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DISCLAIMER

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability 
or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not 
necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or any agency 
thereof.

DISCLAIM ER

Portions of this document may be illegible in electronic image 

products. Images are produced from the best available 

original document.



-----------------------LEGAL NOTICE-----------------------
This document is a proposal prepared by the General Electric Company. The material 
is to be used only for evaluation to determine whether an award should be made, 
subject to the negotiation of a contract.

The General Electric Company, therefore:

A. Makes no warranty or representation, express or implied, with respect to any 
application, except for evaluation, of the information contained in this proposal, or 
that the use of any information, apparatus, material, method, or process disclosed in 
this proposal may not infringe privately owned rights; and

B. Assumes no liabilities with respect to the use of, or for damages resulting from 
the use of any information, apparatus, material, method, or process disclosed in this 
proposal.
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1. INTRODUCTION

The ability to cluster nuclear rocket engines would provide increased flexibility to the 
mission analyst and vehicle designer in the selection of thrust levels for a stage and also 
reduce the number of engines that would have to be developed. Reducing the required num
ber of different size engines would greatly reduce the cost of developing and fabricating 
engines, conducting qualification testing, and the required facilities. Vehicle and mission 
studies made to date indicate that the potential flexibility and cost reductions are of great 
interest. In these studies, however, the interaction of clusters of engines has only been 
approximated and a quantitative assessment of the actual effect of clustering on system 
performance has not been possible. However, in order to realistically determine the de
sirability of clustering, an accurate evaluation of the problems associated with the use of 
clustered nuclear rocket engines should be undertaken.

Many questions must be answered, such as the weight and cost trade-off of multiple 
small engines versus a large single engine for a given reliability level and the added or 
modified shielding requirements. However, a valid assessment of these effects is dependent 
upon an accurate determination of the nuclear interaction between adjacent engines in the 
cluster. Several analyses of the nuclear interaction of clustered reactors have been per
formed by GE-NMPO personnel with various degrees of sophistication in recent nuclear 
rocket investigations and earlier design studies. None of these analyses provided com
pletely satisfactory solutions. However, they revealed the complexity and difficulty of the 
problem and illustrated the need for methods of providing accurate interaction information.

A well-controlled experiment would provide the best determination of the interaction be
tween adjacent nuclear engines. In a ground-based experiment, however, the effects of 
ground and air scattering as well as irrelevant structural effects, would produce results 
of questionable reliability. It would be more desirable to perform the experiment under 
fully controlled conditions. This approach can be closely approximated through the use of 
computer programmed Monte Carlo techniques.

The accuracy of the Monte Carlo solution would be limited only by the uncertainty in the 
basic nuclear reaction cross sections used in the calculations. Less exact programs than 
Monte Carlo may also be used. Past experience with some of these approximate methods 
has resulted in uncertainties of approximately the same size as the effect which was being 
calculated. However, the use of these approximate methods, when calibrated against either 
an experiment or an accurate calculation such as proposed here, might be economical and 
sufficiently accurate for systems analysis work. /

The interaction between two nuclear engines consists of an exchange of neutrons and 
gamma radiation. The neutron exchange appears td up the more significant, for reasons 
discussed below. The gamma ray exchange is also significant, but it affects individual 
components of the engines rather than resulting in a systematic interaction^

The neutron interaction of primary importance can be described as the fission power 
produced in one engine by the neutrons leaking from the other engine. The effect of this
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added power production will vary with the operating condition of the target engine. If the 
target engine is operating at design power, the added fission power will produce an asym
metric perturbation of the power distribution and increase the multiplication factor. The 
power perturbation causes a fuel element temperature perturbation which can be alleviated 
by power or flow adjustments. These adjustments will result in a reduction in the average 
maximum surface temperature and a corresponding reduction in exit gas temperature and 
specific impulse.

The effect of the gamma ray transport between two operating engines will be increased 
local heating rates in the adjacent nozzle, pressure shell and, depending upon the configura
tion, the pump, gimbal, and support structure.

The interaction between an operating engine and a shutdown engine presents a more com
plex problem. If the target engine has been shut down by virtue of the required mission se
quence and is not to be jettisoned, the amount of coolant, if any, required to prevent dam
age to it must be determined. If it is to be jettisoned, the only information required is the 
allowable reaction time before the over-temperature of the target engine produces destruc
tive effects on other vehicle components.

In the determination of the required coolant flow, several factors must be calculated.
Most important of these is the determination of the total amount of fission power produced 
in the shutdown engine due to the leakage neutrons from the operating engine. As the mul
tiplication factor of the shutdown engine will still be significant, the incident neutrons will 
be multiplied and will produce power in the target engine. Concurrently, secondary heat 
will be generated in the shutdown engine by fission product decay and neutrons and gamma 
rays from the operating engine. The magnitude of this total power production in the target 
engine must be known to determine what coolant flows are required to maintain the integrity 
of the engine, and subsequently power for pumping the coolant. The target engine's own 
turbopump may not be able to use the same energy as during normal operation. Therefore, 
energy storage for this coolant flow may be required or may have to be diverted from the 
operating engine. Either of these methods of providing coolant flow would result in a degra
dation of overall propulsion system performance because the coolant would be discharged 
from the shutdown reactor at considerably below the design temperature.

From this description of the problem, the information required for a quantitative assess
ment of the interaction between two engines can be established. Although only the interaction 
between two engines has been discussed, the interaction between engines in clusters of more 
than two can be determined by the superposition of the two-engine solution on pairs of en
gines in a multiple-engine cluster.

