
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($4) The boundary flux file Jxxxx. BNDFXS16. DATA has to be allocated beforehand as:

//FT02F001 DD UNIT=xxxxx,SPACE= (TRK, (60, 05)),
//  DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. BNDFXS16. DATA,
//  DCB=(RECFM=VBS, LRECL=23472, BLKSIZE =23476, DSORG =PS)

This file contains the boundary flux in case of the bootstrap option (see Sec. 3. 6. 2). In the first step,
the boundary flux is written in this file; and in the second step, the boundary flux is supplied from the file.
When the bootstrap option is not used (ISTEP=0 in Sec. 5. 3. 2), the one line of the JCL ¥ is not
necessary as well as allocation of the file.

(85) The input data file Jxxxx. DT2DNS16. DATA has to be allocated beforehand as:

//FT05F001 DD UNIT =xxxxx, SPACE=(TRK, (01, 01)),
// DISP=(NEW, CATLG, CATLG), DSN=1Jxxxx. DT2DNS16. DATA,
// DCB=(RECFM=FB, LRECL =80, BLKSIZE=13120, DSORG =PS)

The content of this file is described in Sec. 5. 3. 2.
Otherwise, the one line of the JCL® is substituted with

//SYSIN DD x
[input data described in Sec. 5. 3. 2]
/k

without allocating the Jxxxx. DT2DNS16. DATA.

($6) The flux file Jxxxx. FX2DNS16. DATA has to be allocated as:

//FT08F001 DD UNIT =xxxxx, SPACE=(TRK, (11500, 100)),
//  DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FX2DNS16. DATA,
//  DCB=(RECFM=VBS, LRECL=23472, BLKSIZE =23476, DSORG =PS)

This file contains the angular and spatial distributions of neutron flux etc. for all of the calculated
energy groups. It is used for restarting the job for energy group continuation. After the computation has
been completed for all of the energy groups and the bootstrap steps, it is processed for the output data
edition with the post—processing codes.®

Note that the contents of the Jxxxx. FX2DNS16. DATA for the bootstrap step 1 vanish when the
same file is used in the step 2. Usually comparison of the output data with the measured data concerns the
region of the step 2. However, if it is necessary to save the data obtained in the step 1, dual files have to
be allocated as Jxxxx. F2DNS161. DATA and Jxxxx. F2DNS162. DATA for each step.

($7) The HIO work file for the uncollided flux and the resonancne self-shielding factors Jxxxx.
FX609S16. DATA has to be allocated beforehand as:

//FT09F001 DD UNIT=TSSWK,SPACE=(CYL, 13,, CONTIG),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FX609S16. DATA,
// DCB=(RECFM=F, LRECL =23000, BLKSIZE=23000, DSORG =PS)
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This file contains the spatial distribution of the uncollided neutron flux etc. for all of the calculated
energy groups as a HIO work file for calculating the first collision source from the self and the upper
groups in Eq. (3. 23). If IPS=0, it contains only the resonance self-shielding factors of which the f,™ is
used in the F;™ in Eq. (3. 3). So ‘13 CYL’ is too much, and ‘1 CYL’ may be sufficient when IPS=0.

This file can also be deleted after the job has been successfully terminated in TMAX sec same as the
FTO1, because the same data are stored in the FTO8 for restarting the job.

(88) The grid source file Jxxxx. SB2DNS16. DATA has to be allocated beforehand as:

//FT12F001 DD UNIT = xxxxx, SPACE= (TRK, (950, 50)),
//  DISP=(NEW, CATLG, CATLG), DSN =Jxxxx. SB2DNS16. DATA,
//  DCB=(RECFM=VBS, LRECL=23472, BLKSIZE =23476, DSORG =PS)

This file is necessary for restarting the job as well as the FT08, and can be deleted after the calculation
up to the IMAX-th group has been completed (in case of ISTEP #0, up to the IMAX—th group in the step
2). The contents of the FT12 are:

(1) the group no. iz (Up to the iy group the calculation has been completed.) and

(2) the grid source into the ten grids within the group (ig +1) from the groups 1~ (ig—1) and from

the ten grids within the group ig.

5.3.2 Input Data

#01 (F6.0) 1 line
* TMAX : CPU time (sec) to terminate the job and to prepare the disk files for restarting the next job
(If CLASS=38, then TMAX=10000.)

#02 (413) 1 line

* IRSTRT : group no. to be restarted (initially=1)
« ISTEP : step no. for bootstrap option

0 -*- no bootstrap option
ISTEP=41 --- the first step
2 --- the second step
» IFACE : interface z—mesh point no. for bootstrap option (0 when ISTEP=0)
IFACE must be oﬁ the bottom boundary mesh point of a partition in the z—direction. (The
numbering method for mesh points is described in #10.)
When ISTEP =2, IFACE is different value from that in ISTEP=1.
* ITMAX : maximum number of iteration times for each energy grid
(ITMAX=1, 2 or 3)
(ITMAX is defined as 1, if O or blank is input.)

#03 (18A4) 1 line
» Problem title : any characters, numbers or blanks describing the problem on columns 1~72

#04 (914, 2E12. 5) 1 line
» IMAX : total number of energy groups for this problem (= 125)
* MMAX : number of mixtures (<20)
« KMAX : number of spatial regions (MMAX<=KMAX)
Definition of a ‘region’ is that it is a rectangular part on the (r, z) plane, where mixture is



Development of BERMUDA: A Radiation Transport Code System

74 Part 1. Neutron Transport Codes

JAERI 1327

assigned to be homogeneous.
The (1, z) plane must be completely covered with the KMAX regions. Actually a ‘region’
is a ring—shaped volume made by rotating the rectangle around the axis of the cylinder
(r=0).

* IMAXL : total number of groups of the group constants library used
(for example, IMAXTL =125 for J3931. BERM125X. DATA)

* I1LIB : group no. “on the group constants library”” where the group 1 of this problem is to be defined
(for example, IMAX +I1LIB<126 for J3931. BERM125X. DATA)

In BERMUDA, the I1LIB-th group on the library is called as “group 1.

* IFIS(=0) : dummy
« IPS : type of the fixed source
0 --- spatially distributed source
IPS=
IZPS -+ point source on the z—axis of the cylinder (IZPS=1)
The IZPS is the z—mesh point no. for the point source. When IZPS=1, z (IZPS)=0
(origin). The numbering method for the mesh points is described in #10. The point source
cannot be placed on an interface between partitions in the z—direction.
* NRR : number of partitions in the r—direction (NRR <20)
In each partition, mesh sizes (Jr) are assigned to be equal to each other.
* NRZ : number of partitions in the z—direction (NRZ=20)
In each partition, mesh sizes (Jz) are assigned to be equal to each other.
* ER : upper energy (eV) for the group 1 of the problem
EUP (I1LIB+1)<ER<EUP (I1LIB)
* EPS : convergence criterion (for angular flux) to be used to terminate the thermal group iteration
(usually 10_3)

#05 (2013) 1 line

* (MM (MK), MK =1, MMAX) : number of nuclides to be included in each mixture
(1=MM (MK)=10)
(For a vacuum, assign one dummy nuclide which is contained in another mixture. Input its
code number in #12 and atomic number density (0.) in £13.)
In a problem, maximum 20 nuclides can be selected out of 30 or 24 nuclides in the libraries.
The definition of the maximum ‘number’ is that a nuclide contained commonly in plural
number of mixtures is counted as 1, notwithstanding that the nuclide has equal or not equal
atomic number densities in those mixtures.

#06 (1016) [ (NRR+9)/10] lines
The brackets [-:] means the integer discarding the fractions.

* (INTERR (KR), KR=1, NRR) : number of mesh intervals between the origin and the outer
boundary of each partition in the r—direction
(Either even or odd numbers are valid.)
(1I=<INTERR (1) <INTERR (2)<---<INTERR (NRR)<60—NRR)
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#07 (10F6.3) [ (NRR+9)/10] lines
* (DRR (KR), KR=1, NRR) : mesh size 4r (cm) for each partition in the r—direction
(not the partition thickness)

#08 (1016) [(NRZ+9)/10] lines
* (INTERZ (KZ), KZ=1, NRZ) : number of mesh intervals between the origin and the top boundary
of each partition in the z—direction
(Either even or odd numbers are valid.)
(1ZINTERZ (1)<INTERZ (2)<---<INTERZ (NRZ)<110—NRZ)

#09 (10F6. 3) [ (NRZ+9)/10] lines
* (DZZ (KZ), KZ=1, NRZ) : mesh size 4z (cm) for each partition in the z—direction
(not the partition thickness)

#10 (516) KMAX lines
* (J1 (K), 12(K), I1 (K), I2(K), MR(K), K=1, KMAX) : assignment of composition

J1 (K) : left mesh point no. of the region K
J2 (K) : right mesh point no. of the region K
I1 (K) : bottom mesh point no. of the region K
12 (K) : top mesh point no. of the region K
MR (K) : mixture no. for the region K (=MK defined in #05)
(1£J1<J2ENRMAX<60 and 1=11<I2<NZMAX<110)

In BERMUDA, the numbering of the mesh points is as follows:

(1) “1” for the origin,

(2) doubly (twice) numbered as “INTERR (KR)+KR” and “INTERR (KR)+KR+1” for the
interface between the KR-th and the (KR + 1)-th partitions in the r—direction where KR=1,
.=, NRR~-1 (for treating spatial discontinuity of the macroscopic cross sections and the source
distribution at the interfaces) and

(3) “NRMAX=INTERR (NRR) +NRR” <60 for the outermost mesh point in the r—direction.

And it is same for the z—direction except “NZMAX=INTERZ (NRZ)+NRZ’<110.

#11 (2F6.3) 1 line
« BCTOP : top boundary condition for z=z (NZMAX)
* BCBOT : bottom boundary condition for z=0.
—1. --- symmetry condition
boundary conditions=

0. --- vacuum boundary condition

#12 (1016) MMAX lines
+ (MCODE (M, MK), M=1, MM (MK)) : code no. of each nuclide in the mixture MK defined in
the group constants library to be used (for example, see Table 2. 2)
(The order of nuclides in a mixture is able to be arbitrary.)
Repeat this in the order of MK =1, ---, MMAX renewing the line for each mixture.

#13 (6E12.5) [{MM (MK)+5} /6] lines for each mixture
« (AN (M, MK), M=1, MM (MK)) : effective number density (10**cm™?) of each nuclide in the
mixture MK
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(The order of nuclides in a mixture must be same as in #12.)
Repeat this in the order of MK =1, ---, MMAX renewing the line for each mixture.
#14 (416) 1 line

* IZ1 : the first mesh point no. to give axial distribution of non—zero independent source in #15

* IZ2 : the last mesh point no. to give axial distribution of non—zero independent source in #15

» JR1 : the first mesh point no. to give radial distribution of non—zero independent source in #15

» JR2 : the last mesh point no. to give radial distribution of non—zero independent source in #15
These mesh points must be given in the definition of (1)~(3) in #10 (1=1Z1 <172
NZMAX and 1<JR1<JR2<NRMAX). When IPS=0 in #04 and IZ1<IZ2 and JR1<
JR2, S1in #15 is a volume source. When IPS+#0, S1 is a point source (IZ1=IZ2=1IPS and
JR1=JR2=1).

#15 (6E12.5) {{(JQR2-JR1)/6] +1} lines
* (S1 (JR, 1Z), JR=JR1, JR2) : spatial distribution of independent source
Independent source is given in the form of a function with separation of variables as
S1 (JR, IZ) XS2 (I) XS3 (L).
(Each of the S1, S2 and S3 should be normalized to its correct magnitude, respectively.
However, it is also valid that the product of the S1, S2 and S3 has the correct normalized
value for each energy group( % ).)
Repeat this in the order of IZ=1Z1, ---, 1Z2.

#16 (216) 1 line
* I1 : the first energy group no. to give energy spectre of non—zero independent source in §17
+ 12 : the last energy group no. to give energy spectre of non—zero independent source in #17
If the source is of mono—energy (monochromatic), I1=I12=1.
Otherwise, 1SI11<I2SIMAX.

