IOWA STATE UNIVERSITY

Digital Repository

Retrospective Theses and Dissertations

1969

Coupling effects in fast reactors using the Monte
Carlo technique

George Fergus Flanagan
Towa State University

Follow this and additional works at: http://lib.dr.iastate.edu/rtd

b Part of the Nuclear Engineering Commons, and the Qil, Gas, and Energy Commons

Recommended Citation

Flanagan, George Fergus, "Coupling effects in fast reactors using the Monte Carlo technique " (1969). Retrospective Theses and
Dissertations. Paper 3736.

This Dissertation is brought to you for free and open access by Digital Repository @ Iowa State University. It has been accepted for inclusion in
Retrospective Theses and Dissertations by an authorized administrator of Digital Repository @ Iowa State University. For more information, please
contact digirep @iastate.edu.


http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/314?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/171?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/rtd/3736?utm_source=lib.dr.iastate.edu%2Frtd%2F3736&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

T M 7t sz

USSP SR Y e e e S G

‘l_ — e et e e e s -——

This dissertation has been
microfilmed exactly as received 70-7696

FLANAGAN, George Fergus, 1944-
COUPLING EFFECTS IN FAST REACTORS
USING THE MONTE CARLO TECHNIQUE,

Towa State University, Ph.D., 1969
Engineering, nuclear

University Microfilms, Inc., Ann Arbor, Michigan

i
e e e e gy e it

L ey 4 bt e b 4 s A A8 4 s i (5 o min s



COUPLING EFFECTS IN FAST REACTORS

USING THE MONTE CARLO TECHNIQUE
by
George Fergus Flanagan

A Dissertation sSubmitted to the
Graduate Faculty in Partial Fulfillment of
The Requirements for the Degree of

DOCTOR OF PHILOSOPHY

Major Subject: Nuclear Engineering

Approved:

Signature was redacted for privacy.
In Charge of Major Wotk

Signature was redacted for privacy.

Head of Major DéRartment

Signature was redacted for privacy.

Deah\of Graduae Jollege

Iowa State University
Ames, Iowa.

1969



ii

TABLE OF CONTENTS

Page

I. INTRODUCTION ' ~ 1
II. MODELS OF COUPLED REACTORS - 5

' A. Basic Definitions and Theory of the

' Avery Model -5

B. Coupling Model Used with the Monte ‘

Carlo Technique : 11

III. THE MONTE CARLO METHOD AND ITS APPLICATION

IN THE "O5R" CODE o | 17

A. Historical Background - : 17

B. éeneral Description ' 18

C. Generation of Histories . 1°

D. Input Parameters for OS5R ' 29

E. Output Parameters - 32

IVv. PROBLEM DESCRIPTION- ' 36
A. The Assembly : ' . ‘ 36

AB. Input and Output Data - 39

V. ANALYSIS OF DATA - 42
VIi. RESULTS AND DISCUSSiON . | ) 47
VII. CONCLUSIONS AND RECOMMENDATIONS | 54
A. Conclusions _ : | . 54

B. Recommendationslfor Futufe Work 55

VIII. BIBLIOGRAPHY - | . - 59
IX. ACKNOWLEDGMENTS 63

X. APPENDIX A , 64

XI. APPENDIX B | | 70



I. INTRODUCTION

Considerable interest has recently been shown in coupled
reactdrs. ‘The term "coupled" is generally taken to mean that
in each of the reactors which are “coupled", neutrons are
émitted.by fissions induced by neutrons produced in oiher‘
reactors. In 1967, a conference was held at Texas A&M Uni-
versity which dealt entirely with coupled reactor kinetics.

AApplication to the.areas of coupled fast-thermal as-
semblies, Argohaut type reactors, coupled nuclear rocket
engines,,and modular cores for large power reactors is dis-
cussed in several papers (12, 13, 18, 25).

In his paper on coupled fast reactors, W. H. Hannum (12)
discusses the various aspects, both pro and con, for use of
a fast coupled reactor. These aspects can be divided into
six general areas. The six areas are neutron tailoring in
space and energy including high blankét power taiioring, im-
proved reactivity coefficients, neutron lifetime increase,
higher loading, powerpeaking, and control and instrumentation.
Mr; Hannum (12) concludés that énly the first énd last can be
considered as advantageous. The latter is of special interest
to thbse concerned with syétem safety, since large coupled
fast reactors generally have negative temperature coeffi-
cients. However, in the last year this aavantage has been

- weighed against the problems involved in design and building



of large coupled systems. These included economic as well
as technical problems. Thié was one of the considerations:
involved.in the switch by W’estinghousel and Atomics Inter-
nationa12 from a modular system to a single core desigﬁ.

Even though the éoupling may nqt be of as much im-
portance to the commercial field as first thought, it is
still important in research and in the space field.

In the research area nearly all zero power reactors
and other critical facilities are of a modular core design
thus making couplihg important.

In the space_area-the current thought is to couple
- the present nuclear rockets in order to obtain larger
thrusts insteaa of constructing a larger engine. As an
example, at the present time 250,000-750,000 pounds of.
thrust are required to attain earfh orbit departure with
a reasonable payload. The NERVA engine has a thrust of
200,000-500,000 pounds, so in order to attain earth orbit
departure, 1l-3 engines would be required. Although coupling -

in rocket engines is loose, i.e. 0.25¢ or less, it must be .

lDyos, M. Walte Mill Site, Westinghouse Electric
‘Corp., Pittsburth, Penn. Fast demonstration plant de-
~ scription. Private communication. 1969.

2Lancet, R. "Atomics International, Canoga Park,
California. Fast reactor safety. Private communication.
1969. R ' : -



' taken into account for control and safety design (18).

Several analjtical models have been proposed for the
coupled system. The most famiiiar of these was proposed
by R.. Aﬁery (2); In this approach which will be more
thoroughly discussed in the next section, the coupling is
treated using the.formalism of constucting ratios of integral
parameters in order to define such quantities as lifetime,
reactivity etc. ' Further refinements to Avery's model have
‘been introduced by Cockrell and Perez (6). In addition to
the spatial coupling included in Avery's model, the Cockrell-
Perez model introduces spectral coupling. Again the specific
parameters'involved ére defined by ratioslof integrals; Both
the Avery and the Cockrell-Perez models involve solutions of
the integro-differential form of the Boltzmann neutron trans-
port equations from which the point kinetics equaﬁions for
the coupled system are derived. |

In both formulations an effective multiplication con-
stant for coupling between cores is defined as the expecta-
. tion value that a neutron in reactor j gives riée to a next
generatidn fission neutron in reactor i. This term, usually
. written as kii' appears as a coefficient in the point ki-
netics equations in coupled form. It is the calculation of
these coupling coefficients and the wvariation of such with
the Criticality of the reaétor which is the primé considera-

tion of this work.