The results of the proposed analysis will be the basic standard for evaluation of the inter
action between two nuclear engines. This standard would then be used to determine the ade
quacy of more approximate, less expensive methods suitable for parametric interaction 
evaluations. An obvious corollary problem is an evaluation of means of isolating the two 
engines to reduce the nuclear interaction.

An artist's concept of a two-engine cluster is shown in Figure 1.



Fig. 1 —Artist's concept of a two-engine nuclear rocket cluster CO
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2. WORK STATEMENT

GE-NMPO proposes to perforin a study which will provide an accurate determination of 
the interaction of two clustered nuclear rocket engines. Using the results as a reference, 
an evaluation will then be made of the accuracy and suitability of more approximate methods 
for economical use in vehicle and mission parametric studies. The scope of the study con
sists of the following:

1. Establish a reference configuration of two identical nuclear rocket engines. The 
engines chosen will utilize a fast-spectrum, refractory-metal reactor, in the 30,000- 
pound-thrust size, of the type being studied for the Air Force under Contract No.
AF 04 (611)-9068. The engines will be separated by a fixed distance for the accurate 
calculation. This configuration will extend to the upper structure of the engines but 
will not include vehicle-associated components.

2. Calculate the fission power distribution and reactivity of the sdurce reactor incorpo
rating the reflection of neutrons from the target engine.

3. Calculate the fission power distribution and reactivity of the operating target reactor 
due to neutron leakage from the source engine.

4. Establish the total fission power generation in the target engine in the shutdown con
dition.

5. Calculate the heating caused by the gamma rays originating from the source engine 
in several components of the target engine including, but not restricted to, the 
nozzle, pressure shell, and representative upper structure.

6. Determine the foregoing quantities utilizing approximation methods for the defined 
separation and, if the approximation methods are found to be suitable, for three 
other separations.

7. The above calculations will be repeated for a configuration in which isolation is pro
vided. The approximation methods will again be compared with the results of the 
accurate analysis. If the approximate methods are found to be satisfactory, the ef
fect of increased barrier thickness will be determined by the approximate methods.
If they are not satisfactory, other means of obtaining the parametric information 
will be recommended.

After establishing the configuration, the study will be performed in the following steps.

Step 1 - A neutron analysis of the source reactor will be performed by use of one-di
mensional, 16-neutron-energy-group, transport-theory methods.

Step 2 - Utilizing the neutron source distribution determined in Step 1, the energy and 
angular distribution of the neutrons leaking from the source reactor will be determined 
by the use of a cylindrical Monte Carlo method.

Step 3 - With the surface source of neutrons established in Step 2, the transport of the 
neutrons from the surface and the penetration into the target engine will be determined by 
a flexible geometry Monte Carlo calculation. This calculation will also provide the spatial 
energy and angular data on the neutrons reflected from the target engine.
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Step 4 - The spatial power distribution in the target engine will be determined as a 
function of the azimuthal angle; also, the effect on reactivity in both the shutdown and 
operating conditions will be determined. The method used for these calculations will be a 
two-dimensional transport theory formulation in the X-Y coordinate system, with the 
neutron penetration derived in Step 3 considered as a fixed source contribution.

Step 5 - The gamma heating in the target engine will be calculated using point kernel 
techniques. The point kernel calculations will utilize source spatial and energy distri
butions determined by the neutron analysis performed in Step 1.

Step 6 - The information obtained in Steps 1 to 4 will be obtained, using point kernel 
calculations to replace the more accurate methods used in Steps 2 and 3.

Step 7 - If the correlation of results of Steps 4 and 6 is not satisfactory, the data from 
Step 2 will be integrated over the surface of the source engine. This source will then be 
used for the point kernel calculation of the information obtained in Step 3.

Step 8 - Using Step 6 methods, or Step 7 if necessary, the information obtained in Step 
4 will be determined for three additional and different engine separation distances.

Step 9 - Steps 3 to 8 will be repeated to determine the effect of isolation barriers on 
the interaction of the two engines.

The data obtained from the above steps will therefore consist of:

1. The effect on the target engine for both perturbation of the operating power distri
bution and the power generation in the shutdown condition.

2. The reactivity change in one engine caused by the adjacent operating engine or the 
reflecting effect of the adjacent engine.

3. The dependency of the effect in (2.) above on engine separation distances.
4. Gamma heating rates in the target engine due to source engine operation.
5. Leakage neutron patterns in angle, energy, and space suitable for translation to 

isodose plots.
6. Energy deposition in the barrier region.
7. An evaluation of the advantages and disadvantages of different methods of analyzing 

this problem:
a. Fission source distribution in the source reactor.
b. Primary and secondary gamma source distribution.
c. The spatial, angular, and energy distribution of neutrons striking the target, 

reflected from the target, and then re-incident on the source engine.
d. Neutron fluxes in the target engine due to the transported neutrons.

Adequately funded, this clustering study could be performed in about 1 year, as shown 
in Figure 2. A more detailed discussion of several of the methods that would be used in 
this study is contained in the following Technical Discussion.
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3. TECHNICAL DISCUSSION

The first four steps (listed in the Work Statement) of the proposed study will be per
formed by means of detailed, cross-matched, one-dimensional transport theory; Monte 
Carlo computations; and two-dimensional transport theory calculations. For convenience, 
this is called Phase I of the study.

Step 5, determining the gamma heating in the target engine, will be performed con
currently with Phase I.

Phase II will consist of Steps 6 through 9.