#17 (6E12.5) {[(12-11)/6] +1} lines
* (82 (I), I=1I1, I2) : energy spectre of independent source
(As BERMUDA has been programmed not in a continuous energy model but in a usual
multigroup model, only the S2 (except the S1 and S3) must be given as integrated value for
group i over JE,.)
The S2 (I) is generally normalized to be 1 integrated over energy, that is,

Y82 (D=1

I=n

(However, note the proviso (%) under #15.)

#18 (216) 1 line
* L1 : the first ordinate no. to give angular distribution of non-zero independent source in #19 (see
Fig. 3. 4)
+ L2 : the last ordinate no. to give angular distribution of non—zero independent source in #19

If the source is mono—directional, L1=L2.
Otherwise, 1SL1<L2=144. (S3 (L) for L=145, -+, 160 are automatically assumed to

have equal values to the adjacent (just right) ordinates, respectively.)
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#19 (6E12. 5) {[(L2-L1)/6] +1} lines
* (S3 (L), L=L1, L2) : angular distribution of independent source
The S3 (L) is generally normalized to be 1 integrated over the unit sphere, that is,

> A9, S3(L)=1.

L=L1

(However, note the proviso (%) under #15.)

An example of input data for the BERMUDA-2DN-S16 is shown in Fig.5.4 where a case of ISTEP
=0 is shown. However, ISTEP+#0 is also possible.

DATA SET NAME : J1057.BERMUDA.DATA(DT2DNS16)

e e i e e B i e e e e A Atk bbbt -

10000. #01
1 0 0 1 #02
SUS316 ASSEMBLY DEEP PENETRATION 21/11/86 FRI. 66G MESH TUNNING #03
66 4 13 125 5 0 1 8 8 1.5488 +7 5.0 -3 #04
2 10 7 9 #05
) 7 8 10 11 36 37 42 #06
3.75 0.8 2.5 4.6 0.8 8.488 2.0 12.0 #07
16 17 27 28 38 48 58 66 #08
15.5 2.0 7.8 1.6 2.96 2.96 3.06 3.825 #09
1 42 1 17 1 REG 1 AIR FRONT PART #10

43 44 1 17 2 REG 2 MORTAR "

45 50 1 19 3 REG 3 ROOM WALL (CONCRETE) "

1 14 18 30 1 REG 1-2 AIR FRONT PART "

15 16 18 32 4 REG 4 FE TEST PORT FLAME "

17 44 i8 19 2 REG 2-2 MORTAR "

17 50 20 32 3 REG 3-2 ROOM WALL "

1 7 31 32 1 REG 1-3 AIR FRONT PART "

8 14 31 32 4 REG 4-2 FE TEST PORT FLAME "

1 9 33 54 4 REG 4-3 FE TEST PORT SUS316 "

10 50 33 54 3 REG 3-3 ROOM WALL "

1 11 55 74 4 REG 4-4 FE TEST PORT SUS316 "

12 50 55 74 3 REG 3-4 ROOM WALL "

0. -1. #11
70 80 #12

11 80 80 130 130 130 140 140 140 260 "

80 11 130 130 130 140 260 "

60 140 140 140 240 250 260 280 420 "
3.8810 -5 1.0400 -5 #13

9.4246 -3 7.4297 -4 3.7680 -2 5.0802 -4 4L.6874 -4 1.9408 -3 "

1.1347 -2 3.3427 -4 3.7143 -3 6.8100 -4 "

4.31509 -2 7.9740 -3 5.4090 -4 7.8590 -4 3.0194 -3 1.7903 -2 "

5.8590 -4 "

3.1729 -4 1.6962 -3 6.9211 -5 4.4572 -5 1.5575 -2 1.7343 -3 "

5.5740 -2 9.7339 -3 1.2421 -3 "
1 1 1 1 #14
7.95775E-02 #15
1 66 #16
2.0282-08 1.6009-05 2.2393-04 2.1827-03 1.0623-01 7.0219-01 #17

4.0324-02 8.6730-03 2.8072-03 1.9716-03 2.1199-03 2.1551-03 "

1.7718-03 1.3596-03 1.1058-03 9.8002-04 9.2473-04 8.2910-04 "

7.5409-04 6.0028-04 5.4624-04 5.1257-04 4.8040-04 4.1078-04 "

4.5049-04 4.1154-04 4.7600-04 4.9296-04 1.8409-03 1.8610-03 "

1.7291-03 1.8799-03 1.9314-03 1.8899-03 1.7907-03 1.6436-03 "

1.5582-03 1.6650-03 1.6286-03 1.7793-03 1.8020-03 1.9477-03 "

1.9063-03 1.9100-03 1.9603-03 2.2028-03 2.1438-03 2.2946-03 "

2.2418-03 2.1865-03 2.3360-03 2.3938-03 2.1764-03 2.1903-03 "

2.3662-03 2.2569-03 4.1317-03 4.4672-03 4.3554-03 4.1279-03 "

3.9131-03 3.7597-03 3.4531-03 3.1428-03 2.8487-03 2.6150-03 "

Fig. 5.4 Example of input data for the BERMUDA—-2DN-S16 (ISTEP=0)
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DATA SET NAME : J1057.BERMUDA.DATA(DT2DNS16)
bt e B ettt ALl Sl Sttt bl Sl bl Dttt bl DO L LY - B L L LS e T}
1 144 #18
1. 1. 1. 1. 1. 1. #19
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. ”
1. 1. 1. 1. 1. 1. o
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. o
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1 "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1 "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1 "
1. 1. 1. 1. 1. 1. "
1. 1 1. 1. 1. 1. "
Fig. 5.4 Example of input data for the BERMUDA-2DN-S16 (ISTEP=0) (continued)

5.3.3 Output Data
The output data of BERMUDA-2DN-S16 are stored on the magnetic disk FT08 (Jxxxx.
FX2DNS16.DATA; see Sec.5.3.1 ($6)) and are also given on the printer.

The data on the output disk are as follows:

(1) In case of IPS=0, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form,

(((PHI (JR, 1Z, L), L=1, LMAX), IZ=1, NZMAX), JR=1, NRMAX),
((TPHI (JR, 1Z), IZ=1, NZMAX), JR=1, NRMAX),
((FEMK (M, MK), M=1, 10), MK =1, 20), ((FTMK (M, MK), M=1, 10), MK=1, 20),

where PHI (JR, IZ, L) : ¢ (thry Ziz §L),
144---when calculation has been completed until the group IMAX,
LMAX=
160---when calculation is to be restarted from the group (ig+1),
NZMAX, NRMAX : see Sec. 5. 3. 2 (#10).
144 —> . —>
TPHI (JR, IZ) H (Dl (rm, le)z ZAQ L¢l (r]'R, Zyz, QL)’
L=1
FEMK (M, MK) : T.M for mixture MK (see Sec. 2. 2 and Sec. 3. 1) and
FTMK (M, MK) : £M for mixture MK (see Sec. 2. 2).

(2) In case of IPS#0, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form,
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(((PHI (JR, IZ, L), L=1, LMAX), IZ=1, NZMAX), JR=1, NRMAX),

((PHIO (JR, 1Z), IZ=1, NZMAX), JR=1, NRMAX), (PHI00 (L), L=1, 40),

((TPHI (JR, 1Z), IZ=1, NZMAX), IZ=1, NRMAX),

((FEMK (M, MK), M=1, 10), MK =1, 20), ((FTMK (M, MK), M=1, 10), MK=1, 20),

where PHI (JR,1Z, L) : @ (T Zizs §L) (without component of uncollided flux),
LMAX,NZMAX,NRMAX : see above (1),
PHIO(JR, 1Z) : Oy (1yr, Zz) (uncollided flux),
PHIOO (L) : S (0, zzps, Q) (point source),
1w - )
TPHI (JR, 1Z) t Oy, 2z) = 224218 (T, 21z, QL) T Qo' (s Z12),
L=1
FEMK (M, MK) : see above (1) and
FTMK (M, MK) : see above (1).

The data on the output print are as follows:

(a)list of input file Jxxxx. DT2DNS16. DATA (see Sec. 5. 3. 1 (85)) like Fig. 5. 4,
(b)list of the main input parameters with explanatory captions,

(The items (c)~(f) below are repeated for each energy group i (i=1, -+, IMAX).)

(c) CPU+ VU time (sec) accumulated from the start of computation (EXEC LMGO) until the end
of each main calculational item,
(d)when the convergence has been attained or ITMAX iterations have been finished for the 10-th
grid,
« neutron balance parameters; F, GAIN, ABBS, SELF, XLEK (see Sec. 3. 7) integrated over the
entire spatial region dealing with it as a single coarse mesh region,
* group no. i, iteration times IT, residual VERGF,

where VERGF=”r<n]aZxL| {¢" D (ryp, z,z,ﬁl)/qs”’” (Tixe 21z §L) }-11<e

(JR, 1Z, L : except the cases where ¢' ™ (g, 717, f}b:o)’
IT : iteration times (IT=1, 2, --*),

(When the energy grid model is used for the group i, these printed neutron balance parameters and
VERGF are meaningless, because the iteration is terminated by ITMAX (<3) times. In addition,
these parameters are obtained only from the data of the last (10-th) grid in the group i.)

(e) * the upper energy boundary EUP (i) (eV),
» the lower energy boundary EUP (i+1) (eV),
» the energy width JE; (eV) and
(f) neutron scalar flux @' (g, z1z) for JR=1, ---, 10 and for IZ=NZMIN, ---, NZMAX.

where
1 for ISTEP+#2 and
NZMIN=
IFACE for ISTEP=2 (see Sec.5.3.2 (#2)).
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The STOP codes are as follows:

(1) 1001 : KMAX regions do not cover completely the whole (r, z) plane, or some regions overlap
(error in J1 (K), J2 (K), I1 (K) and I2 (K) in input data #10).

(2) 2001 : IFACE in input data #02 is not on the bottom boundary of a partition in the z—direction,

(3) 2222 : The input fixed source for the group 1 is zero (error in input data #14~#19) and

(4) 9876 : Total number of nuclides exceeds 20 (error in input data #05 or #12).

5.4 BERMUDA-3DN

5.4.1 JCL
The JCL for the BERMUDA-3DN execution on the FACOM/VP2600 computer in JAERI is as
follows;

//ICLG JOB
// EXEC JCLG
//SYSIN DD DATA,DLM ="+ +°
/7 JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.15 W.09 C.00 I.15 E.44 SRP
T= (1440, 00)
OPTP MSGCLASS=X, MSGLEVEL=(l, 1, 2), CLASS=9, NOTIFY =Jxxxx®"
OPTP PASSWORD = xxxxxxxx
//  EXEC LMGO, LM=J9091. BERMD3DN, A ="HIO= (01, 11, 21)’®?
//FT01F001 DD DISP=SHR, DSN=Jxxxx. FLX601. DATA®®
//FT02F001 DD DISP=SHR, DSN =Jxxxx. BOUNDFLX. DATA®"
//FT03F001 DD UNIT=WK 10, SPACE=(TRK, (100, 50)), DISP=(NEW, DELETE, DELETE),
//  DSN=&&WORK, DCB=(RECFM=VBS, LRECL =23472, BLKSIZE =23476, DSORG =PS)
//FT04F001 DD DISP=SHR, DSN=J3931. BERM125X. DATA, LABEL=¢, , , IN)
//SYSIN DD DISP=SHR, DSN=Jxxxx. DATA3DN. DATA®®
//FT08F001 DD DISP=SHR, DSN=Jxxxx. FLUX3DN. DATA®
//FT11F001 DD DISP=SHR, DSN =Jxxxx. FLX611. DATA®"
//FT21F001 DD DISP=SHR, DSN =Jxxxx. FLX621. DATA®®
++
//

($1) “CLASS=9" is a specially reserved job for occupying the almost all of the ‘S00MB extended
memory’ (that is, 440MB (E.44)) and the FACOM/VP2600 computer through one day or more.
So, this is a closed job for ‘a weekend’ once a month or once per two months, and the Jxxxx may be
a personnel no. of some staff in the Computing and Information Systems Center of JAERI.
‘T.15’ is dummy and ‘T'= (1440, 00)’ means that CPU~+ VU time may be unlimited until the next
Monday morning.