These coefficients are generally calculated by a ratio
of importance weighted fluxes. However, it is proposed to
calculate the coupling parameters using a Mggtg Carlo tech-
nique and their basic definitions.

The Monte Carlo technique, as employea here, follows
a neutron through the assembly from its release until it is
absorbed or escapés. The neutron's path length between
interactions, and the types of interactions (fission, capture,
and scattering) which it undergoes are determined by the
.materials, neutron cross sections, and angular distributioné'
for various reactions. Since the origin and the destination
of each neutron is known using Monte Carlo, this technique
resolves itself nicely to the statistical prediction of
coupling coefficients. |

Detailed descriptions of the Avery model and of the
particular Monte Carlo program usedlin this work follow in
the next two sections.

An overall deséription and comparison of the Avery,
Cockrell-Perez, and several other major coupling models are
given‘by F. T. Adler, S. J. Gage, and G. C. Hopkins (1) in
the appendix of the Proceedings of Ehe;Symposium on Coupled

Reactor Kinetics which was held at Texas A&M in 1967.



"II. MODELS OF COUPLED REACTORS

. A. Basic Definitions and Theory of the Avery Model
The generél formulation of the reactor equations as
given by the time, space, and energy dependent Boltzmann
:equation may be applied to the coﬁpled system.
The system is characterized in terms of explicit in-
tegral paranzters defined beloﬁ (2).

4

Kij the expectation value that a fission neutron
in reactor j gives rise to a next generation
fission neutron in reactor i

L, . the. average prompt neutron lifetime for the

above process

l-K;1=Ai a measure of the subcriticality‘of reactor i
without the contribution of the other reacfors

Si the total fission neutron source in reactor i

Sij the total fission neutron source in reactor i
‘which results from fissions caused by neutrons‘
which originate in reactor j.

Njk ' ‘the number of neutrons, properly weighted, in
the system which originatéd in reactor k and
are destined to produce next generation neu-
trons in reactor j

C - the propefly weighted measure of thelnumber

v of delayed neutron emitters of the ith group



in reactor k

B, Bi' and ki have the usual kinetic definitions.

An asterisk superscript on any of the'above quantities indi-
cates the adjoint formulation.

If there are N reactors in the entire system'thén,
_ N
S. = Z S.. ' (1)

~and the expectation values for a critical system can be de-

'~ fined by the following ratios

S..
i1l _ ’
5. = Kij ' . (2a)
. 1 .
Si' ,
—-J-Sj = Ki_‘j (2b)

For simplicity consider a two reactor system'in which

it follows from Equation 1.

8y * s12 = ,Sl ‘ . (3a)

So1 + 8yp = Sz. | (3b)
and upon substitution of Equations 2a and.2b, 3a and 3b

become

KllSl + Klzs2 = 5 (4a)



‘ K518y * Ky,8, = 8, _ (4Db)

For a critical system a solution for Equations 4a and
4b must exist for non negative values of Si.' The criticality

condition can be expressed in matrix notation as

(Ky,-1) Ks
I Koy (K22—1)'
or
RK1oKop = 834 ' ' ~ (ea)

Also, if criticality holds, a ratio of sources Sl and 82 can
be expressed as

4

S K A
gl. = 12 _ K—?— ‘ (6 D)
2 1 21

For a non-critical system one introduces the fictitious
value of the numbér of neutrons per fission Ve needed to main-
tain criticality. Therefore for a non;critical system
TIE-4 Vg and the neutron source in one generation will result:
.in the next génefation with a magnitude which differs by a

factor K where K = —-

Ve

A quantity p is also introduced where
V=V,

' - - —.6_\).: . .
Rz K-1 - Kex_’ v v E R (7)




8-11

The coupling coefficients are used in the coupled

point reactor kinetics equations. In the equations below,

D is.the number of delayed neutron groups. -

In terms of

equations become

the defined quantities the point reactor

N ‘ : D
Kjk(l-B) ngl. Sem ~ Sjx * KJk i-fl N Cs
(8)
Z S, = NG (9-21)
=1 km 1Ck1 '

If one defines the following quantities a correlation

to a general formulation of the reactor equations can be

developed. Exact definitions of the various coupling

parameters mentioned earlier can be obtained and these

can then be explicitly evaluated. The parameters defined

will be the steady state valuesi(z).
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g(r,v) © the neutron flux as a function of position
. and velocity

¢f(r,v) | the adjoint flux as a function of position
and velociﬁy

vzf(r,v) . the product of the average number of‘neu—
trons emitted per fission and the wmacro-
scopic fission cross section (the prodﬁct
may be a functién of position and of in-
.coming neutron velocity)

[vZf(r,v)]j‘ the part of vzf(r,v) which présgribes the

‘reactor j; where

2 [vig(r,v) ]‘J- = vzf('r.v)'

J
x(v) ' the normalized fission spectrum where
: fx(v)av = 1
¢j(r,v) © the part of the steady state flux that

results from neutrons from‘the reactor

~j where

> g.(r,v) = &(r,v)
373 .

¢j*(r,v) the part of the importance function which

| is- contributed by neutrons which will cause
their next fission in reactor j.

Correlating the coupling parameters with the general

qﬁantities just defined thand cjk become
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s_j.'= II[vZf(r',vi']j ¢'(r,Y)drdv' - o (22)
N | -
Cyy = X; jf[vzf(r,v)]j ¢(r,v)drdv (23)

In order to divide the total source in reactor j into
partial sources, one takes the fraction of the total im-
portance arising from fission "neutrons in reactor j which

results from neutrons from the various other reactors.

Sjk =

Irivee (r,v)]jb'(r,v) drdv X J‘J‘J’x(v)dk(r,\'r) [vzf(r,v)]jqér,v)drd\?dv.

FErE G (2, 9) [vE (r,v) 1.8(x, v) arddav
| ot 3 (24)

This definition allows one to assign the same average
importance to all the partial sources as was done previously

i.e.,

N..* = N, .*= N.* - ' (25)

The coupling coefficiént was defined as

S.
K. = -3X ©(26)
3k ®x |

Therefore, using Equations 22, 24, and 26 one obtains

an expression for Kﬁk .
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II[VZf(r,V) ]ij(r,v)drdir .
K. =
& 7 Frveg (r.v) Bz, vidray

[5G (2,4) [V, (£, v) 1.8 (r,v)ardbav
X - £ ik \
[rix(v)g (r,§)[vZf(r,v)]j¢(r,v)drd6dv (27)

N.*S..
Jj T3k

fission neutrons in reactor j which result from neutrons born

can be interpreted as the total importance of the

'in reactor k. Therefore

Nj*sjk = jfjk(6)¢*(r,6)[VZf(r,v)]j¢k(r,v)drd6dv (28)

and solving for Nj* using Equation 23 for Sjk

[P0 (2,9 [vEe(z,v) 1.8 (2, v) dravay
* = £ J v (29)

N.
’ 1IIvEg (e, ]z, v)ardy
The overall neutron lifetime L is given by the usual

definition of the total importance divided by the rate of

production of importance.

p LoV Fle,w) g gy

L = ¥ | . (30)

IIIX(€)¢*(r,§)VZf(r,v)¢(;,v)drd6dv

realizing
e .