3.1 PHASE I - ANALYSIS OF THE SOURCE REACTOR (STEP 1)

One-dimensional transport theory calculations will be made with multienergy, multi
region Program S-XI** to predict longitudinal and radial distributions of the fission neu
tron production in the source reactor. This code is the result of an extension of SN neutron 
codes^S to a variational optimum formulation. It uses Carlson's composite discrete-point 
and piecewise-linear digital representation, as weU as selected portions of his integration 
method. It calculates the flux and adjoint simultaneously from the flux and adjoint transport 
equations, respectively, and solves for the eigenvalue of interest in an integrated action 
principle that essentially eliminates first-order errors in the solution. Perturbation theory 
integrals are calculated for selected materials for a first-order perturbation theory equa
tion that is derived from the integrated action principle and is at the transport level of 
approximation.

Unlike the one-dimensional diffusion equation, the one-dimensional transport equation 
is not separable. Consequently, one-dimensional radial and longitudinal transport cal
culations must assume infinite dimensions in the transverse direction. Transverse leak
age probabilities in the form of fictitious macroscopic absorption cross sections will be 
used to account for transverse leakage from the active core. Transverse leakage from 
extra-core components will be neglected.

Initially, a radial calculation will be made assuming no transverse leakage. The output 
of this analysis will be used to compute leakage probabilities for a longitudinal analysis.
A subsequent radial analysis will use leakage probabilities determined from output of the 
longitudinal analysis. This calculational sequence will be continued until the transverse 
leakage probabilities show little change.

PHASE I - NEUTRON LEAKAGE FROM THE SOURCE REACTOR (STEP 2)

The spatial, directional, and energy distributions of neutrons leaking from the surface 
of the source reactor will be determined by use of specialized Monte Carlo Program 
18-0.4 This is a digital computer code that applies Monte Carlo methods to simulate neu
tron and gamma ray histories in reactor - shield assemblies. The flow charts for Program

*Superscripts refer to references contained in the reference list at the end of this proposal.
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18-0 were prepared by NDA. Coding of the program was done by GE-ANPD. The original 
flow charts supplied by NDA were modified somewhat as coding progressed.

This program is designed to investigate and determine nuclear heating rates in reactor - 
shield systems and neutron and gamma ray leakage distributions in energy and angle for 
an equivalent point source. The shield portion of a reactor - shield assembly is described 
by regions which are formed by rotation of a class of simply connected quadrilaterals 
about the axis of the reactor - shield assembly. Each region is composed of a homogeneous 
mixture of the basic materials of which the region is composed. Two reactor description 
capabilities are provided by the program: a shield region geometry routine and a reactor 
geometry subroutine. The shield region geometry routine can be utilized to describe re
actors that can be approximated by contiguous regions of homogeneous composition which 
are cylindrically symmetrical about the reactor - shield assembly axis. The reactor ge
ometry subroutine is not required when using this method of describing a reactor.

The spatial and energy coordinates of source neutrons and gamma rays whose histories 
are to be determined by Program 18-0 are selected from the appropriate probability 
distributions by an auxiliary code, Program 20-0. 5 in addition to the spatial and energy 
coordinates, the complete set of parameters generated by Program 20-0 for a source 
particle includes a source tube and region number. Program 20-0 places the source parti
cle parameters on tape for use as input to Program 18-0. The direction coordinates of a 
source particle are not chosen by Program 20-0; rather, they are chosen by Program 
18-0 from an isotropic distribution in the laboratory system. A neutron or gamma ray 
collision event is selected by random sampling from the appropriate discrete distributions 
for all neutron or gamma ray events allowed in the program. Thus, no weighting of a 
neutron or gamma ray is effected at a collision by the method of event selection. The 
neutron events treated by Program 18-0 are (1) elastic scattering, (2) inelastic scattering,
(3) radiative capture, (4) neutron capture with alpha emission, (5) (n, 2n) reaction in be
ryllium, and (6) absorption with no secondary emission.

The gamma ray events treated by Program 18-0 are (1) Compton scattering, (2) ab
sorption (photoelectric effect and pair production), and (3) gamma ray absorption with 
neutron emission (photoneutron reaction).

The angular distribution of elastically scattered neutrons may be isotropic or anisotropic 
in the center-of-mass system at the discretion of the user. Inelastically scattered neutrons, 
neutrons from the beryllium (n, 2n) reaction, and secondary gamma rays are assumed to 
be emitted isotropically in the laboratory system.

The importance-sampling techniques of splitting and Russian roulette used on energy 
and region for neutrons and on region for gamma rays are optionally allowed in Program 
18-0. The only way in which neutrons or gamma rays acquire a weight other than 1 is 
through application of these techniques.

Output from Program 18-0 includes energy deposition in each shield region due to 
certain neutron and gamma ray reactions and energy-angle leakage distribution for neut
rons and gamma rays for a point source equivalent to the assembly or, optionally, a tape 
record of the parameters of escaping particles.

Also included in the output for each shield region are the number of (1) neutron and 
gamma ray particles absorbed, (2) neutron and gamma ray particles experiencing energy 
cutoff, (3) neutron and gamma ray particle currents across specified-shield boundaries,
(4) (n, a) reactions, (5) (n, y) reactions, and (6) inelastic-scattering events.

Parameters of the generated secondary particles may form part of the output when 
desired.
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Two auxiliary programs, in addition to Program 20-0, are available for optional use 
in conjunction with Program 18-0. Program 20-7® prepares data necessary to describe 
the shield configuration in the form of binary cards for direct insertion in the 18-0 binary 
deck. Program 18-0 requires extensive and somewhat redundant information about the 
shield configuration in order to operate efficiently. Approximately 45 percent fewer input 
data are required in Program 20-7 for a description of the same configuration, and the 
data are considerably less complex. The program adjusts and converts these data into a 
form acceptable to Program 18-0. Further output of the program contains printed listings 
of the volumes of the regions comprising the shield and comparisons of the coordinates 
included in the input with the adjusted coordinates used in setting up the data. The program 
also searches for errors in the input. If any are found, only comments about the types of 
errors are printed in the output.

