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FOREWORD

This document is submitted to the George C. Marshall Space Flight Center,
Huntsville, Alabama, by the Lockheed-Georgia Company, Marietta, Georgia.
This report contains final results o'f analyses performed in satisfaction of Task
2.10 of Contract NAS 8-9500, Work was performed by the Lockheed-Georgia
Company under an interdivisional contract arrangement with the Lockheed

Missiles and Space Company, the prime contractor for this contract.

The report describes critical evaluations of o series of computer programs suit-
able for theoretical prediztions of radiation fields in RIFT vehicles and other
nuclear rocket systems. Ten computer programs ﬁovering point-kernel, dis-
crete ordinates and Monte Carlo methods have been examined as a part of

this study.
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1.0 INTRODUCTION

Prior to commencement of the work reported here, discrepancies had been noted a-
mong theoretical predictions of radiation fields in RIFT vehicles and other nuciear
rocket systems. These discrepancies were substantially larger than might hove been
expected on the basis of published results for elementary configurations. Since the
design analyses were made by several contractors, assignment of the cause of differ-
ences was seldom feasible; usually the computational technique, basic data, and
model of the system configuration had been varied simultaneously. Hence a critical
evaluation of pertinent computer programs, emphasizing usefulness in future analy-
sis and design of nuclear rocket systems, oppeared highly desirable. The description

and results of such an evaluation are presented in this report.

The analyses undertaken are intended to be quite general in scope, subject to the
restriction that only methods directly applicable to nucleor rocket design analyses

are treated. Thus only the gross features of vehicle and engine design are preserved,
to the minimum extent believed capable of representing the fundamental difficulties
encountered in practical design problems. On the other hond, the problems treated
are more difficult than those usually treated in comparison of methods. Several meth-
ods and codes of theoretical importunce are omitted because of inability fo treat

even a crude representation of a nuclear rocket,

The point-kernel, discrete ordinates* and Monte Carlo methods have most commonly
been applied in nuclear rocket studies, and.a preliminary survey of available codes

disclosed no cogent reason for exponding this list. Particular codes selected. for

*The general term "discrete ordinates" is used here in preference to "S, Method"
because in some of the early literature the latter implies a particulor angular quad-
rature which is now seldom used ond because in one-dimehsﬁonal. codes a ‘Pn or DPn'

quadrature may be substituted.



investigation included, initially, the following:

Point-kernel programs 14-0 (and 14-1), QAD-P5 (and QAD-IV), C-17;
Discrete ordinates programs DDK and DTK; and
Monte Corlo programs 18-0, MCS and MCG, O5R, COHGRT.

The C-17 Progrom was deleted after cursory examination disclosed no apparent ad-
vantage over the later QAD programs. The OS5R Program became generally avail-
able quite late in the contract period and hence did not receive the emphasis it
otherwise would have merited. Revisions of the promising COHORT Program, cur-
renily in progress, have preventeg its inclusion. The remaining Monte Carlo pro-
grams, however, appear representative of specialized (18-0) and flexible (MCS/
MCG) Monte Carlo techniques.

The criterio adopted for code evaluation are:

Type and detail of data obtainable;

Fiexibility for treatment of system configuration, radiation sources, and types
of radiation interaction;

Computer running time and time required for problem preparation;

Relative difficulty of operation; and |

Comparative accuracy of output,

The first four criteria are frearéd in Section 2.0 of the present report, togéther with
such abbreviated code descriptions as appeor necessary for intelligibility of results.
The last, and clearly most difficult, criterion is treated in Section 3.0, which in-'
cludes a description of the test probiems treated. It should be noted that a set of
"standord " microscopic cross sections, listed in Appendix A, were assumed for all

‘except point-kernel computations. Thus differences among correspondi_ng computations
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reflect, primarily, differences in radiation transpert model and generality of geomet-

ric representation.



2.0 OPERATIONAL CHARACTERISTICS OF SELECTED CODES

In the following discussion, o general familiarity with point-kernel, discrete ordi-
nates and Monte Carlo techniques is presumed. Sclient characteristics of specific
codes are described in a subsection for each method; the fuilest available descrip-
tions and operating instructions are referenced throughout the text, A comparison

of operational features of the several codes concludes this section.

2.1 POINT-KERNEL METHOD
2.1.1 14-0 And 14-1 Programs

The 14-series programs, Reference 1, are the last in a series of point-kernel programs
initiated by the ANP Division of the General Electric Company. The versions of
these programs used in the present study were coded in FAP language for the IBM-
7090/7094 Computer and modified by Lockheed for compatibility with the FORTRAN
Il monitor system. The sole difference between 14-0 and 14-1 is in their treatment
of the spatial distribution of radiation sources (or reactor power). 14-0 requires sep-
arable axial and radial distribution functions, fitted piecewise by cosine or exponen-
tial functions, with the results normalized to the desired reactor power; 14-1 requires
the power per unit volume as direct input for each R-Z ring of source points. For
both codes the number of sources in each ring may vary with R. Power distributions
must be input as absolute quantities since the programs have no self-normalization

capability.

These programs treat cylindrical source regions or any degenerate form (pbint., plane,-.
or lfne) thereof. Multiple source regions and up to si;c gﬁmma source types (different
gomma source spectrd) may be treated. Thus a system incorporating clustered reactors
can be treated as a single problem, as can systems involving production of secondary

gomma radiation-from several different materials.

FRECEDING PAGE BLANK NOT ALMED.
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System configuration must be approximated by regions generated through certain al-
lowed rotations or translations of quadrilaterals. The generation of regions by rota-
tion is restricted to rotation of trapezoids about the system Z-axis, or any axis paral-
Ief. thereto. Translation must be parallel to either the X, Y, or Z axis. The speci-
fication of system geometry consists of a series of "master regions”, each of which
may contain a set of smaller "basic regions”. The penetration distance through each
material along the line of sight is obtained by a stepping routine with a specific step
size associated with each master region. A large percentage of the total computing
time is spent on this stepping procedure, making it imperative that the master region

step sizes be chosen with care.

One of the principal operational difficulties encountered in using the 14-series is an
error stop resulting from calculation of "negative path lengths”. In all cases observed,
the dif.ficulty arose in stepping across a conical surface generated by rotation of o
trapezoid. While the basic cause remains unknown, a minor modification of the input

geometric parameters always proved sufficient to alleviate the problem,

The 14-series neutron calculation emphasizes ¢ modified Albert-Welton attenuation
kernel. For the present analyses, coefficients for this kernel were taken from Refer-
ence 2. These represerit a semi-empirical fit to bulk-shielding data obtained using
the Battelle Memorial Institute source plate. The broad-beam fast neutron removal
cross-sections for non-hydrogeneous materials were also taken from Reference 2. An
alternate kernel is allowed in the 14-1 series programs, to be applied to each source~
detector path which enccunters less than a preselected amount of hydrogen. This al-
ternate kernel may be fitted to moments'method data for non-hydrogeneous infinite
media. _Ad]ustmenf of the leading coefficient for detectors locc =d in vacua is, of

course, possible.

As an option, an estimate of neutron differential number flux may be computed. This

calculation uses a bivariant polynomial fitting of NDA moments-method results. The



calculated differential number flux is normalized, internally, to the Albert-Welton
dose rate. With some difficulty such data may be converted to energy deposition in

. an arbitrary medium. Because of the tediousness of this procedure, however, it was
applied at only o few points for the present computations. The ratio of energy depo-
sition to tissue dose, assumed constant for neighboring points, was applied as a cor-
rection to the Albert-Welton kernel, or occasionally to the computed tissue response.
In this approximate form, however, computation of multiple responses is relatively

gasy.

The treatment of gamma rays consists of an exponential attenuation, combined with

a third-degree polynomial buildup factor. The 14-series allows the option of using
Kalos' formulae for buildup in two-layer media (either light~heavy or heavy-light),
but for the present study only the single layer form with the builciup based on a light
material (water) was used., Gamma ray total attenuation coefficients were taken from
Reference 3. The coefficients of the buildup polynomial were taken from Reference
4. The programs also contain capability for computing gamma ray energy fiux based
on a bivariant polynomial fit to moments-method data. As for neutrons, only a single
gamma ray response is provided by the programs. Since the gomma ray calculation

is multi-group, conversion to different responses by hand is tedious. Hence, for com-
putation of energy deposition in several detector materials, these programs are rela-

tively inconvenient.

Preparation of a probiem for the 14-series programs involves no particular difficulties.
Setting up the geometry usually consists of preparing a scale drawing of a section
through the system, dividiﬁg it into trapezoids and rectangles, and reading the co-
ordinates of the corners of these figures for input to the brogrqm. Experience shows
that trapezoidal representation should be used sparingly, in order to avoid the error
stop described earlier. Linear absorption coefficients are required, often necessi-
tating manual correction of available mass absorption data. Consistent with the lin-

ear attenuation coefficients, region compositions are given as volume fractions of -



each material in the system; again, this may be slightly less convenient than spec-
ifying compositions directly in gm/crn3 of each material in a region. The most time-
consuming task in the preparation of a 14-0 problem is the fitting and normalization
of the power distribution, A small ouxiliary computer program for normalization of
this function reduced the amount of hand calculation required, but this program is
not generally available. [n their basic form, the 14-series makes no provision for

this calculation.