'énd
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one can express Equation 30 as

¢j*(r,v)¢k(r,v) ‘
> I - drdv
jk

IIIX(§)¢*(rlﬁ)vzf¢(r.v)drd6dv

L =

(31)

In order to obtain the partial lifetimes one simply

drops the double summation sign in Equation 31.

o g1 (2, v) 8 (£, V)

= g drdv _
ik - — (32)
e8] (r,v)[vzf(r,v)}¢k(r,v)dr,d6dv

L

This definition of ij is in keeping with the definition of

N de€ey Ny = S;La .

The fluxes are obtained in the usual manner using var-
ious numerical techniques for solution of the Boltzmann
transport equation. However, in small fast systems where
the leakage terms (and therefore the ;oupling) are important,
lthe boundary conditions can easily be defined only in a sim;

ple one aimensional problem.
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B. Coupling Mpdel,Used with the Monte Carlo Technique

The coupling coefficients as used in this work are de-'

fined as follows:

‘ Kij the normalized expectation value that a fission

neutron in reactor j gives rise to a next-genera-

tion fission neutron in reactor i
S. the total fission neutron source in reactor i

Sij the fission neutron source in reactor i which re-

sults from fissions caused by neutrons which orig-

inate in reactor. j

"If there are N reactors in the system then

S. =

i S,

1 13

M=

3
and the normalized coupling coefficients are calculated using

the following ratios.

Si4

K.. = =%

ii .Si
K.. = 8S../S.
1j '1J/ J

For a critical reactor this definition agrees with that
used in the Avery model. However, for the non-critical re-

actor, the coupling coefficients calculated in this work are -
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the Averf coefficients divided by the criticality factor
i.e. Ky = K{ /K. |

A logical method of obtaining these coupling coef-
ficients is byluse of a Monte Carlo technique, where'the
neutrons'a;e followed from their production to their removal
from the assembly. The coup}ing-coefficient, Kij' can be
obtained by taking the ratio of all the fission neutrons
produced in reactor i which originated in reactor j tofthe
total number of neutrons originating in reactor j.

The coupling coefficignts used in this work should ﬁot
‘vary with chaﬁges in criticality due to cross section or
density changes since they are normalized by dividing by
. the criticality factor. If the geometry is changed one |
could expect a variation in the coupling coefficiénts dug

" to changes in leakage.
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III. THE -MONTE CARLO METHOD AND ITS

APPLICATION IN THE "OSR" CODE
A. Historical Background

The Monte4Car16 method originated during the 1940's as
a result of work done by J. von Neumann and S. Ulam at Los
Alamos. -However, virtually nothing appeared in print until
}l949. In that year, a symposium was held on Monte Carlo
methods at Los Angeles under the sponsorship of the Rand
Corporation and ﬁhe_Nationél Bureau of Standards in cdopera—
tion with Oak Ridge National Laboratory. The proceedinQS'of
this symposium were published by the National Bureau of
Standards (24) in 1951. |

A sécond symposium was held at the University of Florida
in 1954. It was sponsored by WrightiAir Development Cenfer
of the Air Research and.Development,Command (21).

Since the first publication the interest in the field
' has grown. With the adventlof bigger and faster computing

machines in recent years, the full capabilities of the method

.are now being more nearly realized. As an example, in a
. recent-article in Nuclear Applications, the O5R Monte Carlo
éode‘at Oak Ridge was used to calculate the flux distribution
in a SNAP reactdf and the results were in excellent agréement
with experimentally measured vélues (32) . There have been

-

several articles which describe both'theoretical'ahd applied
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work using Monte Carlo (4, 5, 10, 16, 19, 20, 21, 24) and

no further background will be given here.

B. General Description

The code used in this work was the O5R Monte Carlo Code.
It was developed by R. R. Coveyou, J. G. Sullivan and H. P.
Carter at Oak Ridge National Laboratory in Oak Ridge, Tennes-
see (8). . |

The O5R code system was designed to calculate any quan;
tity related to neuéron transbort in a reactor or shielding
problem.

Sources may have arbitrary spatial, energy, and angular
distributions via a subr&utine written by‘the user. Arbi-
trary three dimensional geometries bounded by quadric sur-
faces and a maximum of sixteen media may be included in the
problem; Anigotropic scattéring can be included for both
elastic and inelastic processes. The code is applicable to
fiséiohable as weil as non fissionable media. Also included
are several variance reduction technigues sudh as Russian
roulette ahd splitting.

A calculation generally consists of two main operations.
First, the O5R-generator is used to generate histories and
produce "collision tapes" on which are written any or all of

34 distinct parameters which describe the. collision.
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Secondly; these tapes are processed separately by an "anal-
ysis" routine writfen by the user.

A batch system of processing is employed to obtain a
detailed table of cross sections in fast memory. The cross
sections ip memory at one time encompass only a small energy
range. All collisions of a batch for which these cross sec-
tions are needed are generated before reading another group
of cross sections from a tape. O5R can handle an ene:gy
range extending from 77.13 MeV to 0.07x10"3ev.

The_cross sections-arg preparea for use in OS5R by a.

- special routiné XSECT. This code berforms‘a variety of -
manipulations- such as preparing,'updating, and editing a
.master cross section tape:; in addition it performs cross

section arithmetic.

C. Generation of Histories

The sourée data are generated by a routine SOURCE
wfitteh by the user. The aésembly used in this work con-
sists of two'cdupled bare slabs of uranium. In order to
speed convergence a cosine distribution in the X and Y
direction and a uniform distribution in the % direction were
used with a fission spectrum distribution of energies. The
angular distribution was dhosen tq be isotropic for. the-

source neutrons.
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Inelastic collisions are treated using an evaporation
model (11, 33). The temperature of the compound nucleus
is a constant times the square root of the incident neutron
energy. This temperature is used as the most probable
temperature of a modified Maxwell Boltzmann distribution
.(27) from which an energy for the scattered neutron is
chosen using random - numbers .