Program 20-8? interprets and analyzes Program 18-0 source- and escape-particle 
tapes. The program can be considered to consist of two distinct parts: part A for analysis 
of a source-particle parameter tape and part B for analysis of an escape tape. In part A, 
the Program 20-0 source-particle output tape is interrogated to determine the number of 
neutrons or gamma rays generated in specified core volume elements and source spectrum 
energy intervals. The expected number of neutrons or gamma rays in each of the specified 
volume elements and energy intervals is then computed from the spatial and energy density 
distributions used in the preparation of the source tape and the total number of neutrons 
or gamma rays generated. The expected and actual number of neutrons or gamma rays in 
each volume element and energy interval are then compared.

In part B, the Program 18-0 output escape tape is interrogated to determine the number 
of neutrons or gamma rays leaving the reactor - shield assembly through specified surface 
area elements with energy and direction in specified energy-angle increments. Energy- 
angle distributions for the leaking radiation are then computed from these data.

Recently, Program 18-0 was used for an analysis of gamma ray energy deposition in a 
study model of a fast-spectrum, refractory-metal reactor of the type to be used in this 
study. At least two Monte Carlo runs of 5000 histories each were completed for each of 
11 source energy groups for both core and secondary gamma sources.

All the Monte Carlo calculations for the core sources were made with the same splitting 
scheme; i. e., region weights, which varied from region to region, remained the same for 
all runs. Because of strong core self-absorption, use of this importance sampling tech
nique was necessary to achieve acceptable statistical variation of heating rates from run 
to run in small regions or regions remote from the core. Straightforward Monte Carlo 
calculations were used for secondary sources outside the core. Since these sources were 
actually located in the regions of greatest interest, straightforward Monte Carlo was gen
erally acceptable. All secondary sources outside the core in a given energy group were 
considered in a single Monte Carlo run.

The Monte Carlo output included the total energy, in Mev, deposited in each region by 
the histories considered in the run. Fifty-seven regions were used in the core gamma 
calculations to facilitate splitting, but certain of these were combined in the secondary 
gamma calculations to give results in 48 regions of the study model. Normalization, 
conversion, summation, and variance analysis of the Monte Carlo results were accom
plished on the IBM 7090 with Program PANACEA.® Precision limits of ±67 percent were 
computed for a confidence level of 95 percent in the region containing the least solid ma
terial. Precision limits for all other regions constituted a significantly smaller fraction 
(5%) at the same confidence level of the heating rate in those regions. These precision 
limits indicate only the statistical validity of the Monte Carlo calculations; they do not 
reflect uncertainty caused by errors in the source description or in the cross sections used.
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IBM 7090 time required for preparation of gamma cross section cards, preparation of 
source tapes, interpretation of source tapes, Monte Carlo analysis, and PANACEA data 
reduction was 3.5 hours. Programs 18-0 and 20-0 were modified during the course of 
the analysis to permit change cases. This resulted in a saving of elapsed time and an ap
preciable saving of computer time.

A Monte Carlo analysis with Program 18-0 of neutron leakage from a fast-spectrum, 
refractory-metal reactor is presently being performed. Nineteen-group cross sections 
have been processed for the materials of interest for the energy range from 0.1 to 14 
Mev. The basic data were taken principally from AWRE 0-28/60,^ BNL 325,10 ancj bNL 
400.11 Program 18-0 provides a 25-group capability, and cross sections for a revised 
group structure could be prepared quickly since the basic data are available on IBM deci
mal cards. However, it is believed that the 19-group cross sections will be entirely ade
quate for the proposed analysis. It is expected that neutrons escaping the source reactor 
or impinging upon the target reactor with energies less than 0.1 Mev will be of negligible 
importance. Nevertheless it should be possible to make the initial Monte Carlo calcula
tions at the high end of the spectrum and gradually work down in energy to determine a 
realistic energy cutoff point.

PHASE I - NEUTRON TRANSPORT AND PENETRATION (STEP 3)

Program 18-0 is proposed for analysis of the source reactor leakage since it is special
ized for that application and is very efficient. However, it is proposed that Flexible Monte 
Carlo Program FMC-N^^ be used for analysis of the transport of neutrons from the sur
face of the source reactor into the target reactor because it has the necessary flexibility 
for geometrical, material, and source descriptions.

Flexible Monte Carlo Program FMC-N is a digital computer program that applies 
Monte Carlo methods to simulate neutron histories in a source - shield configuration.
The program is designed for flexibility in the geometrical, material, nuclear, and source 
descriptions of source - shield configurations and variance reduction techniques.

Any number of regions, of a variety of geometrical shapes, are enclosed by a number 
of surfaces described by the general equation:

AX2 + X0X + BY2 + Y0Y + CZ2 + Z0Z - K = 0 

Each region is compsed of a homogeneous mixture of any number of materials.

The direction, spatial, and energy parameters of source neutrons may be selected by 
a source-particle generator, or they may be entered as input from cards or magnetic 
tape.

Parameters of any number of source particles for any number of source regions may 
be generated. These parameters are stored on magnetic tape for later analysis and proc
essing by FMC-N.