2.1.2 QAD-P5 And QAD-IV Programs

At the commencement of the present study, QAD=-IV and QAD-P5, Reference 5, were
the latest in a series of point-kernel progroms developed by the Los Alamos Scientific
Laboratories. The versions used in this study are written in the FORTRAN il program-
ming language, although FORTRAN 1V versions have also been written. In effect,
QAD-IV is a simplified, and hence faster, modification of QAD-P5. The following

description applies to both, except as noted.

QAD treats a single source-region, which must be cylindrical in the cose of QAD-
IV, and a single gamma=-source spectrum. Spatial distribution must be approximated
by separable functions of R and Z, with the same number of source points in each
ring. The separate R and Z functicns may either be specified as point functions or
fitted by cosines. Piecewise fitting, however, is not permissible. In either, normal~-
ization to specified power level or total source strength is accomplished internally.
Unlike 14-0, the equivalent source points treated lie at the center of the source

cells, rather than at the corners.,

The QAD geometry routine can treat compléx cbnfigurqtions compri-si-ng.numerous re-
gions bounded by planes or certain quadric surfaces. Allowable quadric surfaces are
those symmetric about one of the three major axes, although some care is required to
preclude unwanted reflections. Path lengths through successive regions along a [ine

of sight are computed directly without iterative stepping. Apprecioble'scving-s: of
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computer time are possible by judicious ordering of input describing the regions and

boundaries and by specification for each region of the region most likely to be next

‘entered. Further, boundaries not intersected by any source-detector path need not

be described.

The most significant differences between the QAD versions lies in the treatment of
neutron transmission. Both compute an Albert-Welton kernel estimate of tissue dose
{or other response), but QAD-P5 emphasizes additional data not available with QAD-
V. These data comprise neutron flux, energy flux, number spectrum, tissue dose
rate, and energy deposition in up to four arbitrarily chosen materials. Computation
is based on an input library of transmitted spectra, as computed by the moments meth-
od for five different media. Interpolation for depth of penetration is accomplished
according to the total removal cross section for each source-detector path. Up to
five estimates for each output quantity may be obtained, one for each equivalent
medium, For some detector points within u complex configuration, selection of a

plausible weighted average could be most perplexing.

Treatment of gomma radiation transmission is similar to that of 14-0 except that two-
layer buildup functions are precluded. QAD-P5 output is more complete, however,
comprising uncollided and total dose rate, energy deposition in up to four other ma-
terials, an approximate energy flux, and buildup factors for these quantities. For
the present computations, absorption coefficients and buildup factors were identical-

ly those used with 14-0.

Preparation of a problem for QAD is easily accomplished. Self-normalization of the
source (where total power is an input quantity) and use of mass hftenuqtioﬁ cdéffi_—
cients and material compositions in mass per unit volume result in reduced prepara-
tion times. Pechaps the most difficult task is the fitting of second-degree boundary
surfaces. Use of the FORTRAN language, and incorporation of numerous subroutines,

moke QAD particularly adaptable to modification should this appeor desirable.



2.2 DISCRETE ORDINATES METHOD

The modus operandi of the two dimensional DDK and one dimensional DTK discrete
Sn" codes developed at the Los Alamos Scientific Laboratory, is fully described in
Reference 6. Reference 7 gives complete, though informal, operating instructions.
Both codes are written i.n the FLOCO language and suffer the disadvantage of incom-
patibility with the 1BM-7094 monitor; however a FORTRAN version of DDK, Refer-
ence 8, prepared ot the Oak Ridge National Laboratory is expected to be generally

available in the near future.

2.2.1 DDK Program

The output from DDK of principal interest for present purpose: comprises neutrori flux-
es at each point of a rectangular mesh lying in the R-Z plane. Total flux and partial
fluxes, corresponding to the energy groups specified, are obtained. Computation of
other measures of radiation intensity depends upon hand calculation or preparation of

a simple satellite ccGe. The latter approach appears particularly attractive since
DDK can, at option, output fluxes on either magnatic tape or punch cards. One con-
venient feature of the output is the preparation of maps of the point mesh, coded by
region symbol and by index of material composition. A limited output at the conclu-
sion of each outer iteration is useful in estimating the degree of convergence achieved.

Totol leakage currents across outer boundaries of a system are also output.

Flexibility for approximation of complex configurations is severely limited by the in-
herent imposition of axial symmetry and a rectongular R=-Z mesh Thus boundaries of
non-cylindrical regions must be approximated by step-funchons Since the FLOCO
system allocates storage at the time of execution the maximum mesh size is indeter-
minote; however, slightly over 800 points seem to be a practical limit. This limit-
ation may be eased somewhat by specification of a plane of specular reflection when
appropriate. Neutron sources may be treated either as constant for specified mesh

points or as the natural consequence of fission events. In most of the present computations,

10



the latter approach was taken, in conjunction with an iterative search for system re-
activity. In either method the specification of source spectrum must correspond to

the group structure selected.

The fictitious neutron reactions treated are transport, production (fission), absorption,
and group-to-group transfer (optionally including up-scatter). Since almost any set
of real reactions can be approximated within the above framework, flexibility in
treatment of reaction type can be considered only ir terms of accuracy of the approx-
imation, For present purposes a set of 15-group cross sections was prepared. Except
for hydrogen, the "standard" cross sections used for Monte Carlo computations were
averaged for each energy group, weighted by a representative neutron spectrum which
had earlier been computed as part of the RIFT vehicle design effort. Fortunately the
weighting function proved to be close to the presently computed spectra down to en-
ergies of o few eV. "Hot" and "cold" cross sections, corresponding to different ther-
mal bases in the core and shield, were used for materials appearing in both regions.
The anisotropic hydrogen cross sections used were taken from a Los Alamos compila-

tion of 18-group cross sections due to C. Mills, truncated for the raised thermal base.

An 54 quadrature due to Lee, Reference 6, was used throughout except for one minor
S2 computation. Computations prior to commencement of the present study had re-
sulted in fair agreement (~ 5%) between S4 and 56 flux estimates for a NERVA en-
gine, excepting low energy fluxes in highly absorbing regions where the optical mesh-
width was unduly coarse. Hence, investigation of higher S, opproximotions seemed

relatively infertile.

Initial preporation of DDK problems is complicated only by uncertainty whether data
storage is adequate for © Iafge problem. Once over this hurdle, several computations
of a few iterations each may be required for final adjustment of mesh spacing. If

group fluxes at adjacent mesh points vary by o factor much larger than two, the cor-

responding difference equation fails locally and convergence 1o a useful solution

H



cannot be expected. Some of the effort expended can be retrieved, however, by
outputting results of preliminary iterations on tape for 03¢ in starting successive iter-

ations.

AN

It has been suggested that computer time may be saved by using a low order, e.g. 52,
approximation for early iterations. But a saving is by no means certain. When ap-
plied to one configuration, described in Section 3, the 52 approximation provedwhol-

ly inadequate in the vicinity of stepped boundaries, and a net loss probably resulted.

2,2.2 DTK Program

Usage of this program differs from that of DDK primarily in the obvious details con-
tingent upon the dimension of the point mesh. Siab, cylindrical or spherical config~
urations may be freated; o diffusion approximation of transverse leckage is provided
optionally. Output is more complete than for DDK. Angular flux-distributions and

neutron reaction rates may be obtained for preselected mesh points.

2.3 MONTE CARLO METHOD
2.3.1 18-0 Program

18-0, Reference 9, is a specialized Monte Carlo computer program designed to inves-
tigate and determine nuclear heating rates and neutron and gamma leakage distribu~-
tions in energy and angle for cylindrically symmetric reactor=-shield systems. The
program provides only as much geometry and importance sampling capability as were
needed for analysis of GE~ANPD reactor-shield systems. Specialization in these
areos provided a more efficient code for intended appiications than the more general
purpose Monte Carlo codes. Because this specialization is largely applicable to the
treatment of nuclear rocket vehicle configuration, the program is included in the pres-

ent study.

12



The program is coded in FAP language for the IBM-7090/7094 computer. Up to 7

magnetic tapes are required in its use.

Two reactor description capabilities are provided by the program. The shield region
geometry routine can be utilized to describe reactors that can be cpproximated by
contiguous regions of homogeneous composition which possess cylindrical symmetry
about the reactor-shield assembly axis. A reactor geometry subroutine, separate from
the shield geometry subroutine, is provided in the program for the description of re~
actors with off-axis cylindrical fuel tubes. In the preseni investigation this geome-
try routine was not used. The portion of a reactor-shield assembly is described by
regions which are formed by rotation of a class of simply connected quadrilaterals
about the reactor-shield assembly axis. Each region is composed of a homogeneous

mixture of the basic materials of whick the region is composed.