(82) There has already been a load module J9091. BERMD3DN. LOAD prepared for a public use in
JAERI
If necessary, a new load module is able to be created on a disk from the source module J9091.
BERMUDA. FORT77 (BERMD3DN). The JCL for creating a new load module is as follows:
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//JCLG JOB
// EXEC JCLG
//SYSIN DD DATA, DLM="+ +’
// JUSER XXXXXXXX, XX. XXXXXXXX, XXXX. XX
T.02 W.03 C.02 1.02 E.00 SRP
OPTP MSGCLASS=X, MSGLEVEL=(], 1, 2), NOTIFY =Jxxxx, PASSWORD = xxXXXXXX
// EXEC FORT77VE, SO=J9091. BERMUDA,
// A="ELM (BERMD3DN), SOURCE, NOVMSG, NOVSOURCE’, LCT=62
// EXEC LKEDCT77, LM =Jxxxx. BERMD3DN, UNIT=xxxxx, MODS="12, 12, I’, A=MAP
++
//

These steps of compilation and linkage are executed rather rapidly on the FACOM/M780 scalar
computer. The new load module is applied by replacing the above “LM=1J9091.BERMD3DN”®? with
“LM=Jxxxx. BERMD3DN".

“A="HIO=(01, 11, 21)’ ” is necessary when 97<IMAX<125. If 49<IMAX=96, then A="HIO
=(01, 11y, and if 1<IMAX <48, then A="HIO=(01)’ must be substituted in place of A="HIO= (01,
11, 21)’. The IMAX is the total number of energy groups (see Sec. 5. 4. 2 (#4)).

($3) The HIO (high—speed input/output) work file for the angular and scalar fluxes Jxxxx. FLX601.
DATA has to be allocated beforehand as:

//FT01F001 DD UNIT=TSSWK,SPACE=(CYL, 1320,, CONTIG),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FLX601. DATA,
// DCB=(RECFM=F, LRECL=23000, BLKSIZE=23000, DSORG =PS)

This file contains the spatial distributions of the angular and scalar neutron fluxes for the energy
groups 1~48 as a HIO work file for calculating the slowing down source from these energy groups.

So, this file can be deleted after the job has been terminated if the angular flux is not necessary to be
saved, because the scalar flux is stored in the FT08 (Jxxxx.FLUX3DN. DATA®®) for output data
edition. The main purpose of the FT01®®, FT11%7and FT21®¥ is to utilize the HIO option for saving the
I/0 times (EXCP) and to use the TSSWK for saving the user’s disk file from occupying the gigantic space
for the angular flux memory. In fact, the TSSWK is automatically deleted at 8:00 a.m. on the next
Monday. The HIO option needs to allocate the file ‘contiguously’ on the disk (CONTIG), and the FTO01,
FT11 and FT21 need to be allocated every time before executing the special large job.

At the present, the specifications of the disk in JAERI are as follows:
1 VOL=1, 326 CYL X2 (=19, 890 TRK X2),
1 CYL=15 TRK and
1 TRK =47, 476 bytes.
However, BLKSIZE cannot exceed 32,767 bytes.

($4) The boundary flux file Jxxxx. BOUNDFLX. DATA has to be allocated beforehand as:
//FT02F001 DD UNIT =xxxxx, SPACE=(TRK, (400, 10)),

// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. BOUNDFLX. DATA,
// DCB=(RECFM=VBS, LRECL=23472, BLKSIZE=23476, DSORG =PS)
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This file contains the boundary flux in case of the bootstrap option (see Sec. 3. 6. 2). In the first step,
the boundary flux is written in this file; and in the second step, the boundary flux is supplied from the file.
When the bootstrap option is not used (ISTEP=0 in Sec. 5. 4. 2), the one line of the JCL® is not
necessary as well as allocation of the file.

($5) The input data file Jxxxx. DATA3DN. DATA has to be allocated beforehand as:

//FT05F001 DD UNIT=xxxxx, SPACE= (TRK, (01, 01)),
//  DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. DATA3DN. DATA,
// DCB=(RECFM=FB, LRECL =380, BLKSIZE=3120, DSORG =PS)

The content of this file is described in Sec. 5. 4. 2.
Otherwise, the one line of the JCL®® is substituted with

//SYSIN DD %
linput data described in Sec. 5. 4. 2]
/%

without allocating the Jxxxx. DATA3DN.DATA.
($6) The flux file Jxxxx. FLUX3DN. DATA has to be allocated as:

//FTO08F001 DD UNIT =xxxxx, SPACE=(TRK, (600, 50)),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FLUX3DN. DATA,
// DCB=(RECFM=VBS, LRECL =23472, BLKSIZE=23476, DSORG =PS)

This file contains the spatial distribution of neutron scalar flux etc. for all of the calculated energy
groups. It is processed for the output data edition with the post—processing codes.?

Note that the contents of the Jxxxx. FLUX3DN. DATA for the bootstrap step 1 vanish when the
same file is used in the step 2. Usually comparison of the output data with the measured data concerns the
region of the step 2. However, if it is necessary to save the data obtained in the step 1, dual files have to
be allocated as Jxxxx. FLUX3DN1. DATA and Jxxxx. FLUX3DN2. DATA for each step.

($7) The HIO work file for the angular and scalar fluxes Jxxxx. FLX611. DATA has to be allocated
beforehand as:

//FT11F001 DD UNIT=TSSWK, SPACE=(CYL, 1320,, CONTIG),
// DISP=(NEW, CATLG, CATLG), DSN=Jxxxx. FLX611. DATA,
// DCB=(RECFM=F, LRECL =23000, BLKSIZE=23000, DSORG=PS)

This file contains the spatial distributions of the angular and scalar neutron fluxes for the energy
groups 49~96 as a HIO work file for calculating the slowing down source from these energy groups.

So, this file can be deleted after the job has been terminated if the angular flux is not necessary to be
saved, because the scalar flux is stored in the FTO8 for output data edition. If IMAX <48, then the one
line of the JCL®? is not necessary as well as allocation of the file.
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($8) The HIO work file for the angular and scalar fluxes Jxxxx. FLX621. DATA has to be allocated
beforehand as:

//FT21F001 DD UNIT=TSSWK, SPACE=(CYL, 800,, CONTIG),
// DISP=(NEW, CATLG, CATLG), DSN=1Jxxxx. FLX621. DATA,
// DCB=(RECFM=F, LRECL =23000, BLKSIZE=23000, DSORG =PS)

This file contains the spatial distributions of the angular and scalar neutron fluxes for the energy
groups 97~125 as a HIO work file for calculating the slowding down source from these energy groups.

So, this file can be deleted after the job has been terminated if the angular flux is not necessary to be
saved, because the scalar flux is stored in the FTO8 for output data edition. If IMAX <96, then the one
line of the JCL®® is not necessary as well as allocation of the file.

5.4.2 Input Data

#01 (F6.0) 1 line
* TMAX : CPU time (sec) to terminate the job (=1.0E+6 for CLASS=9)

#02 (413) 1 line
« IRSTRT : group no. to be restarted (=1 for CLASS=9)
« ISTEP : step no. for bootstrap option
0 -- no bootstrap option
ISTEP=1 --- the first step
2 --- the second step
* IFACE : interface z-mesh point no. for bootstrap option (0 when ISTEP=0)
IFACE must be on the bottom boundary mesh point of a partition in the z—direction. (The
numbering method for mesh points is described in #12.)
When ISTEP =2, IFACE is different from that in ISTEP=1.
* ITMAX : maximum number of iteration times for each energy grid
(ITMAX=1, 2 or 3)
(ITMAX is defined as 1, if O or blank is input.)

#03 (18A4) 1 line
» Problem title : any characters, numbers or blanks describing the problem on columns 1~72

#04 (914, 2E12. 5) 1 line

» IMAX : total number of energy groups for this problem (= 125)

* MMAX : number of mixtures (<20)

* KMAX : number of spatial regions (MMAX<KMAX)
Definition of a ‘region’ is that it is a rectangular parallelpiped part in the (x, y, z) whole
volume, where mixture is assigned to be homogeneous.
The (x, y, z) whole volume must be completely filled up with the KMAX regions.

+ IMAXL : total number of groups of the group constants library used
(for example, IMAXL =125 for J3931. BERM125X. DATA)

 I1LIB : group no. “on the group constants library” where the group 1 of this problem is to be defined
(for example, IMAX+I1LIB< 126 for J3931. BERM125X. DATA)
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In BERMUDA, the I1LIB-th group on the library is called as “group 1.

« IPS : type of the fixed source
0 --- spatially distributed source
IPS=
IYPS --- point source on the y-axis of the rectangular parallelpiped (IYPS=1)
The IYPS is the y-mesh point no. for the point source. When IYPS=1, y (IYPS)=0
(origin). The numbering method for the mesh points is described in #12. The point source
cannot be placed on an interface between partitions in the y—direction.
* NRX : number of partitions in the x—direction (NRX<20)
In each partition, mesh sizes (Jx) are assigned to be equal to each other.
* NRY : number of partitions in the y—direction (NRY =20)
In each partition, mesh sizes (Jy) are assigned to be equal to each other.
* NRZ : number of partitions in the z—direction (NRZ<=20)
In each partition, mesh sizes (4z) are assigned to be equal to each other.
» ER : upper energy (eV) for the group 1 of the problem
EUP (I1LIB+1)<ER=EUP (I1LIB)
« EPS : convergence criterion (for angular flux) to be used to terminate the thermal group iteration
(usually 107)

#05 (2013) 1 line

* (MM (MK), MK =1, MMAX) : number of nuclides to be included in each mixture
(1=MM (MK)=10)
(For a vacuum, assign one dummy nuclide which is contained in another mixture. Input its
code number in #14 and atomic number density (0.) in #15.)
In a problem, maximum 20 nuclides can be selected out of 30 or 24 nuclides in the libraries.
The definition of the maximum ‘number’ is that a nuclide contained commonly in plural
number of mixtures is counted as 1, notwithstanding that the nuclide has equal or not equal

atomic number densities in those mixtures.
#06 (1016) [(NRX+9)/10] lines
The brackets [--:] means the integer discarding the fractions.

* (INTERX (KX), KX=1, NRX) : number of mesh intervals between the origin and the front
boundary of each partition in the x—direction

(Either even or odd numbers are valid.)
(1I=INTERX (1)<INTERX (2)<---<INTERX (NRX) <30—NRX)

The origin is placed at the back, left and bottom corner of the calculated volume.

#07 (10F6.3) [(NRX+9)/10] lines
« (DXX (KX), KX=1, NRX) : mesh size 4x (cm) for each partition in the x—direction
(not the partition thickness)

#08 (1016) [ (NRY+9)/10] lines
» (INTERY (KY), KY=1, NRY) : number of mesh intervals between the origin and the right
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boundary of each partition in the y—direction
(Either even or odd numbers are valid.)
(1=INTERY (1) <INTERY (2)<--<INTERY (NRY)<30—NRY)

#09 (10F6.3) [ (NRY+9)/10] lines
* (DYY (KY), KY=1, NRY) : mesh size 4y (cm) for each partition in the y—direction
(not the partition thickness)

#10 (1016) [ (NRZ+9)/10] lines
* (INTERZ (KZ), KZ=1, NRZ) : number of mesh intervals between the origin and the top boundary
of each partition in the z—direction
(Either even or odd numbers are valid.)
(1=INTERZ (1)<INTERZ (2)<---<INTERZ (NRZ)<60—NRZ)

#11 (10F6.3) [(NRZ+9)/10] lines
* (DZZ (KZ), KZ=1, NRZ) : mesh size 4z (cm) for each partition in the z-direction
(not the partition thickness)

#12 (716) KMAX lines

* (KX1(K),KX2 (K),JY1 (K),JY2 (K), IZ1 (K), IZ2 (K), MR (K), K=1, KMAX) : assignment
of composition
KX1 (K) : back mesh point no. of the region K
KX2 (K) : front mesh point no. of the region K
JY1 (K) : left mesh point no. of the region K
JY2 (K) : right mesh point no. of the region K
IZ1 (K) : bottom mesh point no. of the region K
1Z2 (K) : top mesh point no. of the region K
MR (K) : mixture no. for the region K (=MK defined in #05)
(I1=KX1<KX2=NXMAX<30, 1=SJYI1<JY2=NYMAX<30 and 1Z1Z1<1Z22<
NZMAX<=60)

In BERMUDA, the numbering of the mesh points is as follows:

(1) “1” for the origin,

(2) doubly (twice) numbered as “INTERX (KX)+KX” and “INTERX (KX)+KX+1” for
the interface between the KX-th and the (KX + 1)—th partitions in the x—direction where KX
=1, -+, NRX-1 (for treating spatial discontinuity of the macroscopic cross sections and the
source distribution at the interfaces) and

(3) “NXMAX=INTERX (NRX)+NRX” =30 for the outermost mesh point in the x—direction.