The neutron collision routine uses random sampling from the appropriate discrete dis
tributions to select either an elastic-scattering event, an inelastic-scattering event, or 
a fission event. Thus, the subset of the set of all possible neutron events consisting of 
these three events is assumed to occur with probability one. A neutron emerging from a 
collision is given a weight equal to the probability that it escaped absorption at that col
lision multiplied by the probability that it escaped absorption at all prior collisions. This 
is done in order to eliminate the bias introduced by the event-sampling scheme which does 
not allow absorption to occur. Further adjustment of the weight is necessary when one or 
more of the optional variance reduction techniques are used. The angular distribution of 
scattered neutrons may be isotropic or anisotropic in the center-of-mass system at the 
discretion of the user.
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For a fission event, the weight of the incident neutron is considered in determining the 
actual number of neutrons to be produced, thereby producing neutrons of weight one. The 
angular distribution of the fission-produced neutrons is assumed isotropic in the laboratory 
system. Parameters of these neutrons are stored on magnetic tape for later analysis. The 
weight of the incident neutron is tallied in the absorption tally, and the history is termi
nated.

Several variance reduction techniques are optionally allowed in addition to the non- 
optional statistical estimation technique of weighting for absorption escape at each colli
sion. An optional statistical estimation technique may be used for scoring entrance tallies 
and mandatory leakage tallies. Flexibility in sampling from source spectra is achieved 
by using energy-group-averaged constants called acceleration factors. The other options, 
which are forms of importance sampling, are (1) splitting and Russian roulette performed 
on the spatial variables at region boundary crossings and on the energy, spatial, and 
directional variables at collisions, (2) Russian roulette on particles whose weights fall 
below the weight cutoff, and (3) the exponential transformation.

Output available from Program FMC-N includes independently optional absorption or 
energy deposition tallies, Monte Carlo entrance and leakage tallies, expectation entrance 
and leakage tallies, Monte Carlo or expectation flux tallies, and history tallies of particles 
reaching selected regions. Monte Carlo and optional expectation leakage tallies are made 
for all regions external to the source-shield configurations. The absorption or energy 
deposition, entrance, leakage, and flux tallies are made by region and energy group. The 
program also optionally prints the direction cosines, the spatial coordinates, and the 
energy of the source particle. The printing of the history tallies is also optional.

The 19-group nuclear data described above can generally be used for the FMC-N analy
sis, but some reprocessing into the FMC-N format will be necessary. This can be quickly 
accomplished by the five auxiliary programs that were coded for the IBM 7090.

PHASE I - RESPONSE OF THE TARGET ENGINE (STEP 4)

Accurate analysis of perturbations to power distributions, reactivity, kinetic behavior, 
etc., in the target reactor will require at least a two-dimensional capability. FMC-N 
offers three-dimensional capability, and the desired quantities could theoretically be cal
culated by iterative Monte Carlo calculations. In practice, however, it is expected that 
the cost of such calculations in a multiplying system would exceed that of two-dimensional 
multigroup transport theory calculations.

In view of these considerations, it is proposed that two-dimensional transport theory 
code 2DXY13 ke used for analysis of the response of the target reactor.

Program 2DXY is an extensive modification of TDC^that solves the discrete Sn equa
tion in two-dimensional X-Y geometry. It is a multigroup representation incorporating 
only isotropic scattering. The boundary conditions are either the reactor type (zero in
ward flow) or the cell type (perfect reflection). Alternate inhomogeneous options are the 
isotropic boundary source and the isotropic volume source. It would be necessary to use 
the isotropic volume source for this analysis. The isotropic source limitation would seem 
to be one of the most severe.

The homogeneous calculation may be specified by an eigenvalue iteration on reactivity, 
exponential rate, concentration, or zonal expansion; the expansion is only unilaterial to 
prevent mesh overlapping.

To achieve the desired results for a reasonable cost, the 2DXY calculations will be 
made with 5-group cross sections. These will be derived by regrouping the 16-group
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cross sections with a flux averaging calculation using Program G-RED. Fluxes from the 
radial 16-group S-XI analysis will be used for this flux averaging. It has been demonstrated 
that S-XI and TDC transport theory calculations using reduced group cross sections obtained 
in this way give very acceptable agreement with calculations made using the large number 
of groups and with experiment.

Gamma responses in the target reactor will be computed using point kernel program 
14-0.14 More accurate Monte Carlo calculations could be made using the combination of 
Programs 18-0and FMC-G^^ or by using FMC-G alone. However, these would be consider
ably more difficult and expensive. Gamma ray point kernel calculations have been clearly 
established by analysis of many basic and mockup experiments to be sufficiently accurate 
for this analysis. They were not used in the gamma heating calculations described earlier 
because of the need for computing heating rates in and near source regions. Program 
14-0 uses a trapezoidal integration over source regions and, consequently, cannot ade
quately handle that type of problem. This limitation will not affect this calculation.

Several point kernel programs were developed by GE-ANPD for calculating neutron and 
gamma ray penetration of source - shield assemblies. Program 14-0 is one of the latest 
in this series. It evaluates point kernels and integrates over source regions to compute 
neutron and gamma ray fluxes, dose rates, and energy absorption rates for positions in 
and around complex source - shield configurations. Enough physical and source descrip
tion capability is provided by Program 14-0 that nuclear analysis of source - shield 
assemblies which contain sources described in a cylindrical coordinate system should 
involve little uncertainty except that associated with the point kernels and secondary- 
source distributions. Reactor and shield geometries are described in Program 14-0 by 
combinations of regions formed by rotation of rectangles and trapezoids about the source - 
shield axis or parallel axes, or by translation of convex quadrilaterals parallel to any axis 
of the rectangular coordinate system. Compositions are expressed as volume fractions for 
each material in the source - shield assembly and are associated with the appropriate 
geometrical regions by code numbers.