The spatial and energy coordinates of source neutrons and protens are generated by
an auxiliary code, Program 20-0, which places the source particle parameters on
tape for use as input to Program 18~0, Direction cesines of a source particle are

chosen by Program 18-0 from an isotropic distribution in the laboratory system.

A collisicn event is selected by random sampling from the appropriate discrete distri-
G butions for all neutron or gammg ray events allowed in the program. Neutron events

< treated by the program are:

Elostic scattering,

L ey

| Inelastic scattering,

Radiative capture,

Neutron capture with alpha emission,
n, 2n reaction in beryllium, and

Absorption with no secondary emission.

i
Jn’,'
o
Lo
i
E =
&
N
b
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Photon eventstreated by the program are:

Compton scattering,
Absorption (photoelectric and pair production), and

Photoneutron reoaction.

The angular distribution of elasticatly scattered neutrons may be isotropic or aniso-
tropic in the center-of-mass system at the discietion of the user. Inelastically scat-
tered neutrons, neutrons from the (n, 2n) reaction and secondary photons are treated

by 18-0 to be emitted isotropically in the laboratory system.

Angutar distribution of scattered photons is computed by the Klein-Nishina formula,
The angular distribution of photoneutrons is described by a second degree polynomial

in the cosine of the polar scattering angle in the center-of-mass system,

Bias sampling techniques of splitting and Russion rouiette on region and energy for
neutrons and on region for photons are optionally allowed in the program; these

techniques are the only importance sampling capabilities included in the pragram.
Qutput available from the program for each shield region includes:

Neutron and gamma ene.rgy deposition,

Neutron and gamma particles suffering energy cut-off,

Neutron and gdmmo particle currents across specifie& boundaries,
Number of neutron and gamma particles absorbed, |

Number of (n, o) reactions,

Number of {(n,¥ ) reactions, and

Number of irelastic scottering events,

Also inciuded in the output is the neutron and gamma energy-angle leakage distribu-

tion for a point source equivalent to the assembly, or, optionally o tape record of the

14



parameters of escaping particles. In addition a tape record of generated secondary
particles may form part of the output when desired. Program 18-0 will accept an
escape or secondary particle tape ond continue the history of each particle listed as
long as the progrom region description is compatible with the region number cnd
weight of the escape or secondary particle. Use of the escape tepe as a source of
output data requires the use of an auxiliary routine, Program 20-8, which analyzes
the escape tape and computes leakage current as a function of energy and angle emit-

ted from specified surface areas of the reactor shield assembly.

Praigi-am 18~0 requires extensive and sometimes recdundant information about the reac-
tor and shield configuration, source data and interaction probabilities to operate ef-
ficiently. Preparation of this information in a form acceptable to Program 18-0 is
greatly facilitoted by a series of eight satellite programs, References 10 through 17,
which perform numerous calculations on basic data available from the problem and/
or from standard sources. A brief description of each sateliite program, its reloticn
to 18-0 and any difficulties in its use are summarized below. A block diagram de-
picting the relationship of each program to Program 18-0 and to each other (if any)

is shown in Figure 1,

Satellite program 20-2 approximates the energy dependence of the cross section for

a specified event by discontinuous straight line segments across arbitrarily specified
energy groups. Input preparation for Program 20-Z is basically a straightforward com=
pilation of point cross section data for each event, and output from the program is

available on punched cards suitable for input to Progrom 18--0 and Program 20-3.

Program 20-3 computes the total macroscopic cross section and collision probabilities
for a material composition given the densities, atomic weights, volume fractions,

and microscopic cross sections (computed in 20-2) of all constituent materials, input
preparation for the program is fairly easy with the punched card cutput of 20-2; how-

ever, the order of cross section input data on material and collision type does require
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FIGURE 1 RELATIONSHIP OF PROGRAM 18-0 AND AUXILIARY PROGRAMS
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special care to avoid errors. Output from the program is available on punched cards

suitable for input to Program 18-0,

Program 20-4 averages input differential scattering cross sections over arbitrarily
spaced energy groups to obtain group averaged angular distribution data. These data

are prepared in the form of cumulative probability tables and are punched on cards

svitable for use in Program 18-0.

In Program 18-0 the post collision energy of a neutron undergoing inelastic scatter-
ing and the number and energies of subsequent gamma rays from the reaction are de-
termined by one of two schemes. Choice of the scheme used is determined by the
separation of the incident neutron energy into collisions of high or low energy. High
energy inelastic scattering data required by 18~0 are cumulative probability tables
for the energy spectra of the scattered neutrons. Program 20-5 utilizes the evapora-
tion model of nuclear reactions to determine these cumulative probability distributions
for energy spectra of inelastically scattered neutrons and places the distribution data

on punched cards for input to Program 18-0.

Low energy inelastic scattering data required by 18-0 requires o detailed description
of thz energy level structure and associated excitation and transition probabilities |
for the residual nucleus. This information is partially supplied by Program 20-6,
which computes excitation and transition probabilities for excited states of the resi-
dual nucleus from an inelastic scattering reaction given the relative gemma transi-
tion intensities that occur in the process and the energy level structure of the nucle-
us. For many excited nuclei, and in particular for those of the present investigation,
the relative i'ntensity data of gamma transitions are not available., To circumvent
this lack of data a special modification of a program called LIGHT, Reference 18,
(developed by Lockheed for space radiation shielding sfudies) was used to cpproki— '

mate the gamma transition intensities.
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The LIGHT code estimates gamma spectra resulting from inelastic nucleon-nucleus
collisions, These computations are based upon a simple statistical model of the nu-

cleus supplemented by o knowledge of low-lying nuclear levels.

Two methods of describing the shield configuration geometry are available. One
method is by direct card input to 18-0. In the other method the geometry input to
18-0 can be simplified by using auxiliary Program 20-7. Input to Program 20-7 is .
Jess complex and the amount of input is reduced by about 45% from the amount of
direct input required by 18-0 to describe a shield configuration. Program 20-7 per-
forms numerous adjustments and calculations on its input data and produces as primary

output a binary deck of cards to be inserted in the 18-0 binary deck.

Considerable difficulty was encountered, however, when using 20~7 to describe very
simple shield configurations. The reason for the failure of 20-7 to handle simple con-
figurations was not determined. For simple configurations, however, direct input

data cards to 18-0 can be used and can be prepared in a reasonabiy short time,

The Monte Carlo source program used in the present investigation is an extensive
modification of the General Electric Program 20~0, which computes and writes
on-tape source particle parameters to be used as input for Program 18-0. In the mod-
ified program particle coordinates are chosen by a random method from power den-
sity distribuﬁons in a systematic fashion that determines the number of particles to be
started from specified volume elements, which make up a cylindrical core. Particle
energy is also chosen by a random method from a spectral distribution, and provision
is made in the program for splitting on region and energy to conform to the needs of

Program 18-0,
Occasionally in the use of the source program, output tapes with an erroneous record

gap were produced although the program had indicated that a normal tape had been

prepared. Subsequent use of the tape by 18-0 would cause a progrem stop orsometimes
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would give erroneous results due to a shortage in the number of particle parameter
records processed by 18-0. Recent modificaiions on the 20-0 program have corrected

this intermittent tape error.

Although not used for preparation of input data for 18-0, another program, 20-8, is
briefly described here for completeness of the 18-0 satellite program series. Program
20-8 interprets and analyzes Program 20-0 source particle output tapes or Program
18-0 escape particle tapes. Source tapes prodﬁced b'y Progfc:m 20-0 may be analyzed
to determine the number of particles generated in specified core volume elements ond
energy groups. This option of 20-8 was not used since the modified version of 20-0
computes and prints out this data directly. As another optien an output escape tape
from 18-0 may be analyzed to determine the number of particles leaving the reactor-
shield assembly through specified surface areas with energy and direction lying in
specified energy-angle bins. Leakage !currents are then computed from these data.
This option was used extensively in the present investigation to compute leckage cur-

rent across specified boundaries.

The principle difficulty encountered in the use of 20~8 was the uncovering of a dis-
crepancy between the 20-8 leakage current {when normalized to current count) and
the current count as tallied directly by 18-0. This discrepancy was found to be due
to an error in solid angle as computed by 20-8. Since no source deck was available
for easy program change, compensation for the error was made by a multiplicative

factor in the 20-8 input.

In the event of « progr_dm stop due to an input or program error, Program 18-0 will
in most cases print out an error indicator. This serves as a valuable aid in recogniz-
ing and locating the type of error encountered. The most frequent and troublesome
a:rér encountered in the opercfidn of 18-0 in the present investigation was tape er- -

ror, especially in the output escape tape.
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Program 18-0 also has as an option a feature to write all pertinent information in the
computer memory on tape ofter every specified number of particle parameter records
have been run. This memory dump is a safety factor against possible loss of compu-
ter time due to machine error of power failure. The information on the memory dump
tape can be retrieved by using a restart option of the program. Since, in the present
investigation, all source particles were processed in relatively small batches (2, 000
to 4,000), no large computer time was ever at stake and the memory dump cption

was not used.