And it is same for the y—direction, “NYMAX=INTERY(NRY)-+NRY” <30 and also same for the
z—direction except “NZMAX=INTERZ (NRZ)+NRZ” <60.

#13 (6F6. 3) 1 line
* BCX1 : back boundary condition for x=0.
* BCX2 : front boundary condition for x=x (NXMAX)
* BCY1 : left boundary condition for y=0.
* BCY2 : right boundary condition for y=y (NYMAX)
* BCZ1 : bottom boundary condition for z=0.
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* BCZ2 : top boundary condition for z=z (NZMAX)
—1. --» symmetry condition
boundary conditions=
0. --- vacuum boundary condition

#14 (1016) MMAX lines
+ (MCODE (M, MK), M=1, MM (MK)) : code no. of each nuclide in the mixture MK defined in
the group constants library to be used (for example, see Table 2. 2)
(The order of nuclides in a mixture is able to be arbitrary.)
Repeat this in the order of MK =1, :--, MMAX renewing the line for each mixture.

#15 (6E12. 5) [{MM(MK)+5} /6] lines for each mixture
* (AN (M, MK), M=1, MM (MK)) : effective number density (10*cm™) of each nuclide in the
mixture MK
(The order of nuclides in a mixture must be same as in #14.)
Repeat this in the order of MK =1, -+, MMAX renewing the line for each mixture.

#16 (616) 1 line

+ KXS1 : the first mesh point no. to give x—distribution of non—zero independent source in 17

« KXS2 : the last mesh point no. to give x—distribution of non—zero independent source in #17

*» JYS1 : the first mesh point no. to give y—distribution of non—zero independent source in #17

* JYS2 : the last mesh point no. to give y—distribution of non—zero independent source in #17

» IZS1 : the first mesh point no. to give z-distribution of non-zero independent source in #17

» IZS2 : the last mesh point no. to give z—distribution of non—zero independent source in #17
These mesh points must be given in the definition of (1)~(3) in #12 (1=KXSI1=KXS2<
NXMAX, 1=JYSI<JYS2ENYMAX and 1=1ZS1 =1ZS2<NZMAX). When IPS=0 in
#04 and KXS1<KXS2, JYS1<JYS2 and 1ZS1<1ZS2, S1 in #17 is a volume source. When
IPS+#0, S1 is a point source (KXS1=KXS82=1, JYS1=JYS2=IPS and 1ZS81=1782=1).

#17 (6E12. 5) {[(JYS2-JYS1)/6] +1} lines for each (KX,IZ) point

* (SI(KX, JY, I1Z), JY=JYSI1, JYS2) : spatial distribution of independent source
Independent source is given in the form of a function with separation of variables as
S1(KX, JY, 1Z) XS2 (I) XS3 (L).
(Each of the S1, S2 and S3 should be normalized to its correct magnitude, respectively.
However, it is also valid that the product of the S1, S2 and S3 has the correct normalized
value for each energy group (k).)
Repeat it in the order of KX=KXSI, ---, KXS2 renewing the line for each KX.

And repeat “the above set over JY and KX” in the order of IZ=1ZS1, ---, IZS2.

#18 (2I6) 1 line
« I1 : the first energy group no. to give energy spectre of non—zero independent source in #19
» I2 : the last energy group no. to give energy spectre of non-zero independent source in #19
If the source is of mono—energy (monochromatic), I1=I12=1.
Otherwise, 1<I1 <I2<IMAX.
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#19 (6E12.5) {[(12-11)/6] +1} lines
* (82 (I), I=11, I2) : energy spectre of independent source
(As BERMUDA has been programmed not in a continuous energy model but in a usual
multigroup model, only the S2 (except the S1 and S3) must be given as integrated value for

group i over 4E,.)
The S2 (I) is generally normalized to be 1 integrated over energy, that is,

n
T s2(D=1.

(However, note the proviso () under #17.)

#20 (216) 1 line
* L1 : the first ordinate no. to give angular distribution of non—zero independent source in #21 (see

Fig. 3.6)
* L2 : the last ordinate no. to give angular distribution of non—zero independent source in #21

If the source is mono—directional, L1=L12.
Otherwise, 1=L1<L2=80.

#21 (6E12.5) {[ (L2-L1)/6] +1} lines
* (83 (L), L=L1, L2) : angular distribution of independent source
The S3 (L) is generally normalized to be 1 integrated over the unit sphere, that is,

L2 —>
22 49,83 (L)=1.
L=L]

(However, note the proviso (%) under #17.)

Some examples of input data for the BERMUDA-3DN are shown in Figs. 5. 5 and 5. 6.

5.4.3 Output Data
The output data of BERMUDA-3DN are stored on the magnetic disk FT08 (Jxxxx. FLUX3DN.

DATA; see Sec. 5. 4. 1 ($6)) and are also given on the printer.

The data on the output disk are as follows:
(1) In case of IPS=0, the following FORTRAN record is repeated for each group i (i=1, -,

IMAX) in the binary form,

(PHI (1, 1, NZMAX, L), L=1, 80), (DUMMY (L), L=1, 80),
(((TPHI (KX, Y, 1Z), IZ=1, NZMAX), JY =1, NYMAX), KX=1, NXMAX),

where PHI (1, 1, NZMAX, L) . $'(0, 0, Znzmaxs L),

80 —> . —
TPHI (KX, JY, 1Z) : O'(xgxs Yrvs Ziz) = 2 AUP (R Yy Zizs Q1) and
L=1

NXMAX, NYMAX, NZMAX: see Sec. 5. 4. 2. (#12).
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(2) In case of IPS+#0, the following FORTRAN record is repeated for each group i (i=1, -,
IMAX) in the binary form,

(PHI (1, 1, NZMAX, L), L=1, 80), (PHIO (1, 1, NZMAX, L), L=1, 80),
(((TPHI (KX, JY, 1Z), I1Z=1, NZMAX), JY=1, NYMAX), KX=1, NXMAX),

where PHI (1, 1, NZMAX, L) : @' (0, 0, Znzmaxs §L)+¢>oi (0, 0, Zyzmaxo Q),
PHIO (1, 1, NZMAX, L) : 610, 0, Zyzmaxe Q1)s

DATA SET NAME : J1057.BERMUDA.DATA(DATA3DN1)

B D e T e ey A

1.0E+6 #01
1 0 0 1 #02
NEUTRON BEHAIVIOR IN CAVITY BERM-3DN '91.2.12 #03
58 4 32 125 5 1 9 9 10 1.5488 +7 5.0 -3 #04
2 10 8 10 #05
5 7 8 11 12 16 17 20 21 #06
3.20 2.0 2.0 4.333 5.0 2.0 2.0 6.666 2.0 #07
3 5 6 9 10 16 17 20 21 #08
4.0 4.0 2.0 4.333 5.0 6.333 2.0 6.666 2.0 #09
8 12 18 26 27 29 30 47 48 50 #10
31.0 19.5 20.33318.125 2.0 10.0 2.0 $5.647 2.0 16.0 #11
1 30 1 30 1 9 1 REG 1 AIR TARGET ROOM #12

1 15 1 13 10 14 1 REG 2 1ST AIR PORT "

1 15 14 30 10 14 2 REG 3 UPPER ROOM WALL "

16 30 1 30 10 14 2 REG 4 SIDE ROOM WALL ”

1 9 1 7 15 21 1 REG 5 2ND AIR PORT "

1 9 8 30 15 21 2 REG 6 UPPER REAR PORT "

10 30 1 30 15 21 2 REG 7 SIDE ROOM WALL "

1 6 1 4 22 30 1 REG 8 3RD AIR PORT "

1 6 S 7 22 30 3 REG 9 SS304 "

7 9 1 7 22 30 3 REG 10 SS304 "

1 9 8 15 22 30 4 REG 11 MORTAR "

10 17 1 15 22 30 4 REG 12 MORTAR "

1 17 16 30 22 30 1 REG 13 AMBIENT AIR ”

18 30 1 30 22 30 1 REG 14 AMBIENT AIR "

1 9 1 7 31 37 1 REG 15 CAVITY ENTRANSE "

1 9 8 ? 31 37 3 REG 16 SS304 "

10 11 1 9 31 37 3 REG 17 SS304 "

1 11 10 28 31 32 3 REG 18 SS304 "

12 28 1 28 31 32 3 REG 19 SS304 "’

1 11 10 24 33 35 4 REG 20 MORTAR "

12 24 1 24 33 35 4 REG 21 MORTAR "

1 11 10 24 36 37 3 REG 22 SS304 "

12 24 1 24 36 37 3 REG 23 SS304 "

1 22 1 22 38 55 1 REG 24 CAVITY ”

1 22 23 24 38 5SS 3 REG 25 SS304 "

23 24 1 24 38 55 3 REG 26 SS304 "

1 24 1 24 56 57 3 REG 27 SS304 "

1 24 25 28 33 57 4 REG 28 MORTAR "

25 28 1 28 33 57 4 REG 29 MORTAR o

1 28 1 28 58 60 4 REG 30 MORTAR "

1 28 29 30 31 60 3 REG 32 SS304 "

29 30 1 30 31 60 3 REG 31 SS304 "
-1. 0. -1. 0. -1. 0. #13
70 80 #14

11 60 80 110 130 130 140 140 200 260 "

60 140 140 140 240 250 260 280 "

11 60 80 110 130 130 140 140 200 260 ”
4.2000 -5 1.1300 -5 #15

7.9740 -3 5.4090 -4 4.3150 -2 7.8590 -4 3.8200 -4 2.6400 -3 ”

1.4800 -2 5.2900 -4 2.5600 -3 5.8600 -4 "

3.1729 -4 1.6962 -3 6.9211 -5 4.4572 -5 1.7400 -2 1.7343 -3 "

5.7900 -2 8.1100 -3 "
4.8000 -3 3.8000 -2 4.3900 -2 1.0200 -3 3.1400 -4 3.4400 -3 "
1.5900 -2 7.3500 -4 1.7400 -3 5.0500 -4 "

Fig. 5.5 Example of input data for the BERMUDA-3DN (1)
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DATA SET NAME : J1057.BERMUDA.DATA(DATA3DN1)
e it Rt D i By A - Ll R e Gt TP |
1 1 1 1 1 1 #16
7.95775E-02 #17
1 66 #18
0.20838E-07 0.16448E~04 0.23007E-03 0.22425E-02 0.10914E+00 0.72143E+00 #19
0.41429E-01 0.89107E-02 0.28B41E-02 0.20256E-02 0.21780E-02 0.22142E-02 "
0.18204E-02 0.13969E-02 0.11361E-02 0.10069E-02 0.95007E-03 0.85182E-03 "
0.77476E-03 0.61673E-03 0.56121E-03 0.52662E-03 0.49357E-03 0.42204E-03 "
0.46284E-03 0.42282E-03 0.4B904E-03 0.50647E-03 0.18914E-02 0.19120E-02 "
0.17765E-02 0.19314E-02 0.19843E-02 0.19417E-02 0.18398E-02 0.168864E-02 "
0.16009E-02 0.17106E-02 0.16732E-02 0.18281E-02 0.18514E-02 0.20011E-02 "
0.19585E-02 0.19623E-02 0.20140E-02 0.22632E-02 0.22026E-02 0.23575E-02 "
0.23032E-02 0.22464E-02 0.24000E-02 0.24594E~02 0.22360E-02 0.22503E-02 o
0.24310E-02 0.23188E-02 0.42449E-02 0.45896E-02 0.44748E-02 0.42410E~-02 "
0.40203E-02 0.38627E-02 0.35477E-02 0.3228B9E-02 0.29268E-02 0.26867E-02 "
1 80 #20
1. 1. 1. 1. 1. 1. #21
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. ”
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
i. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1 . 1 - "
Fig. 5.5 Example of input data for the BERMUDA-3DN (1) (continued)

TPHI (KX, JY, 1Z)

80

: @' (Xxxr Yrv» 21z) = 2249 {¢i(XKx, Yivs Ziz gL)

L=1

NXMAX, NYMAX, NZMAX: see above (1).