Program 14-0 can be used for shields containing multiple sources described in a cylin
drical coordinate system. Source-region integration limits are specified for each of as 
many as six source types, and location dimensions are specified for the axes of each of 
a possible 200 source regions. Source-region nodal points (source points) are located by 
intersection of axial lines in shells concentric about the source-region axes and planes 
normal to the axes. The provisions for spacing these lines, shells, and planes permit 
description of cylindrical volume, cylindrical or plane surface, axial or radial line, or 
point sources. A different source-point spacing is permitted for each source type.

Source-density distributions must be the same for neutrons and gamma rays. Source- 
density distributions must be identical in all regions of a given type, but they may differ 
in the different source types. Gamma ray source energy spectra are assumed independent 
of position, but they, too, may differ in the different source types. Source-density distri
butions are assumed independent of angular position. They are assumed separable along 
the axes and radii of regions of each source type, and they may be described by either 
cosine or exponential functions. The functions may differ in as many as four ranges along 
either the axis or radius of a source region.

The material attenuation function used for computing gamma ray flux, dose, and energy 
absorption rates combines a buildup factor and an exponential function. Uncollided contri
butions of each discrete energy source are determined correctly by the exponential func
tion. Scattered contributions to the computed detector response are determined empirically 
by the buildup factor. The cubic polynomials used for the buildup factor are fitted to data 
obtained for several infinite homogeneous media by moments-method solution of the
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Boltzmann transport equation. Empirical expressions for computing buildup factors for 
two-material combinations were established by Monte Carlo techniques.

Program 14-0 will be used to integrate over both core and secondary sources in the 
source reactor. Radial and longitudinal distributions of the source spectra will be estab
lished by the S-XI transport theory analysis. Gamma production cross sections reported 
in reference 15 can be used for the analysis. Responses at specified receiver points in 
the target engine will be computed directly. Renormalization of the responses for each 
source energy group will provide target engine response for any operating and shutdown 
history of the source reactor.

3. 2 PHASE R - EVALUATION OF ALTERNATIVE METHODS (STEPS 6-9)

The following describes other methods of calculating the interaction of two nuclear 
rocket engines. Some of them have been used by GE-NMPO for approximate evaluations 
of the interaction. Of these methods, the first appears to be economical and potentially 
suitable for parametric studies after calibration.

Point Kernel and Two-Dimensional Transport

In the approach that will be applied in Phase II of this investigation, the Monte Carlo 
analysis of neutron leakage from the source reactor and transport into the target reactor 
will be replaced by a modified point kernel analysis. Energy-dependent, neutron-collimated, 
removal cross sections will be used in the gamma ray material-attenuation function of point 
kernel program 14-0, with unity buildup, to calculate collimated removal fluxes at re
ceiver points in the target reactor. These fluxes will include uncollided neutrons and neu
trons that have undergone very-low-angle scattering. Energy-dependent removal cross 
sections have been calculated at GE-NMPO for several materials. Similar experimental 
cross sections have been reported by A. F. Avery, et al.^®

These computed removal fluxes will be used to establish fixed sources for a transport 
theory program 2DXY analysis of the target reactor. Although this point kernel analysis 
should be much less expensive than a Monte Carlo analysis, it may prove to be nearly as 
accurate since 2DXY will handle the incident neutrons properly, assuming isotropic scatter
ing, after their first-collision points have been determined. Thus Monte Carlo tracing of 
incident neutrons after their first collision in the target reactor is unnecessary. A Monte 
Carlo analysis may be necessary for this phase of the analysis if there is appreciable 
shielding between the reactors. It will be essential if scattering from adjacent regions is 
significant.

In this approach, the S-XI transport theory determination of fission production distribu
tions in the source reactor will be retained because an analysis equivalent to this, or a 
more exact two-dimensional one, is already a necessary step in the reactor design.

If this technique does not give acceptable accuracy, a variation will be tried in which a 
modified point kernel method is used for analysis of only the transport of neutrons from 
the surface of the source reactor into the target reactor. The Monte Carlo spatial, angular, 
and energy distributions of source reactor leakage neutrons will be used to define surface 
spatial and energy distributions of monodirectional sources that could contribute to un
collided fluxes at specified receiver points in the target reactor. These could be calcu
lated using Program PANACEA and would be used in a modified point kernel program of 
the 14 series. The program would be modified slightly to delete the geometrical attenu
ation calculation required for isotropic sources.

Two-Slab Diffusion Theory

By using a simplified one-dimensional model, it may be possible to calculate the de
sired effect by means of a single diffusion or transport theory program. Figure 3 shows
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the model for this type of analysis. Each reactor is simulated by a slab arrangement, 
with the center of each core represented by a totally reflecting boundary. The space be
tween the source and target reactor is filled with a material with a fictitious absorption 
cross section to simulate the perpendicular leakage. The codes which might be useable 
are F-N,^ ODD, 18 0r S-XI. The major advantage of this method would be its speed and 
simplicity. Three disadvantages are apparent. First, the program may not converge to 
a correct limit in a reasonable time, thus negating the possible speed advantage. The 
reason for this slow convergence is that the set of target and source reactors is treated 
as a single loosely coupled reactor. The source reactor is critical by itself, and the 
program may appear to converge (with respect to the overall multiplication factor) when 
the fluxes in the target are still not converged. Since the desired result depends on the 
fluxes in the target reactor, the actual convergence will depend on how well the fluxes 
in the target reactor settle to a stationary value. This process may take a relatively long 
time. The second disadvantage is concerned with the questionable usefulness of the re
sults. Since only one-dimensional fluxes in slab geometry are calculated, it is difficult 
to relate them to a cylindrical reactor assembly. The third disadvantage is again due to 
the slab geometry. In this geometry the neutron flux which leaks out of the source reactor 
is attenuated only by the fictitious absorption cross sections in the void region between 
the two reactors. There is no inverse-square-law attenuation in a slab system as there 
would be in an actual three-dimensional model. This situation makes the results rather 
sensitive to the choice of the fictitious absorption cross section, whose selection thus be
comes a major problem area. No simple solution is presently obvious.