The oddition or alteration of input data to a problem to which 18-0 is applied is
straightforward; however, changes in energy grouping, cross section or material re-
quires the rerun of several or all of the auxiliary programs described above. Changes
in geometry, statistical weights, source distributions and controls are fairly simple

and involve only the source or geometry program and 18-0 itself.

Coding changes and/or modifications to the 18-0 program have been difficult because
the only form of the program available at this installation was a non-relocatable bi-
nary deck. Several changes and additions to the original binary deck were required,
however, to make the program operational on the FORTRAN menitor system as used

at the Lockheed-Georgia Company.

2.3.2 MCS Program

Computer program MCS, Reference 19, is a general Monte Carlo neutron shielding
calculation, written in the FLOCO coding system, Reference 20, fbr the IBM 7090
computer. MCS is capable of treating an arbitrary three dimensional cenfiguration
of first and second degree surfaces. A maximum of 432 surfaces forming 2048 cells
is allowed. If the problem possesses co’mple-fe..reflecrion symmetry in some plane,
the geométry specification may be simplified by defining that plane to be a reflect-
ing plane. A particle attempting to cross such d_reflécﬁng plane wf.ll be specularly

reflected. A source routine must be prepared by the user; therefore, the type of
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source treated is limited in complexity only by the user's ingenuity. Computed data,
which are routinely output, are limited to collision densities as o function of cell
and energy. Other quantities desired as output are dependent upon the writing of
special tally routines as described in Reference 19, These routines, as well as the
source routine, must be written in FLOCO. The FLOCO instructions are in most
cases identical to FAP; dissimilarities and FLOCO card formats are defined in Refer~

ence 20. A programmer with previous FAP experience can make the transition to

FLOCO with little difficulty.

Actual generation ot source particles for MCS for the present study was done with
Program 20~0 described previously. The source tape from 20-0 was rewritten in o
form acceptable to the FLOCO tope-read routine and the MCS source routine simply

read the particles one at a time directly from this tape.

The output of quantities accumulated by special tally routines is automatically taken
care of by the MCS program as described in Reference 19. Thus, by use of special
tally routines, almost any quantity of interest may be obtained. In particulor, a
routine prepared for the present work was used fo tally flux and current across selec-
ted surfaces and energy deposition in seiected cells. MCS automatically computes
and prints the relative error associated with any quantity output by a special tally

routine.

A useful feature of MCS is its ability to accumulate the results of several runs of smail
batches of source particles on the problem tape. After each run, the accumulated
results up to that time are printed oleng with the relative errors. This allows one to
observe the results at intermediate points and to run in small batches until the desir-

ed relative error is obtained.

The reactions considered by MCS include elastic scattering, inelastic scattering, (n,

2n), fission, and cbsorption. In practice, parri.c'lés are not absorbed but, as a technique
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for variance reduction, scattered with appropriate reduction in statistical weight,
Other variance reduction techniques allowed by MCS are biasing on energy and re-
gion, ond the exponential transformation for transmission through thick shields. The
non-absorption feature is automatic, each of the others is optional. For the present
study, all the above techniques were employed with the exception of the exponen-
tial transformation. Histories are terminated by cut-off on specified limits of energy,
weight, and time. These limits are constant throughout the system. A value for ther-

mal energy is specified for each cell, and particle energy isnot allowed to fall below

this value.

An initiating program, MCA, is used to process the geometrical, nuclear, and mate-
rial data for use by the MCS. This program, also written in FLOCO, runs fairly
quickly, and prepares o "problem tape" for use by the MCS. This problem tape con
be altered, for geometrical changes only, by use of a second initiating program,
MCi. Thus, ofter setting up a library of element data on tape with MCA, the "prob-
lem tape" can be edited by MCI to alter the geomeiry with a resultant savings in

machine time over that required for rerun of MCA,

All nuclear cross sections are read in at discrete energy points in MCA, The number
of elements and the number of energies per element are limited only by core storage
available since FLOCO assigns storage at the time of loading for both data and ail
subroutines. Discrete eanergy cross section information eliminates the need for any
‘group averaging. Further, the energies corresponding to these discrete points may
vary with element allowing the use of many points for elements with numerous reson-
ances and few points for elements with smoothly varying cross sections. Interpolation
within the energy points is linear with V E. If E is greater than the largest specified |
E, the cross section values at E max are assumed to apply. For E smaller‘ than the
smallest specified E, the elastic cross section is taken fo be that at E min, the absorp-
tion cross section is extrapolated proportional to l/\/?, and the total cross section

is optionally taken to be that at E min or extrapolated proportional to 1/ \ E. Fit-

ting the equations for second—'-degre‘e surfaces is, as with QAD, one of the more
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time-consuming tasks in setting up the data for MCA-MCS. Writing the FLOCO
source and special tally routines is the area where most difficulties are likely to
arise. An experienced programmer will, however, be able to perform this task after

a short period of practice.

Perhaps the most serious difficulty encountered in the use of these programs ot Lock-
heed-Georgia wos that imposed by the incompatibility of FLOCO with the FORTRAN
monitor system. FLOCOQO binary cards are row binary and must be read into the com-
puter on-line. This led to running these programs only at night and results in a pe-

nalizing long lead-time even for short check-out runs.

2,3.3 MCG Program

The MCG Program, Reference 21, is the gamma counterpart of MCS. All comments
made concerning geometry and the FLOCO system in reference to MCS apply equal-
ly here. Source and special tally routines may also be written for MCG ealthough
energy deposition is automatically output as a function of cell. For any specified
subset of the set of surfaces comprising the geometry, fluxes and/or currents across

these surfaces may also be automatically obtained.

The progrom treats Compton scattering, absorption (photoelectric effect) and pair-

production. In the current study pair-production was included with absorption, When
pair-production is considered, it is assumed that the energy loss by the incoming pho-
fon in creating the pair is local, and the two resulting one~half MeV gammas are, fol-
lowed further, The program was designed primarily to treat photons in the en.érgy |

range from 10 keV to 12 MeV.

The biasing techniques avoiloblé in MCG are identical io those described for MCS,

An additional feature is the provision for varying the energy cut-off with cell.

MCG has two initiating programs ~ MCF corresponding to MCA for set-up of both



geometry and element data, and MCE corresponding to MCI for altering the geometry
only. As with MCA, cross section data is input for a set of discrete energies for each

element., MCG also has the smali-batch capability described for MCS,

2.3.4 O5R Program

The O5R Program, Reference 22, is a flexible Monte Carle 1eutron transport program
and is intended to be applicable to a wide range of rec :tor and shielding problems.
Perhaps the most distinctive feature of the program is its detailed representation of
cross section data. In this representation the energy range from 77.13 MeV to 0.07
X 10-3 eV is devided into 40 supergroups, each a factor of 2 apart, and each super-
group is divided into n subgroups where n is any power of 2 from | to 512. OB5R stores
in the computer memory only the cross sections for a single supergroup and processes
batches of neutrons (200 - 2000) through the range of the supergroup. Cross sections

for the next lower supergroup are then read in from tape and the process repeated.

The program is written in FORTRAN 63 for the CDC-1604-A computer and in
FORTRAN i, version 3 for the IBM-7090/7094 computer. A number of O5R subrou-
tines are written in CODAP for the CDC-1604-A machine and in FAP for the 1BM-
7090/7094 computer.

A general geometry routine in O5R permits the treatment of complicated configuiations.
As many as 16 media are permitted and boundaries may be either pianes or quadric
surfaces, arbitrarily oriented and interesting in arbitrary fashion. The geometry rou-
tine a-llso permits the division of a configuration into arbitrarily bounded regions for
the application of weight standards. Within each region and for specified energy

groups both splitting and Russian roulette are allowed,
Fast and/or thermal fissioning are permitted in dpprbpfidte_ systems, and O5R treats

~ a variety of neutron scattering collisions. Absorption of neutron particles is not per-

mitted; instead, the probability of absorption is accounted for by the statistical



weight reduction of a particle ot 2ach collision. Anisotropic scattering, utilizing
a technique for selecting from anisotropic distributions which gives the some accura-
cy as a straightforward selection from a Legendre expansion but requires less compu-

ter time, is permitted.

Generation of the initial parameters for neutrons is accerfiplished by a subroutine
SOURCE which must be written by the user and included with the O5R Program. The
user must supply a subroutine (KINNEY) for determining the energy and scattering

angle of inelastically scattered neutrons where these have importance in a problem.

Included in the O5R package are a number of rondom variable generating routines
and a program for performing a variety of manipulations with cross sections. The
cross section program includes routines for preparing master tapes, performing cross

section arithmetic and preparing cross section data in the form needed by OSR.