The data on the output print are as follows:

(a)list of input file Jxxxx. DATA3DN. DATA (see Sec. 5. 4. 1 (85)) like Fig. 5. 5 or Fig. 5. 6,

(b)list of the main input parameters with explanatory captions,

(The items (c)~(g) below are repeated for each energy group i (i=1, ---, IMAX).)

+¢oi(XKx: Yrv» Zizs $21) } and

(¢) CPU+VU time (sec) accumulated from the start of computation (EXEC LMGO) until the end
of each main calculational item,

(d)when the convergence has been attained or ITMAX iterations have been finished for the 10-th

grid,

* neutron balance parameters; F, GAIN, ABBS, SELF, XLEK (see Sec. 3. 7) integrated over the
entire spatial region dealing with it as a single coarse mesh region,
* group no. i, iteration times IT, residual VERGF,

where VERGF:KX’?YaIxZ L| {¢, ar=1 (xxx, Yiv zIZ'QL)/¢i an (xKx, Yiv 212 QL) } - Il <e

(KX, JY, 1Z, L : except the cases where ¢' ™ (x¢x, ¥y, zIZ,S_l)L) =0),
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IT : iteration times (IT=1, 2, -+*),

(When the energy grid model is used for the group i, these printed neutron balance parameters and

VERGF are meaningless, because the iteration is terminated by ITMAX (<3) times. In addition, these

parameters are obtained only from the data of the last (10-th) grid in the group i.)

(e) ¢ the upper energy boundary EUP(i) (eV),

DATA SET NAME : J1057.BERMUDA.DATAC(DATA3DNZ2)

bt et B R it et S R e Al Tl e R i Sttt Ababol Bt -]

1.0E+6 #01
1 0 0 2 #02
DFFSET GAP STREAMING CASE-1 BERM-3DN '91.5.29 #03
58 3 19 125 5 13 5 11 5 1.5488 +7 5.0 -3 #04
2 10 8 #05
15 17 18 20 25 #06
1.3333 3.75 3.0 2.25 29.0 #07
3 4 5 7 9 10 12 14 15 16 #o8

19 n
30.0 3.0 12.0 9.25 1.5 1.0 1.5 7.25 12.0 3.0 #09

30.0 "
10 15 25 35 55 #10
24.8 15.6 12.2 4.00 2.50 #11
1 30 1 30 1 11 1 REG 1 AIR TARGET ROOM #12

1 24 5 25 12 17 1 REG 2 AIR FRONT PORT "

1 24 1 4 12 17 2 REG 3 SIDE ROOM WALL "

1 24 26 30 12 17 2 REG 4 SIDE ROOM WALL "

25 30 1 30 12 17 2 REG 5 UPPER ROOM WALL "

1 16 9 22 18 28 1 REG 6 AIR REAR PORT "

1 16 1 8 18 28 2 REG 7 SIDE ROOM WALL "

1 16 23 30 18 28 2 REG 8 SIDE ROOM WALL "

17 30 1 30 i8 28 2 REG 9 UPPER ROOM WALL "

1 19 12 14 29 39 1 REG 10 FIRST GAP "

1 19 7 11 29 39 3 REG 11 SS304 "

1 19 15 24 29 39 3 REG 12 SS304 "

1 19 17 19 40 60 i REG 13 SECOND GAP ”

1 19 7 16 40 60 3 REG 14 SS304 "

1 19 20 24 40 60 3 REG 15 SS304 "

20 21 7 24 29 60 3 REG 16 SS304 "

1 21 1 é 29 60 1 REG 17 AMBIENT AIR "

1 21 25 30 29 60 1 REG 18 AMBIENT AIR "

22 30 1 30 29 60 1 REG 19 AMBIENT AIR "
-1. 0. 0. 0. -1. 0. #13
70 80 #14

80 11 60 110 130 130 140 140 200 260 "

60 140 140 140 240 250 260 280 "
3.8810 -5 1.0400 -5 #15

4.3150 -2 7.9740 -3 5.4090 -4 7.8590 -4 3.8200 -4 2.6400 -3 "

1.4800 -2 5.2900 -4 2.5600 -3 5.8600 -4 "

3.1729 -4 1.6%962 -3 6.9211 -5 4.4572 -5 1.7400 -2 1.7343 -3 "

5.7900 -2 8.1100 -3 "
1 1 13 13 1 1 #16é
7.95775E-02 #17
1 66 #18
0.20838E-07 0.16448E-04 0.23007E-03 0.22425E-02 0.10914E+00 0.72143E+00 #19

0.41429E-01 0.89107E-02 0.28841E-02 0.20256E-02 0.21780E-02 0.22142E-02 "

0.18204E-02 0.13969E-02 0.11361E-02 0.10069E-02 0.95007E-03 0.85182E-03 "

0.77476E-03 0.61673E-03 0.56121E-03 0.52662E-03 0.49357E-03 0.42204E-03 ”

0.46284E-03 0.42282E-03 0.48B904E-03 0.50647E-03 0.18914E-02 0.19120E-02 "

0.17765E-02 0.19314E-02 0.19843E-02 0.19417E-02 0.18398E-02 0.16886E-02 "

0.16009E-02 0.17106E-02 0.16732E-02 0.18281E-02 0.18514E-02 0.20011E-02 "

0.19585E-02 0.19623E-02 0.20140E-02 0.22632E-02 0.22026E-02 0.23575E-02 "

0.23032E-02
0.24310E-02
0.40203E-02

0.22464E-02
0.23188E~02
0.38627E-02

Fig. 5.6

0.24000E-02
0.42449E-02
0.35477E-02

0.24594E-02
0.45896E-02
0.32289E-02

0.22360E-02
0.44748BE-02
0.29268E-02

0.22503E-02
0.42410E-02
0.26867E-02

Example of input data for the BERMUDA-3DN (2)
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DATA SET NAME : J1057.BERMUDA.DATA(DATA3DN2)

e B B - et S S B ot - RO SRRy S R
1 80 #20
1. 1. 1. 1 1. 1. #21
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1 1. 1. "
1. 1. 1. 1 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. "
1. 1. 1. 1. 1. 1. ”
1. 1. "
Fig. 5.6 Example of input data for the BERMUDA-3DN (2) (continued)

* the lower energy boundary EUP(i+1) (eV),
* the energy width JE; (eV) and
(f) neutron scalar flux over the x=0 plane,
@' (0, yyy, z1z) for JY=1, -, NYMAX and for IZ=NZMIN, ---, NZMAX,

where
1 for ISTEP+#2 and
NZMIN=
IFACE for ISTEP=2 (see Sec. 5. 4. 2 (#2)) and

(g) neutron scalar flux over the z=zyzyax plane,
d)i (XKX’ Yivs ZNZMAX) for KX= 1, Yy NXMAX and for JY= 1, tty NYMAX.

The STOP codes are as follows:

(1) 1001 : KMAX regions do not cover completely the whole (x, y, z) volume, or some regions
overlap (error in KX1 (K), KX2 (K), JY1 (K) JY2 (K), IZ1 (K) and 1Z2 (K) in input
data #12).

(2) 2001 : IFACE in input data #02 is not on the bottom boundary of a partition in the z—direction,

(3) 2222 : The input fixed source for the group 1 is zero (error in input data #16~#21) and

(4) 9876 : Total number of nuclides exceeds 20 (error in input data #05 or #14).
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6. Concluding Remarks

Four neutron transport codes in the radiation transport code system BERMUDA have been
developed for one—, two— and three-dimensional geometries. To solve the transport equation numerically,
the deterministic direct integration method was adopted in a multigroup model, because it simulates the
neutron transport phenomenon in the natural, direct and simple equation. The energy group model is
convenient to take into account the neutron balance especially in the thermal energy group, and also to
derive adjoint equation. The Legendre polynomial expansion method was not used considering the strong
anisotropy of both angular flux and scattering cross section in the high energy region above 10MeV.

In course of development, it was found that a very fine treatment was necessary for variables of
energy E and direction 5 so as to simulate precisely the neutron transport process. Validity of the codes
was tested by analyzing the shielding benchmark experiments using DT neutron source of the FNS facility
in JAERI. The results have shown a good agreement especially for the deep penetration problems. The
energy grid model dividing a group into ten fine groups has shown to be very effective to enhance
accuracy of the penetration calculation. The remained problem is to achieve efficiency in computation or
to save computer resources.

As to the three—dimensional calculation, it is not so practical in terms of computing time. However,
the computer itself is progressing very rapidly in speed, memory and data storage media. If the progress
in these aspects will be attained, the deterministic code will be possible to produce accurate solutions over
a whole calculated region attenuating to 107 or less in magnitude.

The present code system has been developed in the following seven steps:

(1) coding the source program from the beginning,

(2) mathematical or numerical consideration on the method to solve the basic transport equation,
(3) developing programs for the group constants library,

(4) planning and performing the benchmark experiments,

(5) execution of the validity tests,

(6) consideration on the cause of discrepancy between the calculated and the measured results and
(7) improvements of the codes to achieve accuracy repeated many times.

These steps were carried out by each of the authors in a good cooperating relation.

In a strict sense, a code system is necessary to be always improved incorporating the newest
knowledge acquired through usage experiences and comparison with experiments. However, it has already
taken more than twelve years for the development work including preparation of the present report. The
source programs of the four neutron transport codes:

(1) BERMUDA-IDN,
(2) BERMUDA-2DN,
(3) BERMUDA-2DN-S16 and
(4) BERMUDA-3DN

will be available to the public through the Code Center of JAERI within 1992.

A neutron transport code for three-dimensional (r,0,z) geometry BERMUDA-RTZN, gamma rays
transport codes BERMUDA-1DG, —2DG, -3DG and adjoint neutron transport codes BERMUDA-
IDNA, —2DNA and —3DNA have also been developed as preliminary versions. They need further
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improvements and validity tests as well as enhancement in the group constants library. On these
unfinished codes and data, manuals will be published as Part II and I after improvements.

An expert system is being developed as a code package on an engineering work station to facilitate
usage of transport codes such as input data preparation and graphic display of results obtained from data
of flux distribution on the output disk and data in the group constants library. With this convenient
package and the BERMUDA code system, a standard shielding calculation code system INTEL-
BERMUDA is now under development as well as a standard shielding database which mainly consists of
group constants.
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Appendix. Examples of Source Program Lists

A source program list of MAIN routine is convenient to see the summary of the structure and
calculational flow of the entire code. In addition, the comments in it give the history of development and
improvements on each item of calculation.

In the following, the list of the MAIN routine is shown for each of the four neutron transport codes
described in the text:

(1) MAIN routine of the BERMUDA-1DN,
(2) MAIN routine of the BERMUDA-2DN,
(3) MAIN routine of the BERMUDA-2DN-S16 and
(4) MAIN routine of the BERMUDA-3DN.