GE-NMPO

CORE VOID CORE

>-a:
<Q
Z3Oco
UJ
>

uUJ
UJO'
<I-o

SOURCE REACTOR TARGET REACTOR

Fig. 3 - One-dimensional model for a single diffusion or transport theory 
program

This method does not appear promising for these reasons.

2DXY or CURE Cylindrical Segments

A two-dimensional code such as 2DXY or CURE*9 may be used to solve the problem. 
Figure 4 shows the layout in the XY plane. The reactors are assumed to be infinite cylin
ders with leakage perpendicular to the XY plane accounted for by buckling terms. Five- 
group cross sections could be calculated by the methods described in Phase I, Step 1.
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Fig. 4 —2DXY or CURE nuclear model

The advantage of this method is that one program solves the whole problem. The three 
disadvantages are: first, that the case may not converge properly (e.g., the two-slab 
diffusion theory method); second, with CURE, it is difficult to specify the void material 
composition; and third, the validity of the calculation is highly sensitive to separation 
distance.

Iterated Monte Carlo

In addition to using FMC-N to investigate the transport of neutrons between the source 
and target reactor, it should be possible, in principle, to use it iteratively to predict 
perturbation of the fission density distribution in the target reactor. This would be accom
plished by tracing a suitable number of neutrons from the surface of the source reactor in
to the target reactor. Parameters of neutrons liberated in fission reactions induced by 
these neutrons would be stored for later processing. These fission neutrons would then 
be traced in the next iteration. This process would be continued until the computed flux 
distributions were acceptably stable in a critical reactor or negligibly small in a sub- 
critical reactor.

In theory, this technique could be extended to iteratively predict perturbation of the 
fission density distribution and reactivity of the source reactor. In fact, FMC-N could be 
used for simultaneous analysis of the entire system of reactors without geometrical ap
proximation. In actual practice, however, it is believed that this approach may be pro
hibitively costly on the IBM 7090. Hence it is not proposed that the technique be used in 
this investigation. It should be possible after the proposed calculations to predict the com
puter time required for such an analysis.
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4. CAPABILITIES

The capability of the General Electric Nuclear Materials and Propulsion Operation 
(GE-NMPO) to conduct a nuclear analysis of the interactions of clustered rocket engines 
lies in the capabilities of its scientists and mathematicians and in the wide experience 
gained during the Aircraft Nuclear Propulsion program as well as its current programs.

4. 1 PERSONNEL

R. W. BRISKEN

Length of G-E Service: 10-1/2 years (14 years' prior experience)

Education: Diplom - Ingenieur, University of Technology - Munich, Germany

General Experience: Manager - 710 Reactor Systems Program Operation; Manager - 
Advanced Nuclear Propulsion Systems Project; Consultant Engineer, Advanced nuclear 
propulsion studies, engine design, thermodynamics and mechanics; Manager - Advanced 
Engineering, air conditioning equipment design and process studies; Technical Consultant, 
aircraft ground support equipment; in Germany, studies and survey reports for U. S.
Naval Technical Mission to Europe and British Ministry of Supply (A); Project Engineer 
(German Air Ministry), turbojet development; Assistant Project Engineer (GAM), re
search of jet and rocket propulsion; Research Engineer (Aeronautical Research Institute), 
rocket engines and combustion.

Special Related Experience: Engineering management and consultation, analysis, advanced 
design and operational studies, design and development of high power density, low weight 
propulsion and power generating systems and components.

W. E. EDWARDS

Length of G-E Service: 11--1/2 years

Education: BME, MS - Mechanical Engineering, Ohio State University, Oak Ridge School 
of Reactor Technology

General Experience: Manager - Nuclear Systems Engineering Operation; Supervisor - 
Shield Physics, shield nuclear analysis and design, planning of shield experiments; 
Technical Engineer - Development of shield analysis methods and computer programs, 
heat transfer calculations, stress and weight analysis of nuclear power plants. Presented 
papers on shielding at Nuclear Engineering and Science Conference in 1958 and at the 
American Nuclear Society Symposium on Nucleonics in Flight in 1961. Member of 
American Nuclear Society, National Society of Professional Engineers, and American 
Society of Mechanical Engineers.

Special Related Experience: Multigroup diffusion and transport theory analysis of fast- 
spectrum reactors.

UNCLASSIFIED
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J. E. MacDONALD

Length of G-E Service: 10-1/2 years (10 years' prior experience)

Education: BS - Chemistry, Union College
PhD - Physics, University of Notre Dame

General Experience: Physicist, development of slowing down model for high-energy knock- 
on atoms in irradiated materials, development and application of methods of mathematical 
physics, including stochastic methods, to problems of neutron and photon transport in 
complex source and geometrical configurations; planning of long range shield physics 
program for accurate methods of shield analysis and design; directing effort to develop 
and program Monte Carlo codes suitable for analysis of complex reactor-shield systems. 
Consultant, theoretical and nuclear physics pertinent to transport problems; presented 
papers on reactor shielding at Nuclear Engineering and Science Conference in 1958 and at 
the American Nuclear Society Symposium on Nucleonics in 1961.