No analysis is performed by O5R. Instead, its output consists of one or more "colli-
sion" tapes which contain, for every collision, any or all of 34 distinct parameters
describing the event. Analysis of these tapes to extract and/or compute the informa-

tion desired is done by separate routines which must be written by the user.

In the O5R system, the user is required to supply point values of microscopic cross
sections at arbitrary energy points, A cross section routine, XSECT, which is run
sepcrately from O5R, performs various manipulations on the point cross section data
and prepares tapes containing data in the form required by O5R. XSECT contains
nin. codes for the processing of cros; section data. A brief description is given be-
low of three of these cross section codes which are necessary in preparing data re-

quired Ey O5R.

Code 1 reads point cross sections and/or Legendre expansion coefficients and writes

them on a master cross section tape in a form convenient for further processing., A
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special program called LEGENDRE (separate from XSECT) calculates the Legendre
coefficients from input differential cross sections as a functicn of angle and energy
and punches them on cards in a form suitable for loading by Code 1. Code 6 uses
the master cross section tape as input and operates on this basic data to obtain for
each medium in the problem the parameters and probabilities needed by O5R for the -
running of o problem. i“ffhe output of Code 6 is the O5R systen ¢ tu tape, which is @

basic input tape to O5R. Code 8 prepares from the master cross section fcne the so- )
called "phi tape" which contdins data necessary to the employment of the Coveyou
technique for the seleciion of the cosine of a scattering angle from an anisotropic

angular scattering distribution.

The "package' required to run a problem withOSR consists of a system data tape, a
phi tape, anO5R input data deck, a geometry routine input deck, suitable subroutines
SOURCE aond KINNEY, and the O5R program deck. Al of these items with the ex-
ception of SOURCE and KINNEY have been prepared for the Configuration A of the

preserit investigation,

2.4 PROGRAM COMPARISON

Comparison of the programs investigated is summarized below in terms of each of the

stated criteria except accuracy,

2.4.1 Detail And Diract Usefulness Of Output

The types of data which may be computed by each program are tabulated in Figure 2.
An X indicates that a quantity is directly output by the program, at least optionatly.
A C indicates that a quantity is available in less useful form, since further compu-
tation by hand or by specialized satellite code is required. An asterisk indicates dir~
ect output, but only with the inconvenience of preparing a subroutine if not already
availabie. The Monte Carlo is best suited to computation of quantities averaged over

discrete intervals: statistical estimation routines could be prepared. |In addition to
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printed output, tope output to allow for interrupted operation or satetlite input is

available with all programs listed excepting point kernel.

2.4.2 Generality Of Problems Which May Be Treated

Flexibility of each program for treatment of system configurafion, source distribution
and type of radiation interaction are summarized below. Salient features of the point
kernel and Monte Carlo programs are tabulated in Figures 3 and 4, respectively. The
discrete ordinatetr program DTK has specifications similar to DDK except that it is

one-dimensional. Features of the latter are summarized below.

Boundaries: Orthoganal two dimensional mesh, including R, Z; R, 6; X, Y.
Béundory Conditions: Absorptive, specularly refiective, periodic.

Neutron Reactions*: Transport, production, absorption, group transfer,
Scattering: Isotropic, backward, forward.

Flux Description: Discrete direction and energy.

[teration Modes: Reactivity, invariant source, critical dimension, critical
fuel loading, period.

Starting Option: Fission distribution, flux.

Computer Language: FLOCO

2.4.3 Operational Probiems

Several problems arising in the use of the various programs are of interest in evalua-
tion of methods, since they lengthen the span required for computation. Among these

are:

Anomalous error stop from 14-0 geometry routine;

Overflow of 18-0 latent particle storage;

*Corresponding gamma cross sections can be derived,
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n

Error stop on exceeding variable DDK input storage;
Preliminary computation for establishment of discrete ordinates mesh; and

Preliminary computation of Monte Carlo importance.

2.4,4 Program Running Time

Generally, the running times are proportionate to the sophistication of the radiation
transport model, increasing from point kernel, through discrete ordinates, to Monte
Carlo. So many options are available for treatment of a given problem with a given
method, however, that no direct comparison is possible. The approach taken is to
establish a plausible measure of effectiveness for each type of program, then observe
its range as problems of different complexity are treated. From these ranges, some
intuition of running times for problems of similar "complexity" may be gained. The

measures chosen are:

Point Kernel: Source point x detector points/time in msec (SD/ms).
Discrete Ordinates: Quter iterations x mesh points x energy groups/time (IMG/ms),
Monte Carlo: 1/relative error squared x time (I/Ezt).

Results for some of the computations made are shown in Figures 5, 6, and 7, In the
first two figures, A and B refer to configurations defined in Section 3.1; the num-

bers appended in Figure 6 refer to the number of energy groups.

So simple a scheme must have pitfalls. A few are noted here. QAD requires more
source points than 14-0 in order to meet a given requirement for maximum spacing.
Furthermore the efficiency, predictably, decreases with the size of the problem, as
illustrated by the parenthetical number in Figure 5. A difficulty unique fo S-n is

the variability of time required per outer iteration, the required number of inner
iterations is difficult to estimate, however., The drawback with the Monte Carlo mea-

sure is that the measure itself is a statistic, whose significance is open to question.
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The advantage of energy biasing for energy deposition computations seem clear,

however.
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TIME (ms/SD)

DATA CODE CONFIGURATION | CONFIGURATION
A B
DOSE QAD IV 13
140 23
SPECTRUM QAD- P5* 36 (43) 43
14-0 3 66
*Number Of Doses= 1T + 2 x 2

FIGURE 5 COMPUTER TIME - POINT KERNEL
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3.0 COMPARATIVE ACCURACY

The relative flexibility, speed and convenience of a program, as discussed in the
preceding section, are unavailing if its accuracy is unacceptable. As always, the
final arbiter of accuracy must be the preservation of experimental appearances. Two
factors, however, militated against such direct approach in the present instance.
Experimental data on transmission through shielding and propellant was unavailable,
Available data, from the KIWI| test series, is complicated by factors whose quantita-
tive examination lies beyond the scope of the present study. Consequently, accuracy
must be evaluated by concensus of several methods and by computed statistical devi-

ations, with occasional recourse to qualitative theoretical considerations.

The quantities usually most critical in design problems are energy deposition (or dose
rate) ond flux; comparison of these is emphasized. Spectra, more pertinent to an un-
derstanding of fundamentals, were also computed extensively. Since the 18-0 Prog-
ram cannot compute flux, current is used as one basis of comparison with MCG and
MCS. Most of the comparisons shown imply a substantial amount of hand adjustment
of computer output, Included are normalization of DDK and Monte Cario data to
standard power, volume averaging of point energy depositions for comparability with
Monte Carlo output, and computing mean values ond relative errors from separate

18-0 runs.

3.1 PROBLEMS TREATED

Two configurations representative of o reactor-shield assembly are used for method
comparison. A section of the first, o strictly cylindrical geometry designated
Configurai'EOn A, i.r; shown in Figure 8. Most of the computations treat this config-
uration. A slightly more difficult configuration, used to check errors due to approxi-
mations of quadric boundaries, is compared with Configuration A in Figure 9. Desig-
nated "B", this configuration incorporates five spherical boundaries, each having a

105 cm radius of curvature. Radius composition, ond edge thickness are identical for

FRECEDING PAGE ELANK NOY FILMED.



091 051 OFl
. T

ocl

¥ NOUVINDIINQOD 8 PNOId

ozl
T

(wo) Z
00t 0& 08

e
.

-3
1l
[~ 4

(W) 4



5130QW A13IHS 6 34N9O1d

WOILZE

sn

sD

WO 26}

WD 99

s

S1

39



‘corresponding regions in each configuration. Regional compositions are tabulated

in Figure 10,

The reactor power distribution obtained during a 15-group 54 computation for Config-
uration A was used throughout in establishing radiation sources for point kernel and
Monte Carlo computations. This distribution is tabulated in Figure 11. All radiation
intensities computed are normalized to a nominal power of 1,000 megawalts. The
California fission spectrum was assumed for source neutrons. The gamma source spec-
trum used for both point kernel and Monte Carlo proegrams was generated for a carbon-
uranium core and included prompt fission gummas, short-term fission product decay

gammas, and radiative capture in the core materials. Thisspectrum isshown in Figure 12.

The tank contour assumed for computation 6f energy deposition in propellant is shown
to scale in Figures 12 and 14, together with its size and orientation with respect to
Configuration A, Hydrogen density and {ank wall thickness treated are, respectively,
0.0692 g/'c:m3 and 0.25 cm of iron. The numbered areas represent regions in which
Monte Corlo estimates of gamma and neutron energy deposition were tallied. Axial
thicknesses of these regions are 100 and 18 cm, respectively. The broken lines nor-
mal to the systen; axis represent propellant levels assumed in computation of intensi-
ties at the tank top. Three radial surface elements shown on the tank top are used

for this Monte Carlo tally.