And the subroutines AZIM2 and WGC in the BERMUDA-2DN for calculating the azimuthal weights
¢ described in Sec.3.4.2 are given as:

(5) SUBROUTINE AZIM2 and SUBROUTINE WGC in the BERMUDA-2DN
which needed a work involving much elaboration preceding the start of development of the two—

dimensional code in August 1981. These subroutines had been written since May 1981. There only the
surface of unit sphere is dealt with.
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(1) MAIN routine of the BERMUDA-1DN

sNeNsNaNeNasNeNesNslasNesNeNoNasNasRaNelalesNsNeleclNeslslasNelaeNaeNaRaN el

W N

PROGRAM BERMUDA-1DN
ONE-DIMENSIONAL NEUTRON TRANSPORT PROGRAM
IN PLANE AND SPHERICAL GEOMETRIES

0CT.,1979 BY TOMOO SUZUKI ., JAERI
MODIFIED MARCH,1984
(1) SELF-SHIELDING FACTOR
(2> NUCLIDES UP TO 30
(3) GZI-M' TO THETA-M'
(4) RELATIVITY ., DIRECT BEAM , ETC.
MODIFIED MAY,1989
(1) POINT KERNEL MODEL
RO=DR(K)
PHID=PHI(N1,L)*RSQ(N1,L)/RSQ(N,L)
SND=S(N1.,L)>
FOR (L.EQ. 1).AND.(N.GT.2) (SLAB & SPHERE)
(L.EQ.20) .AND.(N.LT.NMAX-1) (SLAB)
MODIFIED JUNE,198¢9
(1) INFINETE DILUTION SIGT TO OBTAIN UNCOLLIDED
FLUX
(2) 10 GRIDS IN A GROUP EXCEPT THERMAL., AND
(3) ITMAX ITERATIONS FOR EACH GRID
(4> 10 GRIDS IN THE PREVIOUS GROUP
MODIFIED OCTOBER,1989
(1) MAXIMUM NUMBER OF MESH INTERVALS 100 ==> 240
MODIFIED DECEMBER,1989
(1) WG(N,L,M) HAS BEEN OBTAINED AS AN AVERAGE OF
5 POINTS OF L, AND NORMALIZED TO 2.xPI1 NOT
WITH RESPECT TO °'N' BUT 'L'.

MAIN ROUTINE

COMMON /LBLPG/HEAD(18),IPAGE,IT,TMAX,IRSTRT,INTPS,1IB,IBMAX,ITMAX
COMMON /LBLIN/I,IMAX,IP,EQINC1007)

FORMAT (18A4)

FORMAT(213)

FORMAT(F6.3)

CALL DTLIST
CALL STIMER
REWIND 1
REWIND 2
REWIND 3
REWIND 4

READ (5,3) TMAX
READ (5,2) KIND
READ (5,2) IRSTRT,ITMAX
READ (5,1) HEAD
IFCITMAX.EQ.O0) ITMAX=1

IPAGE=0

CALL PAGE
CALL INPUT
CALL CROSS
CALL AZIM
IMAX1=IMAX

DO 500 I1=1,IMAX1
IFCITI.LT.IRSTRT) GO TO 500

I=11
CALL SELF

DO 400 IB=1,IBMAX
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200

250
300

400
500

I1IB=IB

CALL SELFB
IT=0
IT=1T+1
CALL SOURCE
IFCIP.NE.O)
CALL PLANE
GO TO 300
CALL SPHERE
CALL CONV
IFCIT.GT.O)
CALL SLDOWN
CALL SLDWNB
CALL OUTPUT
CONTINUE
REWIND 1
REWIND 2
STOP

END

Development of BERMUDA: A Radiation Transport Code System
Part I. Neutron Transport Codes

GO TO 250

GO TO 200

JAERI 1327
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(2) MAIN routine of the BERMUDA-2DN

PROGRAM BERMUDA-2DN
TWO-DIMENSIONAL NEUTRON TRANSPORT PROGRAM
IN R-2 CYLINDRICAL GEOMETRY

s NN esNsleRsEslsNeNesNeNsNesNsNeNolesNeNeNeNeNeNsNaNeleNaoNoNeNsNeNeNesNsNeNsNeNoNslsNaslasNsNsRasNeNesRsNeNelsleNeNalaNal el ol

MODIFIED
1)
2>
3
4)
(3>

MODIFIED
1

MODIFIED
1

MODIFIED
L
MODIFIED
(1
(2>
(3
4)
MODIFIED
(1)
2>
(3
MODIFIED
1
MODIFIED
1)

MODIFIED
1
MODIFIED
(1)

2)
MODIFIED
(0
(2)
(3>
MODIFIED
1
MODIFIED
(1)
MODIFIED
(1)

(27

MODIFIED
(L

MODIFIED

AUG.,1981 BY TOMOO SUZUKI ., JAERI
MAY.,1984
NUCLIDES UP TO 20 ¢ 0 < MML < 21 )
GZI-M' TO THETA-M'
INTEGRATION WITH RESPECT TO MU INSTEAD OF E
RELATIVITY , DIRECT BEAM ON EASTSIDE ARC
POINT SOURCE ON Z-AXIS EVEN 2>0
JUNE,1985
AZIM2 : AVERAGE OF 25 POINTS
AUGUST.,1985
STEP CALCULATION IN Z DIRECTION
( CONCRETE OR MORTAR ROOM TREATMENT )
MARCH,1986
COMPLETELY SYMMETRIC S8 METHOD (L@8)
AUGUST.,1986
JSSL INTERPOLATION ROUTINES FOR REBALANCING
EXPONENTIAL INTERPOLATION ON X<P-1> POINT
F(MU) :HISTOGRAM TO PIECEWISE LINEAR FUNCTION
ANGULAR FLUX ON WESTSIDE ARC
SEPTEMBER,1986
F(MU):MU ---- 81 POINTS
TRIGGER FOR (48,110,60) POINTS (LOGICALx1)
COARSE MESH REBALANCING (CMR)
NOVEMBER,1986
ACLL,MK) REMOVED
DECEMBER,1986
ORDER OF REBALANCED COARSE MESHES IS FIXED
AFTER SOME ITERATIONS.
JANUARY,1987
CMR WITHOUT ANGULAR FLUXES COMING INTO A CM
FEBRUARY.,1987
ENERGY GROUP STRUCTURE 125G
LIBRARY : J3931.BERM125X
HIO C FTO1 & FTO09 )
JUNE,1988
10 GRIDS IN A GROUP EXCEPT THERMAL., AND
ITMAX ITERATIONS FOR EACH GRID (FT10)
EXTENDED COMMON SECTIONS
NOVEMBER,1988-FEBRUARY,1989
10 GRIDS IN THE PREVIOUS GROUP (FT11 & FT12)
FEBRUARY., 1989
SYMMETRIC ANGULAR SOURCE ON Z-AXIS
JUNE,1989
POINT KERNEL MODEL FOR
(L.EQ. 2).AND.CJR.EQ. 1)
(L.EQ.40).AND.(JR.EQ. 1)
(L.EQ.13).AND.(IZ.EQ.IPS)
(L.EQ.21).AND.(IZ.EQ.IPS)
INFINITE DILUTION SIGT TO OBTAIN UNCOLLIDED
FLUX
JULY-AUGUST,1989
'BACKSPACE 3' REMOVED. PREVIOUS CALCULATION
OF SLOWING DOWN SOURCES FOR TEN GRIDS IN THE
NEXT GROUP ( FT10 & FT11 HAVE BEEN REMOVED.)
DECEMBER,1989
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e NeReNeNel

1
2
3

200

300
500
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(1> FILES FOR RESTART ( FTO8 & FT12 ) ARE
PREPARED AFTER EACH GROUP CALCULATION.

MAIN ROUTINE

COMMON /LBLPG/HEAD(18),IPAGE,I11,IMAX1,IT,TMAX,IRSTRT,ISTEP,IFACE,
INZMIN,KKZMIN,IIB,IBMAX,ITMAX,EQPG
FORMAT(F6.3)

FORMAT (413)

FORMAT (18A4)

CALL DTLIST

CALL STIMER

READ (5,1) TMAX

READ (5,2) IRSTRT,ISTEP,IFACE,ITMAX
READ (5,.3) HEAD
IFCITMAX.EQ.O0) ITMAX=1
REWIND 1

IFCISTEP.NE.O) REWIND 2
REWIND 3

REWIND 4

REWIND 8

REWIND ¢

REWIND 12

IPAGE=0

CALL PAGE

CALL EARTH

CALL INPUTZ2

CALL CROSSZ2

CALL AZIM2

IMAX=IMAX1

DO 500 I=1,IMAX
IFCI.LT.IRSTRTY GO TO 500
I11=1

CALL DWNSCZ2

CALL SLFK2N

CALL SELSC2

DO 300 IB=1,I1BMAX
I1B=IB

CALL SELSCB

IT=0

IT=1T+1

CALL SOURCZ2

CALL RZ2N1

CALL RZ2N2

CALL CONv2

IFCIT.GT.0) GO TO 200
CALL DWNSCB

CALL OUTPT2

CONTINUE

REWIND 1

IF(ISTEP.NE.O) REWIND 2
REWIND 8

REWIND 9

sTOP

END
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(3) MAIN routine of the BERMUDA-2DN-S16

MODIFIED
1)
(2>
(3>
(4)
(S?
MODIFIED
1)
MODIFIED
(1)

MODIFIED
(1
MODIFIED
(1)
(2)
(3>
4)
MODIFIED
(1)
(2>
(3)
MODIFIED
(&)
MODIFIED
1

MODIFIED
1
MODIFIED
L

(2)
MODIFIED
(1)
(2>
(3)
(4)
MODIFIED
(1)
(2)
MODIFIED
1)

2)

MODIFIED
D)

el NaslaslsleclsleleclclslsEsEasleNeNaslsNoNasNslasNeNeNaoNaolaNeNaeNasNaeleNeNesNeNeleNaNesleoNaNeNasNaeNaeNeNes s Ras e Re NN R R Xs!

MODIFIED

PROGRAM BERMUDA-2DN-S16
TWO-DIMENSIONAL NEUTRON TRANSPORT PROGRAM
IN R-Z CYLINDRICAL GEOMETRY

AUG.,1981 BY TOMOO SUZUKI .,
MAY,1984
NUCLIDES UP TO 20 ¢ O < MML
GZI-M' TO THETA-M?
INTEGRATION WITH RESPECT TO
RELATIVITY , DIRECT BEAM ON

JAERI

< 21

MU INSTEAD OF E
EASTSIDE ARC

POINT SOURCE ON Z-AXIS EVEN 2>0
JUNE,1985
AZIM2 : AVERAGE OF 25 POINTS

AUGUST,1985
STEP CALCULATION IN Z DIRECTION
( CONCRETE OR MORTAR ROOM TREATMENT )
MARCH, 1986
COMPLETELY SYMMETRIC S8 METHOD (LGQG8)
AUGUST,1986
JSSL INTERPOLATION ROUTINES FOR REBALANCING
EXPONENTIAL INTERPOLATION ON X<P-1> POINT
F(MUY SHISTOGRAM TO PIECEWISE LINEAR FUNCTION
ANGULAR FLUX ON WESTSIDE ARC
SEPTEMBER,1986
F(MU)Y:MU ---- 81 POINTS
TRIGGER FOR (48,110,60) POINTS (LOGICALx1)
COARSE MESH REBALANCING (CMR)
NOVEMBER, 1986
ACLL,MK) REMOVED
DECEMBER, 1986
ORDER OF REBALANCED COARSE MESHES IS FIXED
AFTER SOME ITERATIONS.
JANUARY, 1987
CMR WITHOUT ANGULAR FLUXES COMING INTO A CM
FEBRUARY,1987
ENERGY GROUP STRUCTURE 125G
LIBRARY : J3931.BERM125X
HIO ¢ FT01 & FTO09 )
AUGUST,1988 -- FEBRUARY,1989
ANGULAR QUADRATURE S8 ====> S16 (NAKASHIMA)
10 GRIDS IN A GROUP EXCEPT THERMAL., AND
ITMAX ITERATIONS FOR EACH GRID (FT10)
EXTENDED COMMON SECTIONS
FEBRUARY,1989
10 GRIDS IN THE PREVIOUS GROUP (FT11 & FT12)
SYMMETRIC ANGULAR SOURCE ON 2-AXIS
JUNE, 1989
POINT KERNEL MODEL FOR

(L.EQ. 2).AND.C(JR.EQG. 1)

(L.EQ.144) .AND.(JR.EG. 1)

(L.EQ. 57).AND.(IZ.EQ.IPS)

(L.EQ. 73>.AND.(IZ.EQ.IPS)
INFINETE DILUTION SIGT TO OBTAIN UNCOLLIDED
FLUX
JULY-AUGUST.,1989
"BACKSPACE 3' REMOVED. PREVIOUS CALCULATION
OF SLOWING DOWN SOURCES ¢ SDB ) FOR TEN
GRIDS IN THE NEXT GROUP ( FT10 & FT11 )
DECEMBER,1989
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(1) FILES FOR RESTART ( FTO8 & FT12 ) ARE
PREPARED AFTER EACH GROUP CALCULATION.
MODIFIED JULY,1991
(1) SDB ==> AE ( FT10 & 11 HAVE BEEN REMOVED. )