Special Related Experience: Areas of nuclear and mathematical physics pertaining to 
transport of neutrons and gamma rays and design of radiation shields; methods of nuclear 
analysis.

C. S. ROBERTSON, JR.

Length of G-E Service: 6 years (1 year prior experience)

Education: BS - Physics, Massachusetts Institute of Technology
MS - Nuclear Engineering, Massachusetts Institute of Technology

General Experience: Technical Engineer - Fast-spectrum reactor advanced design;
Group Leader - Preliminary core nuclear analysis of advanced reactors, criticality cal
culations, power distribution calculations using diffusion and Monte Carlo codes, control 
system and control element worth analysis, secondary heating calculations, and theory- 
experiment correlations to validate methods used; Technical Engineer - All phases of 
nuclear analysis, developed IBM 704 code to effectively mechanize power shaping of con
centric-ring fuel elements.

Special Related Experience: Generation of basic nuclear parameters for application to 
fast-spectrum reactors; reactor nuclear analysis; digital computer techniques as applied 
to nuclear reactors.

J. D. SIMPSON

Length of G-E Service: 12 years

Education: BS - Engineering Physics, Ohio State University
Graduate Study, Electron Optics and Quantum Mechanics, Ohio State University

General Experience: Manager - 710 Reactor Systems Performance Operation. Supervisor - 
Critical Experiment Unit, construction and operation of critical experiment reactor. 
Technical Engineer, experimental reactor physics; Engineer, design, construction, and 
operation of critical experiment reactors.

Special Related Experience: Development of nuclear detection and automated data acqui
sition methods; evaluation of analysis of their effects on control system design.

J. P. YALCH

Length of G-E Service: 6-1/2 years (4 years' prior experience)

Education: BS - Mathematics, University of Florida
Graduate work in mathematics, Xavier University

SSIFIED
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General Experience: Technical Engineer - Computer Programming, coding computer 
programs for computation of reactor - shield assembly weight; application of influence 
functions in the computation of neutron and gamma ray spectra and dose rates in and 
around complex reactor - shield assemblies; application of Monte Carlo methods to simu
late neutron and gamma ray life histories in reactor - shield assemblies. Coordinator of 
programmers in coding programs for digital computers.

Special Related Experience: Performance of numerical analysis techniques for solving 
specific technical problems relating to the design of metallic and ceramic reactor cores 
and the design of shielding for manned space vehicles.

4.2 RELATED EXPERIENCE

The comprehensive reactor and shield physics technology presently available at GE- 
NMPO is an outgrowth of that developed during the ANP program and, more recently, 
during current parametric studies of the Air Force nuclear rocket study and the develop
ment of the AEC-contracted 710 fast-spectrum, refractory-metal reactor. Operation 
personnel possess extensive background in reactor and shield physics, the Monte Carlo 
method, and use of digital computer programs to perform the proposed work rapidly and 
economically. Well-versed in nuclear analysis techniques, GE-NMPO scientists have not 
only extended and refined analysis methods and computer codes, but have also had experi
ence in verifying these methods during the ANP program and during the critical experi
ment program of the 710 reactor.

Under the ANP program, computer programs were developed for nuclear and heat 
transfer calculations; many costly and time-consuming shielding experiments, previously 
required, were eliminated by the use of the codes.

As mentioned above, GE-NMPO scientists are well versed in the application of analysis 
methods, particularly Monte Carlo, point kernel, C-Fine, Flexible Monte Carlo (FMC), 
and various extensions of the Monte Carlo method. Through the efforts of GE-ANPD com
puter codes, FMC-N (neutron) and FMC-G (gamma) were made available to the nuclear 
industry. In addition, the development of Program 18-0, which applies Monte Carlo 
methods to simulate neutron and gamma ray life histories in reactor - shield assemblies, 
was done by GE-NMPO. The principal value of the Monte Carlo method lies in the fact 
that it offers the only exact method for analysis of complex geometries of engineered 
systems.

Experienced in programmatic studies of high-performance, direct-cycle systems, GE- 
NMPO is presently under contract to the USAF to conduct a parametric design study of a 
nuclear rocket utilizing a fast-spectrum, refractory-metal reactor similar to the 710 
reactor. The development program is aimed at the demonstration of an experimental 
reactor during Fiscal Year 1966. The 710 critical experiment program achieved criti
cality in March 1963 and is being used to confirm the basic nuclear behavior of the fast- 
spectrum, refractory-metal system and the ability to predict this behavior. To date, 
primary emphasis has been in the areas of fuel element development, critical experiment 
analysis and operation, and control and stability analysis. Fuel element analysis will 
comprise thermomechanical, aerodynamic, and nuclear studies to define fuel element 
studies, L/Dh range, can size and shape, tube wall thickness range, coolant tube spacing, 
and fuel content range. Data obtained from the operation of the critical experiment will be 
used to confirm analysis techniques in the areas of critical mass and reactivity, effective
ness of control devices, and effect of structural materials on critical mass.



J The facilities that would be used in the proposed work are Government-owned and sub
ject to the approval of the cognizant Government agency. They are also subject to prior 
commitment, and their continued availability to GE-NMPO is at the convenience of the 
Government.

The IBM 7090 of the General Electric Evendale Computation Center is available to GE- 
NMPO personnel for the purpose of this proposed study.
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