The neutron histories are generated in the following
hanner (Appendix B). |

First, the neutron is assigned a NAME, which is an
integer which distinguishes it from every other neutron in
the batch. An initial speed and direction are also assigned,.
as are the spatial.coordinates X, ¥, and 2 of its birth and |
an initial weight (usually equai to 1.0). The quantities
may be arbitrarily assigned by the user using the SOURCE
subroutine or may result from the distributions of fissione
from the previous batch in fissioning systems. Finally, the
geometry routine, GEOM, determines in which medium the neu—
tron lies.

| During the slowing down process, the number of mean

free flight times (path length divided by velocity) that
the neutron is to travel is chosen from aﬁ exponential dis-
tribution. From a consideration of the cross sections and
- the geometry, a tentative position for Ehe.next collision

is chosen. If the flight path lies entirely within the
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medium of origin, the tentative position is gaopted as the
site of the next collision. If, however, the flight path
érossés a medium boundary the position of the boundary cross-—
ing is fouhd; and the distance to this croésing point is
Subtracfed from the original path length. The boundafy‘
crossing point then becomes the starting point for the cbﬁ—
tinuation of the flight.' The flight distance within the
hew medium is the original distance less the distance

. traveléé.to the medium crossing. This process continues

' uhtil a flight path lying entirely within a single medium
is found or until theAneutron escapes.

At the collision point a new weiqht is computed by
multiplying the old weight by the survival probability i.e.,
the pon-absorption probability. For this case fissions are
considered as scattering events, therefore fission is in-
volved in the calculation of the non-ébsorption pfobability.

The nuclide from which the neutron is to scatter is
chosen by considering thé scattering cross sections of all
‘ nuélides of the medium ¢f the collision point. As noted
previouély all collisions are scattering events.

From the mass Qf the écatterer,'the neutron velocity
in the laboratory system before the collision, the type
(elastic or inelastic) of scattering,‘and'a selection from
an angula; distribution associated with the scatterer; a

new velocity is found.
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The energy corresponding to the new velocity of the
neutron is compéréd to an arbitrary cut-off energy. If the
energy is greater than the cut-off energy the slowing down
process continues, if it is less than the cut-off value the
slowing down is concluded and the neutron enters the thermal
group. Several treatments of the thermal case can be op-
tionally handled by OSR i.e., the one velocity model. the
independent gas model, or a model created by the user.il
Since the system being investigated in this work is a fast
system no thermal treatment is séecified. The few neutrons
reaching the cut-off energy are lost.

A random number generator is inéluded in ‘the O5R code
which supplies various distributions énd pseudorandom num-
bers. The following diétributions aré available for use in

all subprograms including those programs written by the user.

R=FLTRNF (DUM) i'. Uniformly distributed on the inter-
| | val (0,1) | '

R=SFLRAF (DUM) :"'Uniformly distributed on the inte:—
| val (-1,1)

.R:EXPRNF(DﬁM) Expontentially distributed :

P(R) &R = e &R |

CALL AZIRN(Sin,Cos) A random azimuthal anglé. The sine
and cosine of ¢, where ¢ is uni-
formly distributed on the interval - .

(0, 2m).
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CALL'POLRN(Sin,Cos) The sine and cosine of © where’
cos © is uniformly distributed on
the interval (-1,1). A random

| polar angle.
"CALL GTISO(X,Y,X) An isotropic unit vector X:éos e,
| Y=cos @ sin ©, Z=sin @ sin © where
e is a random polar angle and & is
a random azimuthal angle. '

R=RNMAXF (T) Maxwellian energy distribution :
P(R) aR=(4/1%7) 1/ 2p1/ 2R/ T

R=FISRNF (DUM) A.neutroﬁ speed squared from the
Watt'fiésion spectrum : P(R)dR=C e'R/T

sinh (2/EEf/T), where T=0.965 X

11.913220092 X 101° and E=0.523 X
1.913220092 X 10%8. Where the
18

constant 1.913220092 X 10 is the

conversion factor f£rom MeV to .

cmz/secz.

Since absofption is not allowed in OS5R, fhe'fissions
which eventually produce the source neutrons for the second
and successive batches are treated as follows.

At each collision point a fission.weight'WATEF is cal-
culated. This is the proﬁability of a fission neutron being

produced i.e., vzf(E)/Etot(E). Where 3, .

section including absorption. The fission weight is compared

is the total cross



24

" to the product of a floating point random number between O.
and l.Q anQ an arbitrarily chosen weight assigned to neutrons
created by fissions (usually 1.0). If the fission weight is
less than the product, no fissions are assumed to occur and
control is réturned to the main program. If, however, the
fission weight is greater than the product of the random
number and the'éssigned weight, a fission is said to occur
and a'neutron,having the preassigned weight and the coor-
dinates of the collision point is stored on the fission tape;
| At the end of each batch the neutrons on.the fission
tape are retrieved. The weights are normalized so that £he
total weight of the ﬁeufrons is equal to Ehe total weight
of the neutrons in the initial batch. The energy of these
neutrons is that of the Watt spectrum and this energy-is
assigned by the preViously described random number routine.
In addition to the method of assigning fissidn neutrons
for each batch, the O5R code also accumulates the sum of the
product (vzf/ztot * WATE) over all collisions where WATE is
,'the non-absorption probability mentioned.above.' This accum—v
ulated weight FTOTAL is used in the calculation of the multi-
plicatidn constant. |
One of the most distinctive features of O5R is its
- highly detailed representation‘of neutron cross section
data. The entire energy range, from 77.13 MeV to 0.08 X

-3 

10 eV, is first divided iﬁto.forty supergroups by energy
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boundaries a factor of two apart. Each supergroup is then
subdivided into n subgroups of equal energy width, where n
is any number between 1 and 512.

Cross sections are assumed cqﬁstant‘across each sub-
group; This choice of representation reproduces fairly well
the general tendency of créss sections to vary somewhat more
" regularly with lethargy than with energy, yet it takes into

accoun; the ease of working with equal energy spacings within
a supergroup. The memory address of the particular cross
section needed is obtained by a linear energy transformation.

The OSR.internally uses the speed squared instead of the
ehergy, thus the unusuél liﬁits of energy. The value 77.13

67

MeV is 2 sz/sec2 where 0.07 X.lO"3 eV is equal to

227

cm?/sec?® (28).
The neutrons are processed in parallel through eadhsupér—'
" group with ohly the cross sections for the supergroup being
processed held in memory at any one time in order to conserve
memor& space. The ﬁarallel processing iﬁvolves following
~each neutron as far as possible with the déta in the memory.
The néutrdn is then laid aside until all others are processed
similarly. When all are,prbcessed the data for Ehe next lower
energy droup are brought into memory and the abové processing
cohtinues.