MAIN ROUTINE

OO0

COMMON /LBLPG/HEAD(18),IPAGE,II1,IMAX1,1T,TMAX,IRSTRT,ISTEP,IFACE,
INZMIN,KKZMIN,IIB,IBMAX,ITMAX,EQPG
1 FORMAT(F6.3)
2 FORMAT(4I3)
3 FORMAT(18A4)
CALL DTLIST
CALL STIMER
READ (5,1) TMAX
READ (5,2) IRSTRT,ISTEP,IFACE,ITMAX
READ (5,3) HEAD
IFCITMAX.EQ.0) ITMAX=2
REWIND 1
IFCISTEP.NE.O) REWIND 2
REWIND 3
REWIND 4
REWIND 8
REWIND 9
REWIND 12
IPAGE=0
CALL PAGE
CALL EARTH
CALL INPUTZ2
CALL CROSS2
CALL AZIM2
IMAX=IMAX1
DO 500 I=1,IMAX
IFCI.LT.IRSTRT) GO TO 500
II=1
CALL DWNSC2
CALL SLFK2N
CALL SELSC2
DO 300 IB=1,IBMAX
I1B=18B
CALL SELSCB
I1T=0
200 IT=IT+1
CALL SOURC2
CALL RZ2N1
CALL RZ2N2
CALL CONV2
IFCIT.GT.0) GO TO 200
CALL DWNSCB
300 CALL QUTPTZ2
500 CONTINUE
REWIND 1
IFCISTEP.NE.O) REWIND 2
REWIND 8
REWIND 9
STOP
END
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(4) MAIN routine of the BERMUDA-3DN

sNeNsEsEsExsEsNesRsleNe NeNeNeNeNel

1
2
3

200

PROGRAM BERMUDA-3DN

THREE-DIMENSIONAL NEUT
FEB.,1983 B
WITH CONTR

MODIFIED
(1
MODIFIED
(1)
MODIFIED
(1

(2)
MAIN ROUTINE

COMMON /LBLPG/IT,TMAX,I
INZMIN,KKZMIN,IIB,IBMAX.,
FORMAT(E6.3)

FORMAT (413
FORMAT(18A4)

CALL DTLIST

CALL STIMER

READ (5,1) TMAX

RON TRANSPORT PROGRAM IN X-Y-Z GEOMETRY
Y TOMOO SUZUKI , JAERI
IBUTIONS BY AKIRA HASEGAWA AND TOSHIMI MORI

JULY-SEPTEMBER,1990

10 GRIDS DIVISION, ETC. AS IN BERMUDA-2DN
OCTOBER,1990

SUBROUTINE HREAD & HWRITE

MAY,1991

19800 TRACKS CAN BE ALLOCATED CONTIGUOUSLY
FOR HIO SCRATCHES ( HREAD & HWRITE )
REMOVED THE SYMMETRY CONDITION WITH RESPECT
TO Y=0 PLANE ( SLSC31 & SLSC32 )

MAX1,I1,IRSTRT,IPAGE,HEAD(18),ISTEP,IFACE,
ITMAX,LYPS

READ (5,2) IRSTRT,ISTEP,IFACE,ITMAX

READ (5,3) HEAD
IF(ITMAX.EQ.Q0) ITMAX=1
REWIND 1

IF(ISTEP.NE.O) REWIND 2
REWIND 3

REWIND 4

REWIND 8

IPAGE=0

CALL PAGE

CALL EARTH3

CALL INPUT3

CALL CROSS3

CALL AZIM3

IMAX=IMAX1
IFCIMAX.GT.48) REWIND 1
IFCIMAX.GT.96) REWIND 2
DO 500 I=1,IMAX
IFCCITMAX.EQ.2) .AND.(I.
IFCI.LT.IRSTRT) GO TO 5
II=1

CALL DWNSC3

CALL SELSCK

CALL SLSC31

CALL SLSC32

DO 300 IB=1,IBMAX
11B=1IB

CALL SELSCB

IT=0

IT=1T+1

CALL SOURC3

CALL XYZ1

CALL XYz2

CALL CONV3

1
1

EQ.8)) ITMAX=1
00
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IFC(IT.GT.0) GO TO 200
CALL DWNSCB

CALL QUTPT3

CONTINUE

REWIND 1

IFCISTEP.NE.O) REWIND 2
REWIND 8

IFCIMAX.GT.48) REWIND 11
IFCIMAX.GT.96) REWIND 21
STOP

END
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UBROUTINE AZIMZ and SUBROUTINE WGC in the BERMUDA-2DN

SUBROUTINE AZIM2

COMMON /AAA/WP(40),WQC40),WW(40) , WBNC(40),WBS(40),WBEC4LO0) ,WBW(40)

DOUBLE PRECISION WP,WQ,WW,WBN,WBS,WBE,WBW

COMMON /WORK/GZI1(80)>,GZISQ(80),SINM(80),COSLQC40) ,WPSQA(40),
1SINL(40),SINNC40),SINS(40),PI,X2,X1,GZL,WWL,WBNL ,WBSL ,WBWL,WBEL.,
2DWP,WPL,DWQA,SINLL,COSL, WAL, WPLB,COSLB,WQLB,WWN,WBNN,WBSN,WBWN -
SWBEN,SINNN,SINSN,COSW,COSE,GZNW,GZNE,GZSW,GZSE,GZNL,GZSL,GZW,GZE,
4COSWB,COSEB,GZNWB,GZNEB,G2SWB,GZSEB,GZNLB,G2SLB,GZWB,GZEB,WPG,SQR,
SWMAX-WMIN,FACT,EQW(322420)

DOUBLE PRECISION GZI,GZISG,SINM,COSLQ,WPSQ,SINL,SINN,SINS,PI, X2,
1X1,GZL,WWL, WBNL WBSL WBWL,WBEL,DWP,WPL,DWQ,SINLL,COSL-WGL,WPLB.,
2C0SLB,WALB,WWN,WBNN,WBSN,WBWN,WBEN,SINNN,SINSN,COSW,COSE,GZNW,
3GINE,GZSW,GZSE,GZNL,GZSL,GZW,GZE,COSWB,COSEB,GZNWB,GZNEB,GZSWB,
4GZSEB,GINLB,GZSLB,GZWB,GZEB,WPG,SAQR,WMAX,WMIN,FACT

COMMON /AZM/WG(40,40,80),GZ,WPSQL,GWP,GZSQ,ARG1,ARG2,TEMP2,TEMP1,
1LN,LL/M,EQAZM,WGO0(40,40,80)

DOUBLE PRECISION GZ,WPSQL,GWP,GZSQ,ARG1,ARG2,TEMP2,TEMP1

FORMAT(12HO END AZIMZ2 ,10X,6HTIME =,F8.2,6H (SEC))

DO 105 LN=1,256020

WG(LN,1,1)=0.

PI=3.141592653589793D0

X2=P1/80.

X1=-0.5%X2

DO 110 M=1,40

M1=81-M

X1=X1+X2

TEMP1=DCOS(X1)

GZI(M )= TEMP1

GZI(M1)=-TEMP1

TEMP2=TEMP1xTEMP1

GZISQ(M >=TEMP2

GZISQ(M1)=TEMP2

TEMP1=DSQRT(1.-TEMP2)

SINM(M >=TEMP1

SINM(M1)=TEMP1

X2=X2x2.

X1=-0.5%X2

DO 115 LL=1,40

X1=X1+X2

TEMP1=DCOS (X1)

COSLQ(LL)=TEMP1

TEMP2=TEMP1xTEMP1

WPSQ(LL)Y=TEMP2

SINLC(LL)=DSQRT(1.-TEMP2)

TEMP1=WBN(LL)

TEMP2=WBS (LL)

SINNC(LL)=DSQRT(1.-TEMP1xTEMP1)

SINS(LL)Y=DSQRT(1.-TEMP2xTEMP2)

GZL=1.

DO 325 L=1.,80

LL=L

IFC(L.GT.40) GO TO 120

FACT=0.04

WBNL=WBN(L)

WBSL=WBS (L)

WBWL=WBW(L)>

WBEL=WBE(L)

DWP=0.2*% (WBNL-WBSL)
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120

125

130

135
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WPL=WBNL+0.5%DWP

DW@=0.2%x (WBWL-WBEL)

LPMAX=5

LQMAX=5

GO 70 125

WWwL=2.

L1=L-40

WPL=COSLQ(L1)

WPSQAL=WPSQ(L1)

SINLL=SINL(L1)D

COSL=SINLL

watL=0.

LPMAX=1

LaMAX=1

DO 325 LP=1,LPMAX

IF(L.GT.40> GO TO 130
WPL=WPL-DWP

WPLB=-WPL

WPSQL=WPLxWPL
SINLL=DSQRT(1.-WPSQL)
COSL=SINLL

COSLB=-SINLL

WAL=WBEL-0.5xDW@

DO 325 LQ@=1,LQMAX

IF(L.GT.40> GO TO 135
WaL=waL+DwWa

WQLB=PI-wWaL

DO 325 N=1,40

LN=N

WWN=WW(N)

WBNN=WBN (N>

WBSN=WBS (N>

WBWN=WBW(N)

WBEN=WBE (N)

SINNN=SINN(N)

SINSN=SINS(N)

TEMP1=WPL*xWBNN

TEMP2=WPLxWBSN

COSW =SINLL*DCOS(WQL-WBWN)
COSE =SINLL*DCOS(WQL-WBEN)
IF(DABS(COSW >.LT.1.0E-5> COSW =0.
IF(DABS(COSE )>.LT.1.0E-5) COSE =0.
GZNW=TEMP1+SINNN*COSW
GINE=TEMP1+SINNNxCOSE
GZSW=TEMP2+SINSNxCOSW
GZSE=TEMP2+SINSN*COSE
GZNL=TEMP1+SINNNxCOSL
GZSL=TEMP2+SINSNxCOSL

GZW =DSQRT(WPSQL+COSW xCOSW )
GZE =DSQRT(WPSQL+COSE xCOSE )
IF(COSW.LT.0.) GZW=-GZW
IF(COSE.LT.0.> GZE=-GZE
IFC(L.GT.40) GO TO 140
COSWB=SINLL*DCOS(WQL+WBWN)
COSEB=SINLL*DCOS(WQL+WBEN)
IF(DABS(COSWB) .LT.1.0E-5) COSwWB=0.
IF(DABS(COSEB).LT.1.0E-5) COSEB=0.
GZINWB=TEMP1+SINNNxCOSWB
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140
145

150

155

160

165

170

175

180

185

190

GZNEB=TEMP1+SINNN*COSEB
GZSWB=TEMP2+SINSN*COSWB
GZSEB=TEMP2+SINSN*COSEB
GZNLB=TEMP1+SINNN*COSLB
GZSLB=TEMP2+SINSN*COSLB
GZWB=DSQRT(WPSQL+COSWB*xCOSWB)
GZEB=DSQRT(WPSQL+COSEB*COSEB)
IF(COSWB.LT.0.) GZWB=-GZWB
IF(COSEB.LT.O0.) GZEB=-GZEB

GO TO 145

FACT=WWL/WWN

DO 325 M1=1.,40

M=M1

GZ=GZI(M1>

GZS@=GZIsa(M1)
TEMP2=SINLL*SINM(M1)
GWP=GZxWPL

WPG=WPL/GZ

SQR=0.