As implied earlier, Configuration B can only be approximated by the geometry rou-
tines of DDK, 14-0 ond 18<0, The cpproximcfionsﬂéed with DDK and 14-0 are shown
in Figure 15 as Configurations B~1 and B=2, respectively. (In B~2 the curved fines
mask one edge of the adjacent trapezoids.) The approximation used with 18-0 is sim-
ilar t6 B-2, except thaf.gene:ral quadrilaterals are used to advantage, ond that statis-

tical weighting requirements limit the axial dimensions.’

Two independent sets of region weights are used with Configuration A, depending
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Energy (MeV) Photons/Fission + MeV

.10 14,7

.30 11.8

.50 9.46

.70 7.59
1.0 5.46
1.5 3.15
2.0 1.82
2.5 1.05
3.0 .605
3.5 . 349
4.0 202

5.0 0688

6.0 .0230
7.0 .00905
8.0 .00410

FIGURE 12 GAMMA SOURCE SPECTRUM
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B-1

FIGURE 15 CONFIGURATION B APPROXIMATIONS
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b

upon whether leakage through the cylindrical or planar boundary is to be emphasized.
in either case particle density is held roughly constant over the system, while split=
ting approximately 2: 1 ot successive boundaries. The one exception to this scheme
is in establishing weights in reflector region R for the radial biasing of particles.
Particle current leaving the reflector is more than ten times entering current, in or-
der to provide a significont number of leakage particles directed toward the propel~
lant tank. Neutron importance is set proportionate to energy. Program 18-0 does
not permit gamma energy weighting; MCG is here used both unweighted ond propor-
tionately weighted. In most cases, preliminary runs of about 2, 000 particles were
used to refine initial weight guesses. While the above schame is hardly optimum for
computation of any one datum, it seems fairly effective for tallying varied data from

one set of histories.

3.2 COMPARISON OF GAMMA RAY COMPUTATIONS

Data are presented, where possible, in order of increasing attenuation. Point kernel
estimates of tissue dnse rate, representative of energy absorption in any material of
low atomic number, are shown in Figure 16, for the vicinity of the Configuration A
shield. Discontinuities ot the radial shield boundary are readily apparent in the two
traverses which intersect the shield; other traverses do not intersect the shield regions.
The QAD points are presumed to apply to both versibns; however, only a few were
checked with QAD-1V to establish the expected identity, and defermine computer
time. The slight discrepancies between QAD and 14-0 are réc:d-ily explicable in terms

of the differences in source point treatment, described in Section 2.

" Correspondence between point kernel and MCG Monte Carlo estimates of tissue dose

rate at three penetration depths is shown in Figures 17, 18, and 19. The MCG dose
rates are hand computed from tallied flux spectra, although o more sophisticated tal-

ly routine is easily prepared if multiple cases are desired. The error limits shown are

“internally comnuted relative errors, plotted such that their absissas approximatefy
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halve the tally surfaces. It will be noted that the unbiased data for the second tally
ring show increasing discrepancy with increasing penetration. No cause is apparent
other than statistical fluctuation, a supposition supported by the very large error es-
timate and by results of the energy~biosed computation. With the above possible ex-
ception, no statistically significant discrepancy can be demonstrated between point
kernel and Monte Carlo gamma data at an attenuation of some few hundred.* Addi-

tional histories, would, of course, be highly desirable.

The 18-0 and MCG Programs are compared, over the same Configuration A shield re-
gions, in Figures 20, 21, and 22. A convenient basis for comparison here is forward
current, J_, since 18~0 does not compute flux. The previously noted anomaly in the
unbiased MCG data is repeated here, since the same histaries are involved. The rel-
ative error of the 18~0 data increases more rapidly with penetration depth, perhaps
due to loss of particles by absorptiori. Again the statistics are insufficient to disclose

discrepancies, if such exist.

So far enly Configuration A has been mentioned. Three estimates of gamma dose rate
along a traverse through the Configuration B shield are shown in Figure 23, The 18-0
dose rates are estimated from computed values of energy deposition in shield annuli
predominantly composed of LiH. Two liberties are taken in this procedure, neither
of which results in a large correction factor. First, energy deposition per gram of
shield material, for each annular region and energy group, is interpolated fo the
plane Z = 183.9 cm., using slopes estimated by QAD-P5. Second, energy deposi-
tion in the shield material for each group is converted to the equivalent deposition

in tissue, Excepting the axial 18-0 region, the agreement of curve shopes is remark-
ably good. The systémofic 20% discrepancy between 14-0 and QAD was also obser~

ved on other traverses through the shield. In view of the agreement displayed in

*An earlier plot of this data which received a limited circulation showed a much
larger discrepancy. It is embarrassing to report that this resulted frori normalization

to source particles, rather than source photons.
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Figure 16, cause must be assigned to the geometric approximation required by 14-0,
In one sense this comparison is unfair, becouse many configurations encountered in

practice must be compromised by QAD also.

Computations of total gamma energy deposition in selected regions of Configuration
A are shown in Figure 24, Most of the 14-0 data, representative of QAD also, were
obtained by numerical integration over @ 3 x 5 mesh. Statistically significant differ-
ences appear between point kernel and the more accurate Monte Corlo data; how-
ever, the discrepancy is nowhere greater than a factor of two and is usually much
less. Agreement among Monte Corlo data, excepting the unbiased MCG data for
39-56 ¢m radius, is surprisingly good considering that some of the errors are larger

than would normally be considered acceptable.

The computed errors, together with running times shown in Figure 7, indicate the
usefulness of the MCG capability for sample biasing on energy. The reason becomes
clearer upon examination of Figure 25, showing spectra of photons penetrating the
shield. The biosed spectrum indicates fairly good sampling up to 4 MeV, and a few
particles of energy up to 8 MeV (not shown) were treated. The unbiased sompling

is guestionable ot 2 MeV and no particles are treated cbove 5 and 6 MeV, respec-
tively, for the MCG and 18-0, It should be noted that some of the narrower of the

25 energy groups treated are combined for presentation in the figure.

To this point, only Monte Carlo computations biased to emphasize transmission paral-
lel to the system axis have been shown, Some results of biasing for radial transmis-
sion are shown in Figures 26 and 27, Asmightbe expected for the low atfenuctioﬁ,statisti-
cal error is substantially less than within the chield. The point kernel data agree

with Monte Carlo to within ~ 40%, also better than within the shield. It is unclear
whether this is due to th_e_lessér attenuation, or to the buildup factors used. Buildup
characteristic of water :s assumed fo apply throughout,. despite the iron present in the

shield,
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Computed spzctra of photons escaping the reflector are shown in Figure 28. As be-
fare, narrow energy bands are combined. Sampling is fair up to 3 or 4 MeV, which
probably covers the range of importance in estimating propetlant heating. A few
statistically insignificant particles of energy up to 7 MeV are omitted here. The dis-
crepancy below 0.5 MeV may be partly attributable to the diffuse angular distrisu-
tion characteristic of this energy range, with consequent effeci on the ratio of flux

and current.

Energy depositions in propellant are tabulated in Figure 29; region boundaries are
defined in Figure 13, While it is unfortunate that time did not permit following the
energy~biased MCG histories into the tank, the fortuitous agreement shown in Figure
24 lends credance to the axially biased 18-0 data, despite the large relative errors
shown. The importan:e, even near the centerline, of radiation eczaping through the
reflector is apparent. Although a minimal core-tank separation was deliberately se-
tected to emphasize this prublem, it seems certain to remain a major design consider-
ation at any practical separation. This is particularly true in view of the critical ef-
fect on propellant convectio: of heating in Regions 4 and 5. The radially biased
data for Regions 1, 6, and 11 are due to scattering in either the reflector or the tank,
since no direct transmission is allowed by the computational technique used. The
point kernel data shown were obtained by summation over a mesh of at least 3 axial
by 5 radial points, with a maximum error thought to be less than 10%. Agreement
with Monte Carlo is as good as within the shield, except in Region 11 where the Monte

Carlo datum is meaningless.

Dose rates ot the top of the propeltant tank, a design consideration because of potan-
tial radiation damage to vehicle components, are compared in Figure 30. The 18-0
dose rates shown are obtained from current spectrum and fi ux-to-dose conversion fac-
tors for each energy band, implying equivalence of flux and currei* - This approxi-
mation is at least partially justifiable on grounds of distance collimation. Liquid lev-

el in the tank is shown by the dashed line in Figure 13, Hencz an attenuation due to
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propeltlant, of between 10 and 100 may be inferred from Figure 29. The quantity
most frequently of interest is total dose summed.over the tank drain cycle. Since
most of this sum is attributable to the end of the cycle, the attenuation treated is
abaut the largest which need be known with great precision. Factor of two agree~
ment between point kernel and Mante Carlo dose predictions may reasonably be ex-
pected, therefore, for regions above a propellant tank. The rise at the end of the
14~0 curve is due to source-detector paths which by-pass the shield. Since radia-
tion emitted over the entire liquid surface must in fact contribute to dose at each
point, as suggested by the Munte Carlo data, lacal irregularities in point kernel

data at the tank top must be deemed fictitiors.