' The second unique feature of ‘the O5R is the geometry

routiné, This is especially important in the‘general coupling
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problem due to the unwieldy geometry of large coupled as-
semblies. The O5R can handle calculations involving sixteen’
media with permissible bouhdaries being any shape which can
‘be described b&-quadric surfaces either singly or combined.
The routine which héndles the tracing and tallying of neutron
paths through the system is GEOM.

The first step.in the description of a system for the
GEOM routine is to enclose the entiré systeﬁ in a rectangular
paralielepiped with faces parallel to the coordinate planes.

This parallelepiped is divided into smaller parallel-
epipeas'called‘zones whose faces are again parallel.to the -
coordinate planes.

The zones are once again divided into smaller parallel-
‘ epipeds called blocks, with boundaries parallel to the co-
‘ ordinate axes but extehding only écross individual zones.
The planes used as boundaries for zones or blocks neéd not
be boundaries betweeﬁ ﬁedia, however, it is advantageous
to make any boundaries separating media which are parallel
to the coordinate axes boundaries of biocks or zones as
well.

‘,Boundaries between media which are not block or zone
boundaries may be any quadric surfaces. The quadric sur-
face is defined by the zeros of a quadratic function. - This
surface divides all space into two secto:s. Uin one secto:f

the function will be positive, and in the other it will be
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negative.

Each block can contain up to eighteen surféces as
" medium boundaries. The positive and negative portions of -
the block are called sectoré, however, each sector must
contain.only one medium. Two sectors containing the same
medium are allowed to join.- |

QSR includes two voids. The firét, the external void
(assigned the medium number O0), represents- all space outside
the enclosiﬁg'parallelepipéd. If a neutfon enters the ex-
ternal &oid it escapes from the system.

ihe second, the internal void (represented by the medium
number 1000), is treated aé a medium where the mean free path
of the neutron is infinite. A neutron entering the internal
void traverses it entirely and the path length in the void
is considered to be zero.

O5R also provides for a system of regions fér the appli-
cation of weight standards. The regions eXhibi£ the same
_divisions into blocks and zones as for the media geometry,
but division of a block is independent of the media divisions.

In this work no regién géometry was éonsidered since
weight standards were not applied, and all areas of the as-
sembly possess equal weights.

The geometry data arevread into the GEOM routine in the

followipg.manner (7):
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List of boundaries of zones in increasing order along
the X axis

List of boundaries of zones in 1nc1ea51ng order along
the Y axis

List of boundaries of zones in increasing order along
the Z axis

For each zone (1,m,n)
List of block boundaries in increasing order in X
List of block boundaries in increasing order in Y
List of block boundaries in increasing order in 2

' For each block of the zone

List of media numbers in the block, sector by
sector
List of surface numbers appearlng in the block

For each sector
List of indices marking the position of the sector
with respect to the surfaces of the block
(+ll"'ll 0)

*Possible data of statistical regions

List of regions '
List of boundary surfaces numbers in the block

For each region
"List of incides marking the position of the region
with respect to the boundary surfaces of reglons
of the block

List of quadratic functions describing the surfaces in
the order of surface number in the blocks above

*Not used if region geometry is not included in the
problem.

A detailed description of the operation of the geometry
subroutine GEOM is given in the operating manual for the O3R

~code (28).
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D. Input Parameters for O5R

' The foliowing variables must be supplied to OSR in
card form. In addition to £hese variables listed below,
two tapes written by the routine XSECT are required. The
first is the system data taée which contains (a) the mean-
free—fliéht £imes for each energy subgroup interval, (b)
the non-absorption probability for each subgroup interval,
and (c) the cumulative scattering p:obabilities. The second
tape is the PHI tape containihg data used in the anisotropic
scattering routine of O5R. The values on this tape are cal-
culated using a tedhnique developed by R. R. Coveyou (8), a
summary of the technique is discussed in Appendix A. |

The card inpuf data variables are as follows:

NSTRT The number éf neutrons initially in each batch .
NMOST The maximum nﬁmber‘of neutroﬁs permitted to
appear during the run of one batch‘

NITS The number of batches in the run

NQUIT  The number of runs |

EBQT The energy,ih eV, below which neutrons are con-
sidered to be in the thermal éroup

NTHRML The option for treatment of thermal neutrons
‘as mentioned in part B of this section

MEDIA The total number (less than sixteen) of media

- exclusive of voids in the system
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.NCONT1 .The logical number of the system data tape
NCONT2 The logical number of a copy of the system data.
b tape. This is used to avoid wasting machine
 time in rewinding NCONTL
'NSTAPE The logical number of the data tape used in one
of the thermal neutron options, ignored in the

case of no thermal neutrons

A set of the following five variables is,reqﬁired for each
mediuﬁ in the system.
LFl ) ‘The type of scattering used for each scatterer.
| in the medium
ASSES The atomic mass, in amu, of each scatterer in
the medium. The mass of an inelastic scatterer
is represented by zero mass
SLOTH, SLOPS, SLOFS Data uséd in the one velocity

' thermal. neutron option

The following ten variables are for source neutrons, the
values assigned are.overridden by data_generéted by SOURCE.
ESOUR The source energy in ev |
. UINP, VINP, WINP The direction cosines of the source
neutrons, a value of zero for each will denote
an isotropic distfibutioh of source neutrons
WISTRT The statistiéai~weight assigned to each neutron

XSTRT, YSTRT, ZSTRT The coordinates of the initial
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position of all neutrons in units of centi-
meters
NMED The medium number within which the above co-
ordinates lie
NREG ' The region number within whicﬁ the startiné

coordinates lie

The following parameters specify output parameters.
~ NHISTR Theiloéical number assigned to the first col-
| lision tape may be assigned. When the first
‘tape is filled the logical number NHISTR is
advanced by 1 and the recording of collisions
continues until NHISMX is reached or the prob-
lem is terminated '

NBIND an index indicating which of the 36 output
parameters are to be recorded. This list will
be given in part E of this section

RANDM The octal representation of the initial param-

eter in the random number generation routine.
The starting random'numbef should end in 1 or
3 in order for the period of the random number

sequence to be maximum

Finally the following five parameters'are needed to complete
the input data. -
NSOUR  An index which in fissionable media offers an .

option with respect_to the source for batches
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after the iﬂitial batch. If NSOUR L 0, the
original source will be used for all batch.
If NSOUR > 1, the source for these second and
succeeding batches will be the neutrons re-
sulting from fissions taking place during the
transport of the preceding batch .
MFISTP The logical number of the tape for storing fis-
| sion neutron parameters during a batch |
FWLOW The arbitrary weight to be assigned to neutrons
| produced by fissions (usually equal to 1.0)
NPTAPE The logical number of the PHI tape mentioned
eérlier
NTYPE An index which indicates whether biasing of

éngular scattering is to be considered

Further variables are required if variance reduction tech-~
niques are to be used. However, for the problem under con-

sideration in this paper, no further input data are needed.