TEMP1=GZSQ-WPSQL
IF(TEMP1.GE.O.) SQR=DSQRT(TEMP1)
WMAX=GWP+TEMP2

WMIN=GWP-TEMP2

IF(WMAX.GT. 1.) WMAX= 1.
IF(WMIN.LT.-1.) WMIN=-1.
IFC(WMAX.LE.WBSN) .OR.(WMIN.GE.WBNN)) GO TO 325
IF(WPG.LT.1.) GO TO 150
IF(WAL.LE.WBEN) GO TO 180
IF(WQL.GE.WBWN) GO TO 185
IF(WPL.LE.WBSN) GO TO 200
IF(WPL-WBNN) 230,200,200
IF(WPG.GT.-1.) GO TO 155
IF(WQL.LE.WBEN) GO TO 170
IF(WQL.GE.WBWN) GO TO 175
IF(WPL.LE.WBSN) GO TO 190
IF(WPL-WBNN) 230,190,190
IF(WQL.GT.WBEN> GO TO 160
IF(GZ.GE.GZE) GO TO 325
IF(WPG.LE.WBSN) GO 7O 170
IF(WPG-WBNN) 210,180,180
IF(WQL.LT.WBWN) GO TO 165
IF(GZ.GE.GZW) GO TO 325
IF(WPG.LE.WBSN) GO TO 175
IF(WPG-WBNN) 220,185,185
IF(WPL.LE.WBSN) GO TO 190
IF(WPL-WBNN) 230,200,200

CALL WGC(GZNW,GZSE,WBNN,GZNE,COSE,WBSN,GZSW,COSW.,
GO T0 250

CALL WGC(GZNE,GZSW,WBNN,GZNW,COSW,WBSN,GZSE,COSE,
GO TO 250

CALL WGC(GZSW,GZNE,WBNN,GZNW,COSW,WBSN,GZSE,COSE,-

GO TO 250

CALL WGC(GZSE,GZNW,WBNN,GZNE,COSE,WBSN,GZSW,COSW.,-

GO TO 250

IFC(WPG.LT.WBNN) .AND.(WPG.GT.WBSN)) GO TO 195
CALL WGC(GZNW,GZSL,WBNN,GZNL,COSL,WBSN,GZSW,COSW.,
CALL WGC(GZNE,GZSL,-WBNN,GZNL,COSL,WBSN,G2ZSE,COSE.,
GO TO 250

1.)

1.0

1.9

1.0

1.0
1.)
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195

200

205

210

215

220

225

230

235

240

245

250

255

260

265
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CALL WGC(GZNW,GZSL,WBNN,GZNL,COSL,WPG ,GZW ,COSW, 1.)
CALL WGC(GZSW,GZSL,WPG ,GZW ,COSW,WBSN,GZSL,COSL,-1.)
CALL WGC(GZINE,GZSL,WBNN,GZNL,COSL,WPG ,GZE ,COSE, 1.)
CALL WGC(GZSE,G2SL,WPG ,G2E ,COSE,WBSN,GZSL,COSL,-1.)
GO TO 250

IF((WPG.LT.WBNN) .AND.(WPG.GT.WBSN)) GO TO 205

CALL WGC(GZSW,GZNL,WBNN,GZNW,COSW,WBSN,GZSL,COSL,~-1.)
CALL WGC(GZSE,GZNL,WBNN,GZNE,COSE,WBSN,GZSL,COSL,~-1.)
GO TO 250

CALL WGC(GZNW,GZNL,WBNN,GZNL,COSL-WPG ,GZW ,COSW, 1.)
CALL WGC(GZSW,GZNL,WPG ,GZW ,COSW,WBSN,GZSL,COSL,-1.)
CALL WGC(GZNE,GZNL,WBNN,GZNL,COSL.WPG ,GZE ,COSE, 1.)
CALL WGC(GZSE,GZNL,WPG ,GZE ,COSE,WBSN,GZSL,COSL,-1.)
GO TO 250

IF(GZ.GE.GZW) GO TO 215

CALL WGC{(GZNW,GZE ,WBNN,GZNE,COSE,WPG ,GZW ,COSW, 1.)
CALL WGC(GZSW,GZE ,WPG ,GZW ,COSW,WBSN,GZSE,COSE,-1.)
GO TO 250

CALL WGC(GZNW,GZE ,WBNN,GZNE,COSE,WPG ,GZ ,SQR , 1.)
CALL WGC(GZSW,GZ2E ,WPG ,GZ ,SQR ,WBSN,GZSE,COSE,-1.)
GO TO 250

IF(GZ.GE.GZE)> GO TO 225

CALL WGC(GZNE,GZW ,WBNN,GZNW,COSW,WPG ,GZE ,COSE, 1.)
CALL WGC(GZSE,GZW ,WPG ,GZE ,COSE,WBSN,GZSW,COSW,~-1.)
GO TO 250

CALL WGC(GZNE,GZW ,WBNN,GZNW,COSW,WPG ,GZ ,SQR , 1.)
CALL WGC(G2SE,GZW -WPG ,GZ ,SQR ,WBSN,GZSW,COSW,-1.)
GO 70 250

IF(GZ.GE.GZW) GO TO 235

CALL WGC(GZNW,GZL ,WBNN,GZNL,COSL,-WPG ,GZW ,COSW, 1.)
CALL WGC(GZSW,GZL ,WPG ,GZW ,COSW,WBSN,GZSL,COSL,-1.)
GO TO 240

CALL WGC(GZNW,GZL ,WBNN,GZNL,COSL,.WPG ,GZ ,SQR ., 1.)
CALL WGC(GZSW,GZL ,WPG ,GZ ,SQR ,WBSN,GZSL.COSL,-1.)
1F(GZ.GE.GZE) GO TO 245

CALL WGC(GZNE,GZL ,WBNN,GZNL,COSL,WPG ,GZE ,COSE, 1.)
CALL WGC(GZSE,GZIL ,WPG ,GZE ,COSE,WBSN,GZSL,COSL,-1.)
GO T0 250

CALL WGC(GZNE,GZL ,WBNN,GZNL,COSL,WPG ,GZ ,SQR , 1.)
CALL WGC(GZSE,GZL ,WPG ,GZ ,SQR ,WBSN,GZSL,COSL,-1.)
IF(L.GT.40) GO TO 325

IF(WPG.LT.1.)> GO TO 255

IF(WQLB.LE.WBEN> GO TO 275

IF(WQLB.GE.WBWN) GO TO 280

IF(WPLB.LE.WBSN) GO TO 295

IF(WPLB-WBNN) 325,295,295

IF(WPG.GT.-1.> GO TO 260

IF(WALB.LE.WBEN) GO TO 285

IF(WALB.GE.WBWN)> GO TO 290

IF(WPLB.LE.WBSN) GO TG 300

IF(WPLB-WBNN) 325,300,300

IF(WQLB.GT.WBEN)> GO TO 265

IF(GZ.GE.GZWB) GO TO 325

IF(WPG.LE.WBSN) GO TO 285

IF(WPG-WBNN) 305,275,275

IF(WALB.LT.WBWN) GO TO 270

IF(GZ.GE.GZEB)Y GO TO 325

IF(WPG.LE.WBSN> GO TO 290
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270

275

280

285

290

295

300

305

310

315

320

325

330

335

IF(WPG-WBNN) 315,280,280

IF(WPLB.LE.WBSN) GO TO 295

IF(WPLB-WBNN) 325,300,300

CALL WGC(GZSEB,GZNWB,WBNN,GZNEB,COSEB,WBSN,GZSWB,COSWB,~1.)
GO TO 325

CALL WGC(GZSWB,GZNEB,WBNN,GZNWB,COSWB,WBSN,GZSEB,COSEB,-1.)
GO TO 325

CALL WGC(GZNEB,GZSWB,WBNN,GZNWB,COSWB,WBSN,GZSEB,COSEB, 1.)
GO TO 325

CALL WGC(GZNWB,GZSEB,WBNN,GZNEB,COSEB,WBSN,GZSWB,COSWB, 1.)
GO TO 325

CALL WGC(GZSLB,GZNWB,WBNN,GZNLB,COSLB,WBSN,GZSWB,COSWB,-1.)
CALL WGC(GZSLB,GZNEB,WBNN,GZNLB,COSLB,WBSN,GZSEB,COSEB,~1.)
GO TO 325

CALL WGC(GZNLB,GZSWB-WBNN,GZNWB,COSWB,WBSN,GZSLB,COSLB, 1.)
CALL WGC(GZNLB,GZSEB,WBNN,GZNEB,COSEB,WBSN,GZSLB,COSLB, 1.)
GO TO 325

IF(GZ.GE.GZEBY GO TO 310

CALL WGC(GZINEB,GZWB ,WBNN,GZNWB,COSWB,WPG ,GZEB ,COSEB., 1.)
CALL WGC(GZSEB,GZWB ,WPG ,GZEB ,COSEB,WBSN,GZSWB,COSWB,-1.)
GO TO 325

CALL WGC(GZNEB,GZWB ,WBNN,GZNWB,COSWB,WPG ,GZ +SQR  , 1)
CALL WGC(GZSEB,GZWB ,WPG ,GZ +SQR  ,WBSN,GZSWB,COSWB,-1.)
GO TO 325

IF(GZ.GE.GZWB) GO TO 320

CALL WGC(GZNWB,GZEB ,WBNN,GZNEB,COSEB,WPG ,GZWB ,COSWB, 1.)
CALL WGC(G2ZSWB,GZEB ,WPG ,GZWB ,COSWB,WBSN,GZSEB,COSEB.,-1.)
GO TO 325

CALL WGC(GINWB,GZEB ,WBNN,GZNEB,COSEB,WPG ,G2Z +SQR , 1)
CALL WGC(GZSWB,GZEB ,WPG ,GZ +SGR  ,WBSN,GZSEB,COSEB.,-1.)
CONTINUE

DO 335 M=1.80

DO 335 N=1,40

X1=0.

DO 330 L=1,40

X1=X1+WG(N,L, M) xWW (L)

X2=2.%PI*xWW(N) /X1

DO 335 L=1.,40

WG(N,L,M)=X2*WG(N,L,M)

CALL TTIMERC(TIME)

WRITE (6,1) TIME

RETURN

END

109



Development of BERMUDA: A Radiation Transport Code System

JAERI 1327
Part I. Neutron Transport Codes

10

SUBROUTINE wGC¢D1,D2,.D3,D4,D5,D6,D7,D8,S1G1)
DOUBLE PRECISION D1,D2,.D3,D4,D5,D6,D7.,D8
COMMON /WORK/EQW1(978),FACT,A1,A2,A3,A4,A5,A6,A7,A8,B1,B2,C1,C2,
1EQW2(322396)
DOUBLE PRECISION FACT,A1,A2,A3,A4,A5,A6,A7,A8,B1,B2,C1,C2
COMMON /AZM/WG(40,40,80)>,G2,WPSQL,GWP,G2SQ-ARG1,ARG2,TEMP2,TEMP1,
1LN,LL,M,EQAZM,WG0(40,40,80)
DOUBLE PRECISION GZ,WPSQL,GWP,GZSQ,ARG1,ARG2,TEMP2,TEMP1
Al1=D1
A2=D2
IF((GZ.LE.A1).0R.(GZ.GE.A2)) GO TO 200
A3=D3
A4=D4
A5=D5
Ab6=Dé6
A7=D7
A8=D8
SIG=SIG1
B1=A3
IF(SIG.EQ@.1.) IF(GZ-A4) 120,120,115
IF(GZ.GE.A4) GO TO 120
115 C1=SIGx*AS
C2=WPSQL+C1xC1
B1=(GWP+C1*DSQRT(C2-G2S@))/C2
120 B2=Aé6
IF(SIG.E@.1.) IF(GZ-A7) 130,135,135
IF(GZ.LE.A7) GO TO 135
130 C1=SIGx*A8
C2=WPSQL+C1xC1
B2=(GWP+C1%DSQRT(C2-GZSQ))/C2
135 ARG1=(B1-GWP)/TEMP2
ARG2=(B2-GWP) /TEMP2
IF(ARG1.GT. 1.) ARG1= 1.
IF(ARG2.LT.-1.) ARGZ2=-1.
TEMP1=FACTx(DACOS(ARG2)-DACOS(ARG1))
M1=81-M
IF(LL.GT.40) GO TO 150
WG(LN,LL-M)=WG(LN,LL,M)+TEMP]
LL1=41-LL
WG(LN,LL1,M1)=WG(LN,LL1,M1)+TEMP1
GO TO 200
150 LL1=LL-40
WGOCLL1,LN,-M)=WGOCLL1,LN,M)+TEMP1
LN1=41-LN
WGO(LL1,LN1,M1)=WGOC(LL1,LN1,M1)+TEMP1
200 RETURN
END