3.3 COMPARISON OF NEUTRON COMEJTATIONS

The schema used in comparison of gamma data is now applied to neutron data. Des-
cription of adjustments of computer output, to a commen basis of comparison, will

not be repeated. Data shown refer to Configuration A, unless otherv;rise stated, Ad-
ditional complications arise, however, with the introduction of multiple point kernel
estimates, and of discrete ordinates data. From the nature of the latter method, source
distribution is slightly different for each individual computation., The standard source,
described in Section 3., was obtained in a 15-group computation for Configuration

A. A reflecting plane through the core was introduced to conserve mesh points for
treatment of exterior regions. The error which could be introduced by this difference
appears fo be about 10 to 15% for the 4-group data, relative to 15-group. Some

of this difficulty could have been avoided by use of the "fixed source” option of DDK.
A trial computation with DTK indicated o tripling of computer time per group treated,

more than could be allotted for discrete ordinates computations.
Figures 31, 32, 33, 34, and 35 show dose rates in and near the shield, as estimated

by DDK and the several point kernel options described in Section 2.0. The DDK

curves are a composite of two computations, 15-group interior and 4-group data
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exterior fo the shield. For both, more mesh points were computed than are depicted
in the figures. Though hardly outstanding, the agreement is not as bad as it might

appear ol first glance.

The two lowest curves in Figures 31 and 32, corresponding to modified Alberi-'Welton
and water moments-method kernels, are probably inapplicable dus to the scorcity of
hydrogen between source and detector. At Z = 93 cm, near the forward edge of
the core, the QAD carbon-moments and the 14-0 kernels agree to within a factor of
iwo. Here the source points contributing most to the 14-0 dose rate estimates are
presumably treated by the non-hydrogenous keinel routine. At Z= 164 cm, near

the rear boundary of the LiH shield region, more of the 14-0 source points are treat-
ed by the modified Albert-Welton routine, at least within the shield. Thus, up to
66 cm radius, the 14-0 data agrees more closely with the Albert-Welton estimate of
QAD. Outside the shield, less hydrogen is encountered along most source-detec-

tor paths, and the 14-0 data remains nearer the carbon kernel estimate.

Near the forward boundary of the LiH region the 14-0, QAD Albert-Welton, and
QAD water-moments ker:'mels agree very well within the shield, as shown in Figure
33. Such difference os exists between the first two of these can only be the result

of differences in source point mesh. Outside the shield, the materials traversed by
the source-detector paths remain as for the preceding figures, and the carbon-mo-
ments kerel or 14-0 kernei are presumably most accurate, The situation several feet
forwura of the shield, shown in Figures 34 and 35 is somewhat similar except that

the maximum dose rates occur at greater radii. The relatively ropid rise of the DDK
data exterior to the shield may indicate the effect of scattering within the reflector;

this possibility will be considered later.
If it be assumed that the discrete ordinates computation is a suitable standard of com-

parison as suggested by theory but not necessarily by subsequent comparison with

Monte Carlo data, then either point kernel code is accurate to a factor of two within
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the shield. Qutside the shicld, the situation is clovded by the small number of en-
ergy groups used with DDK., Furthetmore, the DDK ituration did not converge for
a few points at the edge of the mesh, This problem is illustrated by the dip ot R= 0
in Figure 34. Further iterolion and/or mesh adjustment did not cppear protitable,
since treatment of the 338 x 120 cm cylindrical space about Configuration A very

neorly exhausted the DDK data storage capacity.

Fluxes corresponding to the dose rates described above are shown In Figure 36, Sim-
ilarity with the corresponding dose rate curves, Figure 3}, is obvious. This similar-
ity continued to all axial traverses examined, up to and including Z = 338 cm. A

“amparison of 15-group and 4-group fluxes is shown. It remains unclear why agree-

ment was consistently better at the Configuration A boundary.

Some of the dose rate estimates previously shown are now compared with Monte Carlo
results, At the rear edge of the lithium hydride region, Figure 37, the QAD carbon-
moments data is in substantially better agreement with MCS then is DDK. The agree~
ment is of course reversed deeper in the shield as shown in Figure 38. In both cases,

the Monte Carlo data seem to drop more sharply toward the edge of the system.

The corresponding fluxes are shown in Figures 3%, 40, and 41 and the comparison is
quite similar. The differences noted between currents computed by MCS and 18-0

are well within the error limits.

Relative numbers of radiative capture events in the regions of Configuration A are
shown in Figure 42, Data in the second column were computed from DDK 15-group
fluxes, using a satellite code which had earlic. been prepared for this purpose. Cor-
.res.pondi.ng estimates were then made using the one-dimensional DTK program, in the
hope that an inexpensive substitute might be found for lengthy two-dimensional com-
putations of secondary source sfrengfh.. The comparative results, shown in the third

column, assume a radius of 55 cm for use in the DTK radial buckling option. While
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REGION (capr.%ss.) DTK/DDK
K 6.3 (-7) 61
C 2.6 (-1) 1.00
cs 1.2 (-2) 43
P 7.8 {-4) .46
LS 7.1 (-3) 48
S 3.1 (-4) 62
Us 2.9 (-6) .87

FIGURE 42 RADIATIVE CAPTURE EVENTS
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a dirferent assumption might improve the present approximation, a more cemplex sys-
tem such os Configuration B could hardly be approached with confidence in view of

the difficulty with Configuration A.

Neutron dose rates on a traverse through the LiH region of Configuration 8 are plot-
ted in the next two figures. it will be noted in Figure 43 that there are no DDK data
for the 1egion exterior to the boundary. The 4-group computation foiled to converge
to positive fluxes, over rather large areas of the mesh centering on the stepped bound-
aries used to represent spherical surfaces. The likely reason is overshoot due to the

linear nature of the Sn difference equations.

At the depth in hydrogenous material corresponding to Z = 194 cm, the 14-0 and
QAD Albert-Welton kernels are identical. Hence, differences in the two estimates
are attributable to either the respec-tive source or geametry treatment. Since differ-
ent source treaiments resulted in a trivial error for Configuration A, the 15 to 20%
discrepancy found for Configuration B is probably due to approximation of boundaries
with 14-0. As shown in Figure 44, the relative error for 18-0 data is of similar mag~
nitude, and comparison of the 18-0 and MCS geometries correspondingly difficult,
From the similarity 18-0 to 14-0 and MCS to QAD, it is supposed that such compar-

ison might also disclose o 15 to 20% discrepancy.

The 18-0 dota is slightly more in agreement with the carbon-moments data than at

184 cm depth in Configuration A; however, some of the hydride has been replaced
by iron. In Figure 45, a flattening of the dose rate profile is apparent, due to the
greater shield thickness near the system centerline. In general, the trends observed

for the simpler geometry apply also to Configuration B.
A comparison of neutron energy depositions in selected volumes of Configuration A

is shown in Figure 46. Each of the other methods shows a significant difference from

the Monte Carlo estimate. The carbon-moments data fares best with respect to 18-0,
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in regions where applicable. In considering the DDK data, it should be noted that

the energy range woove 0.1 MeV is represented by only 5 of the 15 energy groups
treated. Thus a discrepancy with 18-0, which uses 25 energy intervals above 1 MeV
in description of cross sections, is not surprising. The 14-0 dato appears low by a

factor of 2 to 3,

Monte Carlo spectra, averaged over a section through the shield at Z = 165 cm, are
shown in Figure 47. Agreement between 18-0 and MCS current is everywhere within
the computeid standard deviations, which are reasonably smull for neutrons carrying
most of the fotal energy., A typical QAD carbon-moments spectrum, computed at
the point Z = 165 cm suggested by the sketch, is also plotted. Agreement of its
shape with that of the Monte Carlo spectra seems surprisingly good considering the
inhomogeneity of the system. At the least, no suspicion is cast on the success of the

carbon-moments kernel in estimating energy deposition in this region.

A similar comparison is shown in Figure 48, for a disc and point on the hottom of the
propellant tank. The point kernel methods agree rather well between themselves,

but predict a greater proportion of neutrons below 1.5 MeV than does Monte Cerlo,
The reason may be the more diffuse angular spread of the less energetic neutrons emit-
ted from the shield, a factor not accounted for in the kernel spectra. In any cose,

the spectrum computed by 14-0 does not affect the dose rate estimate.