E.  Output Parameters

The following parameters may be obtained for each col-
lision.
NCOLL An integer identifying the type of "collision"
to which the parameters apply

NCOLL=1 source neutron data
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SPDSQ

WATE

SPOLD
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NCOLL=2 real collision of a neutron with a

nuclide

NCOLL=3 neutron killed by Russian roulette

NCOLL=4'néutron escapes from the system

NCOLL=5 application of weight standards has

caused the neutron to split. The data

for the original neutron is given

NCOLL=6 the data for the new neutron due to

splitting is given

NCOLL=7 neutron crosses a medium boundary

NCOLL=8 neutron survives Russian roulette and

its weight increases accordingly

NCOLL=9 optional, for use by the user

An integer which identifies the neutron having

collision

the
The speed squared. of the neutron after a col-
lision |
The neutron velocity in the X direction, after
the collision
The neutrqn velocity in the Y direction, after
the collision: |
The neutron velocity in the z direction, after
the col;ision

neutron weight after the collisiop

‘speed’squa:ed before the collision
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. UOLD The neutron velocity in the X direction, beforé
the collision

VOLD The neutron velocity in the Y direction,‘before
the collision

WOLD The heutron velocity in the Z direction, before |

the collision

XOLD The X coordinate of the previously recorded evernt
YOLD The Y coordinate of the previously recorded event
ZOLD The Z coordinate of the previously recorded event

OLDWT The neutron weight before the collision
. THETM The mean free flight time to the collision
PSIE  The non-absorption probability at the site of
the collision
ETAUSD The number of mean free paths used to arrive at
the collision point from the last.collision point
NGROUP An'integer.specifying tﬁe energy supergroup
 within which SPOLD lies
LELEM An inﬁeger ideniifying'the nuclide collided with
NREG The region in which the collision took place
NMED An integer identifying the medium in which the
collision occurred '
NaMEX ‘An integer identifying the neutron from which
' .thélcurrent_neutron was produced if it was pro-
‘duced by splitting '

WATEF The fissién weight produced at the_cbilision



-BLZNT

BLZON

LAMBDA

SO

Sl

ETHATH

FONE

EXTRAL

EXTRA2
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point (WA‘I‘EF:OLDW‘I‘*V zv/ztot)

A packed word giving the block and zone of X, Y,
and Z

A packed word giving the block and zone location
of XOLD, YOLD, and ZOLD

The mean free path in the medium before the col-
lision

The speed of the neutron before the collision
The speed of the neutron after the collision
The time taken to arrive at the collision point
from the previous co;lision point

Thelaverage value of the cosine of the scatteringv
angle in the cehter—of—mass system

Not used at the present, for user option

Not used at the present, for user option
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IV. PROBLEM DESCRIPTION.
A. The Assembly

The,assémbly used in this work consisted of two 27.94
cm diameter cylinders each 6.676 cm thick. The two cylinders
- were spaced 36.94 cm apart along the 2 axis as shown in Fig-

ure 1.

X
R=13.97 cm :
- t= 6.676 cm @
d=36.94 cm 2

-t k—d— t Kk

Figure 1. Configuration and orientation of the assembly

As can be seen from Figure 1, the reétangular coordinate
system was chosen with the Y axis outwardly perpendicular to
the page. This cofresponds to a simple fast'critical facil-
ity in three dimensions.

The reason for the selection of the above configuration
is two fold. . |

First, an assembly such as the above was used by John

Mihalczo (22) at Oak Ridge as an experlmental assembly to
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measure the kihetic effects of coupled reactors. Mr. Mihalczo
used the O5R Monte Carlo code to calculate coupling coeffi-
cients in the éssembly. These were then used in solving the
coupled point reactdr kinetics equations to obtain theoreti-
cal results which were compared to experimenial data. Thus,
for one set of data a comparison of results can be made.
However, néither the technique involved in the calculation -
of thé coefficients, the parameters used, nor the variation
of the coefficients with criticality were given in detail in
the above paper. The experimental determination of the coupl-
ing coefficients appears to be difficult and no experimental
. resﬁlts are available for compariéon at this time. This pape#,
therefore, will emphasize the technique used for calculation
of the coupling coefficients and their dependence on the
. criticality of the system. R
The second reason for applying the code to a simple sys—

tem was to conserve computer fast memory space and therefore
coméuter expenée. The more.complicated the geometry the
greater the amount pf memory space needed for storage of bound-
ary data and medium cross.sections, also the greater the time
required,to_trace the neutron paths. The expansion to a mdre
cdmplicated system simply involves changing the geometry in-
put cards described in.section’c of Part III.

In the first run, each of the uranium slabs was en-

.ridhed to 93.15% in U-235. This run corresponds to the O5R
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calculation made by J. Mihalczo at Oak Ridge. A comparison
of results follows in Part VI. |

The upper energy limit chosen for the problem was the
same as the'upper limit of the Watt fission spectrum i.e.
10 MeV. The lower end of fast reactor spectra, 500 eV, was
chosen as the lower limit or cut-off energy in this problem.
This energy encompasses 17 supergroups. After checking
BNL-325 (15, 31) fot the variation of cross sections with
energy in the energy range of 10 MeV - 500 eV, 128 subgroups
per supergroup were used. This correspond§ to 2,176 energy
groupé in a usual multigroup calculation.

As was mentioned earlier, the initial spatial distribu-
tion of source neutrons was that of a cosine in the X and Y
directions, and a~uﬁiform distribuﬁion in the Z direction.
The.energY‘distfibution was taken from the Watt spectrum.

After the first run the spatial distribution for each
batch was taken from the fissions produced by the preceding
batch. For new runs, the fissions from the last batch in
the ﬁreceding run were used as a songe of neutrons. This
speeds convergence and improves runﬁing times. Convergence
as'usea here means that the neutrons in each successive.
batch approach a particular spatial distribution in the as-
‘'sembly. The more closely the first batch approximates the -
‘distribgtiqn the féster_the cqnvefgence and the shorter the

running times. .
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B. . Input and Output Data

Each run requires five tapes; two are input tapes, the
system data tape and the PHI tape, which were described pre-
viously. A third tape is used to store information from
neutrons resulting from fissions. The last two tapes con-
tain the output of the O5R.

For this problem, fourteen of the possible thirty-six
output parameters available for each célliSion were chosen.
These include the type of collision, the name of the neutron,
the speed squared, . the X, ¥, and Z coordinates, the weight,
the o0ld X, ¥, and 2 céordinates, the mean-free flight time,
the'medium in which the collision occurred, the fission
weight, and the time taken to arrive at the collision point
from the previous collision point.

The above are recorded for four types of events, an
‘escape, the source.data, a real collision, and a boundary
créssing.

Not all of the parameters are needed for calculation
of the couplihé coefficients.p;However, if one wishes to
calculate other collision parameters, the O5R will not heed
fo be run again, but only the coliision tape and an analysis
routinerwill be hecessary.

The cross section data used in the computation were

taken from the Oak Ridge National Laborabory cross. section
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library (9). These data include a value for the total, the
. elastic, and the inelastic cross sectiohs'as well as the
.product of the average number of neutrons emitted per fis-
sion, v, and the fission cross section, Oge

Also, included in the set of cross sections for U-235
and U-23é were fourteen terms in a Legendre expansion of the
- anisotropic elastic scattering cross section.

All of the data are available in an energy range of 15
MeV down to 0.017 ev.

The cross sections in the Oak Ridge library are compar-
able to the approved set available in the ENDF/B library
(34), however, the Oak Ridge set have been adjusted in order
to correlate experimental and theoretical predictions. It
was the feeling of the author that the Oak Ridge library
represented a more reliable set of data than the ENDF/B file.

The normalized and slightly modified Maxwell-Boltzmann
velocity distribution used for the evaporation model for in-
elastic scattering was taken from A. E. Profio's "PULSE"
Monte Carlo code (27). The integral (cumulative) distribu-

tion and the density function are shown in Figures 2 and 3.
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© 0,54

Figure 2. Cumulative probability function for inelastic
scattering evaporation model

-

o R S — ; : . ,
.0 2 4 6 8 10 12 14 16 18 20

Figure 3. Density function for 1nelast1c scatterlng evapora-
tion model
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V. ANALYSIS OF DATA

' The analysis of data consists of two parts. First, the
expectation value K defining the criticality of the entire
system is calculated along with a variance. Secondly, the

individual coupling coefficiénts, and K

K11 Kopr Kyo 21"
are calculated.
In the analysis of data for the calculation, the fol-
lowing quantities are used. |
FWATE the fission probability of each neutron at the
. end of the batch -
WATE the non-absorption probability of each neutron

at the end of the batch

the number of neutrons in a batch

N

M the number of batches in a run

K the‘expectation value for the entire system
(the criticality factor) .

c the standard deviation of K

Using these quantities, the calculation of K is carried out
as follows. |
First, the non—absorption probability.and fission weights
are summed over all neutrons in a batch. |
: N.
. SWATE = X WATE
1
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N
SFWATE = Y FWATE
1

For each batch a partial expectation value is calculated.
K = SFWATE/SWATE

as is the square of the expectation wvalue
2

K = (SFWATE/SWATE) 2

The expectation value is calculated by summing the
value of K over all batches and dividing by the total num-

ber of batches.

Dgx ’?’f SFWATE

SWATE .

E - .-l - .l_____.
=N T M

The variance of K, 02,-is calculated in the usual man-

ner.
M2 =2 —
. [(§ K°)/M - K°] 362 _ Ez]
o = T M- 1 = M- 1
The standard deviation is fhe square root of the var-
iance.
: ‘N _
¢ = (g2) = § L -}
, M~1
- _., 1/2
(k% - ®?]

M- L
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The calculation of the coupling coefficients is based
on the definitions in Section B of Chapter II. That is, the
coupliﬁg coefficients are a ratio of source neutrons in one
reactor originating in another reactor to the total source
of neutrons in the original reactor.

When a neutron from one assémbly crosses the internal
void to the other assembly it contributes to the fission
probability and also to. the non-absorption probability in
the second assembly during the time it remains in the second
assembly. |
' If the saﬁe neﬁtron again crosses the internal void
back to the assembly from which it came, it again contributes
to the fissioning probability in the original assembly and
also to the non-absorption probability in the original as-
sembly. | |

Therefore, ;f one defines the following variableé, as
expectation value for the coupling»coefficient can be gél—
culated.

FKij The fission weight of:neutrons in reactor i which

| originated in feactor j. For i¥j, this includes

the fission weight of neutrons which have crossed
the boundéry between regions i and j an odd num-

‘ber of times. For i=j, the neutrons have either
- not crdssed theﬂBoundary between i and j or have

- crossed an even number of times.
: S §
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Nij The number of collisions in a batch of neutrons

| in reactor i which originated in reactor j.
Again for i#j Nij includes the sum of the number
of collisions of neutrons which crosses the
boundary between i and j an odd nuﬁbér of times.
Fér i=j Nij includes the sum of the number of
collisions of neutrons which either have not
crossed the boundary or have crossed an even

number of times.

For the two reactor case, the partial source terms of

. Avery's model can be defined for each batch.

N1l
Sll =" X FKIll
: 1

N12 '
Sl2 = ¥ FKl2

N21
S FK2l
1

-

S21

N22
~ FK22
1

S22

The total source for each batch is calculated by summing

the ‘appropriate partial sources.

s1 = S11 +512
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S2 = 821 + S22

The partial coupling coefficients are defined as the

ratio of the partial sources to the total source in each

" assembly.
' K1l = sSl1/sl
K12 = Sl12/s2
K21 = szl/Si
. K22 = 822/s2

For a run containing M batches, the expectation values
- .which are the coupling coefficients can be expressed as the

following.

M
(£ K11)

K1l

K12

K21 =

K22
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VI. RESULTS AND DISCUSSION

The primary purpose of this work as statéd earlier was
twd fold. First, to make the O5R package and its associated
routines operational on the Iowa State University IBM 360/65
~computer. Secondly, to develop a method of computing coupling
coefficients patterned after the définitiohs of Avery (Equa-
tions 2a and 2b). Avery;s definitions.are for a critical re-
actor, however, the definitions were exteﬁded to include non-
criticdl systems in this work and the variation of these newly
defined coefficients with criticality were investigated. |
. The majo:ity of the time was spent in attaining the first
goal. This included changing many of the routines, writing new
ones, preparing input-output'tapes, and tying together the‘én-
tire O5R package consisting of 68 subroutines, 9 assembler -
language routines, and 6 object routines. Also, the cross
section routine, XSECT, was modified to be compatible with
vthe O5R package.

Once this goal was accomplished, several runs were made .
using the geometrical arrangement described in section A of
chapter IV. The criticality was changed in each run by
changing the enrichment ratio in each slab. Thé first run
used a cosine distribution in the X and Y directions and a
unifdfm distribﬁtion in the 2 direction for each slab. All

the runs after the first used the fission neutrons from the
previous run as a source.