Neutron transmission through the reflector is now considered. Estimates of fiux and
current across the cylindrical boundary of Configuration A are shown in Figure 49,

The low relative error computed for the MCS flux estimdte, corroborated by the excel-
lent agreement hetween 18-0 and MCS currents, inspires confidence in the Monte |
Coario flux estimate. The discrete ordinates estimate is about 40% lower at the core
midplane, and perhaps 50% lower near the forward end of the reflector. The appar-
ently large discrepancy with the MCS data on the ronge Z = 160—=192 cm is the fe-

sult of a most unfortunate choice of tally surface. If the slope of the DDK curve is
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accepted, obout half of the particles tallied must have escaped on the range Z =
160 —=164 cm; for a median point of 164 cm the disagreement is only slightly larger
than the relative error of the tally. As one possible explanation of the remaining
discrepancies between DDK and MCS, we note that a low order discrete-ordinates

quadrature is least effective in regions of flux anisotropy, such as on a boundary,

The v.ater-moments kerne! data are in excellent agreement with DDK at the only

tvio points where applicable, Z = 160 and 180 cm. The carbon-moments kernel data,
some 60% higher than MCG, would benefit from the well~known empirical correction
factor for the crossing of materiol-vacuum interfaces. |t would, however, be hard

to justify omission of a similar correction for the water-moments data.

Some dose rates along an axial traverse 124 cm off the system axis are shown in Fig-~
ure 50. The 4-group DDK data, completely independent of the 15-group data shown
in the previous figure, display a similar plateau. Neutron streoming through the ple-

num and iron regions is indicated.

Spectra typical of neutrons escaping the reflector are shown in Figure 51, Locations
of the Monte Carlo tally surface and point kernel receiver are indicated by the inset.
The various data are normalized at 3 MeV. Sampling of neutrons over the energy

range appears adequate. Beryllium happens to be the only non-hydrogenous material

for which spectral data are available in a form suitable for 14-0.

The remainder of the section treats transmission of neutrons through the propellant
tank, Figure 52 shows rate of energy deposition in propellant on the boundary of
the tank, The previously noted flexibility of the alternate 14-0 kernels shows to ad-
vantage. The water-moments appears relatively low. As shown in Figure 53, how-
ever, it progressively approaches the Aibert-Welton estimates. As seen later from

estimates of dose at the propellant tank top, the curves cross and continue to diverge.
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Neutron energy deposition in propellant is tabulated in Figure 54, Region boundo-
ries are defined in Figure 14. Point kernel methods appear fairly satisfactory for the
critical Regions 4 and 5. Correlation is extremely poor in Region 3, however, ond
contributions to the neutron tally due to either scattering in the .eflector ur streom-
ing through the plenum may be suspected. The diffuse charncter of neutrons trans-
mitred through the shield is demonstrated by the energy depositions, in the optically

thick Regions 1 through 5, due to exially biased neutrons.,

Dose rates at the top of the propellant tank are shown in Figure 55, Liquid level is
shown by the broken line in Figure 14. The discrepancy between point kernel ond
Monte Carlo estimates appears significant, particularly in view of the expected sim-
ilarity of dose rate on the three tally surfaces, The most plausible cause of the diffi-
culty is neutron scattering around the b‘ulk of propellant, which in the present instance
does not cover the conical portion of the tank bottom, While some scattering may oc-
cur in the thin edge of the propellant mass, the 0.25 cm thick iron propellant tank
appears a more likely culprit, This excellent neutron scattering material is exposed

to a high flux escaping through the reflector, and over 99% of the dose rate at the

tank top is attributable to radially ...used neutrons.
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4.0 SUMMARY

Computer programs based on three radiation transport models are compared and crit~
ically evoluated for usefulness in pr dicting radiation intensities required in analysis
ond design #f nuclear rocket systems. The QAD-P5, QAD-IV and 14-0 point kernel
programs, the DDK and DTK discrete ordinates (Sn) programs, and the MCS, MCG
and 18-0 Monte Carlo programs are quantitatively compared. The 14-1 and C-17

point kernel programs andO5R Monte Carlo program are considered qualitatively,

Comparison and evaluation is based on preliminary survey of program features and
specifications and a series of computations of radiation intensity throughout two con-
figurations representative of a nuclear rocket system. Computation is directed to-
ward comparison of accuracy and computational efficiency in the estimation of neu-
tron and gomma flux ond energy deposition or dose, for vehiculor regions below,
within and above the propellant tank. Treatment of spectra and of events within the

shield are treated extensively as a guide to interpretation of the above data.

Each of the point kernel and Monte Carlo progfams treated quantitatively con (con-
sidering MCS and MCG jointly) compute estimates in useful form of the intensities

of interest up to the propellant tank top., The discrete ordinates progroms are |imited
fo neutron estimates in the reactor-shield assembly and regions immediately adjacent.
Point kernel estimates of 'gcsmmc intensity vary from the corresponding Monte Carlo
data by factors up to two. Point kernel neutvon estimates, by the best methods which
might later be chosen a priori, show corresponding discrepancies of up to a factor of
four, The ratio between discrete ofdinates and Monte Carlo neutron intensity is ty-
pically 1.5 within the shield, a factor which might be reduced by inclusion of addi-
tional energy groups in the former, Computer time requiremants typically increase
with the sophistication of the model assumed, from point kernel, through discrete or-

dinates, to Montg Carlo.

pnECEDING PAGE BLANK NOT PLMED.
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5.0 CONCLUSIONS
Each method considered has its place in nuclear rocket design analysis:

Point kernel, for preliminary parametric studies;
Monte Carlo, for design point verification;
Discrete Ordinotes, for estimation of fission and radiative capture distri-

butions over the reactor-shield assembly.

Parametric point kernel neutron estimates should always be compared with o
representative Monte Carlo computation performed simultaneously, ond adjust-

ed os required.

Neutron scattering in propellant and/or tank wall appears sufficient to invali-

date point kernel neutron estimotes at the tank top.

Transmission through the reflector, including angular distribution of at least

neutrons, is an important design consideration,

Performance of separate Monte Carlo computations emphasizing reflector and

shield leakage is highiy desirable for propellant tank analysis.

With judicious use of available variance reduction techniques, Monte Carlo
design analyses with computed statistical errors of 10 to 20% appear feasible

for intensities at or below the propellont tank top.

The flexible MCS,/MCG programs are preferable to the specialized 180, on
the basis of variance reduction techniques, latent porticle storage capacity
and geometric description. (Qualitatively, OSR appears comparable with MCS

and includes much greater flexibility for cross section description.)
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(10)

(1)

The two-dimensional DDK should be used in preference to the much faster one-

dimensional DTK, except for the crudest of preliminary investigations.

cach of the point kernel programs studied has advantages which make it pre-
ferable for special types of computation; relative neutron accuracy depends

on the problem,

QAD-IV is fastest for gomma computations.

QAD-PS5 is most accurate for neutrons in non-hydrogenous media, in com-
puting neutron spectra, and in geometric description.

14~0 has the best neutron kernel for mixed hydrogenous and non-hydrogen-

ous media, and con treat multiple source regions and gamma spectra.

Estimation of gamma intensities in manned modules on stages above the tank
top appears feasible with MCG or similar Monte Carlo programs; preliminary
point kernel estimates might be useful . Feasibility of comparable estimates of

neutron intensity appears questionable with the programs studied.

Assessment of differences in test-stand and deep-space radiation environments
over the nuclear stage appears marginally feasible with the programs studied,

but only with a multiplicity of computations of separate radiation components.
These include surface and air scattering of neutrons and gomma radiation, and

production of inelastic and copture gamma radiation.
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6.0 RECOMMENDATIONS

Since Monte Carlo is the implied stondard of accuracy used here, one such
program should be evaluated absolutely by detciled comparison with the avail-

oble experimental data most representative of a nuclear rocket configuration.

Effects due to angular distribution of neutrons transmitted through the reflector

should be investigated further.

A quantitative assessment of problems in estimating manned module environment

should be made.
A scheme for systematic treatment of radiation components comprising test-
stand environment should be developed, leading to preparation of a program

system.

QAD-P5 should be modified to incorporate desirable features of 14-0.
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APPENDIX A

BASIC CROSS SECTION DATA

The following tabulations list the "standard' neutron end gamma cross section points
utilized as primary input for the averaging and/or interpolating techniques of the
Monte Carlo programs and the DDK program (neutron only). Energy values (MeV)
are separated by commas and listed following the variable name, ESUB. Correspond-
ing cross section values (barns/atom) are listed following the variable nome, CS. An
entry such as 1/-7 is interpreted as 1 x 10-7. Each cross section value for gamma
absorption is the sum of phoioelectric and pair production cross sections. All other

entries are relf-explanatory,

The listed neutron cross section data were compiled principally from three sources:

BNL 325 (second edition) 1958;
UCRL-5226 and 5351, 1958; and
AWRE 0-28/60 (United Kingdom) 1960,

Gamma cross sections with the exception of lithium were compiled from NBS circular
583, 1957. Lithium dotu were computed and interpolated from data given in XDC
59-10-19, 1959.

oG PAGE BEANK NOT RLMED.
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