A'summéry of resﬁlts appears in Table 1. The only data



Table 1. O5R results

Run #1 Run #2
Thickness of each slab in cam 6.676 6.676
. Separation distance in cm 36.94 36.94
Enrichment in atomic percent 93.15 . 85.5
Number of batches/run 13 20
Number of histories/batch 200 200
Criticality factor K 0.9933 1.138
Kll coupling_coefficient in §$ 141.0. 142.5
K22 coupling coefficient in $ 145.1 142.9
K12 coupling coefficient in § 5.801 4.123
K21 coupling coefficient in $‘ 4.452 4,068
~ Standard deviation in % 2.9 1.83
- Time/run (min:sec) 1:15 3:25

@calculated by J. Mihalczo (22).
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2:39

Run #3 Run #4 Run #5 Run #6 Ogﬁsﬁiigea
6.676 8.6 6.676  6.676 6.676
 36.94 36.94 50.0 50.0 _—
90.0 90.0 95.5 93.15 93.15
20 20 20 20 -
200 200 . 200 200 _—
0.875- 0.941 1.097 10.9501 .01
141.8 142.1 147.5 145.7 —
143:0 142.4 147.2 147.1 -
4.124 4.123 2.133 2.134 _—
4.072 4.081 2.150 2.148 3.5
1.81 1.85 1.88 1.81 5
2:01 . 2:35 3:31 -
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available fof éomparison are listed in the last column.
The calculation was made by J. Mihalczo (22) at Oak Ridée'
uéing.the O5R code. The enrichment and slab thickness is
_he same as that used in Run #1; however, as can be easily
seen the reéults do not compare favorably. This may be due
- to two reasons. First, no information as to the type of
analysis, numbef of ruhs, number of histories, source of
cross sections, nor number of energy groups used by Mihalczo
were available. These of course are essential for duplica-
tion of results. Secondly, there is a distinct poésibility
that the values calculated at Oak Ridge may have been for
an assembly with the two slabs spaced'at a distance larger
than the 36.94 cm used here, thus thé lower value of crit-
icality and coupling. The coupling coefficients calculated
here are of the correct maénitude‘fo: sﬁch an assembly even
though éxact agreement with other ca;culations is not found.

The criticality ranges from far subcritical through
critical to super criﬁical; In this wide range the coupling
coefficients remain. constant well within_statisticai ac-
curacy as can be seen by reading horizontally across the
table for any coupling coefficient in Runs #l1 through #3.

In all cases except Run #l,‘the coupling i; symetrical
i.e.., Kll = K22, and K12 = Kzi. This can be e#pegted since
 _the assembly uSed'was symetrical in geometry and enrichment;

This is another check as to the reliability of the results.
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Runs #5 and #6'were made with a separation of 50 cm to
check the variation of the coupling coefficient in aﬁ as-
'sembly usihg‘a different geometrical arrangement. Again,
thevcoupliﬁg coefficients appear constant for variations
in criticality due to density changes. This lack of vari-
ation in the coupling coefficients does not appear to be
.bunique to a particular geometrical arrangement over the
ranges of critiéality used in this work.

Run #4 was made to check an assumption made by Mihalczo
(22). In his experiments with Rossi-g, Mr. Mihalczo as-
sumes the coupling coefficients remain constant with a change
in the slab thickness (and therefore a change in criticality)
as long as the sepa:a%ion distancevremains constant. 'Run 4
appears’to confirm this assumption although further funé are
necessary for a complete verification.

Mihalczo's assumption appearé to have a valid basis if
one considers the physical problem. The fuel slabs used in
this work are 6.676 cm in thickness,‘ér two to three mean
free paths where a mean free path for this assembly is about
2.5 cm. On the average a neutron which has entered the
interior void has suffered‘a'collision in the fuel regioh
within two or three cm of the interior interface. It is
..the combination df.the angle at which these neutrdns left
,the scattering reaction and the diSfance,between slabs which

determines which neutrons reach the other slab and thus-
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determines the coupling coefficient. If material is added
to the outside of the slab leaving the interior separation
distance the same, no change in coupling should occur.
Those neutrons arising in this addeé material or the average
suffef at least two collisions before reaching the area |
within one mean free path 6f interior interface. The col-
" lisions are independent and if the neutrons do arrive in
the area within one mean free path of the interiof interface
..their origin is lost thus the effect of the addition of thé’
material is not felt. Of course‘some neutrons will péne-
trate the inferior interface and cross the void without
hévinq suffered any collisibns. The number involved in this
type of phenOmeﬁon issmall since the probability of traveling
such a distancé without any collision is small. Any gain
in coupling due to neutroﬁs.in the added material which
crossed to the other slab without a collision is offset by
the increase in the number leaking out due to the same
phenomena. |

The run times listed include only the actual CPU
(CentraliProcessing Uﬁit) times, they do not inglude the
time fdr'analysis of data ndr time used for prepariné the .
cross seqtion input tapes. These are in the order of 1 and
3 minutes respectively. |

' The short.run time éan be expected in a fast assembly

such as the .one used here since there is considerable leakage
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and neutrons.are generally not followed for more than 10-20
collisions before leaking out of the system since, as men-
tionea earlier, the approximate mean free path for the‘ma-
terial and enrichments used in the assembly is 2.5 cm.

The deviation of Run #1 from Runs #2 and #3 can be ex-
plained as follows. First, not as many histories were used
' since this was the first time the code was run, and a con-
servative number of.histories was,chosen_to évoid using ex-
cessive computer time. Secondly, and more important, the
source was that supplied by the user and many histories weré
run before convergence. Thus the unsymmetrical coefficients'
and large standard deviation. ‘

The sum of the coupling coefficients,_Kll and K12’ is
approximately l.O/B for any run. This is also true for the
‘sum of K,q and'K22 for any run. Thus the value; as calcu-
lated arejnormalized’and are independent of the criticality
of the sfstem. The values compare to the Avery coupling
- coefficients only if the reactor is exactly critical. The
Avery coefficients can be oﬁtained by multiplying the coef-~
ficients of this work by the criticality factor of the non-
critical systeh.

In the physical situation -one would not expect the
Avery'Self—coupling term, Kii' to change with increased

separation distance. Runs #5 and #2 differ only in their



53b

separation distance. If the‘values of Kl1 and K22 for these
runs are multiplied by the. appropriate criticality factor

to obtain the A&ery coefficients, the'Kii's obtained are
found to be essentially constant. Tﬁe cross-coupling co-
efficiénts‘however show a marked sensitivity to separation
distance. | _ |

Thé.ﬁ used in the,éalculations in Table 1 was 0.00672,

the same as used in the Oak Ridge calculation (22).
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VII. CONCLUSIONS AND RECOMMENDATIONS
A. Conqlusions

.Several conclusions can be drawn from the data'ex—
pressed in Table 1. |
| First, it is feasible; both economically and mathemati-
cally, to éalcuiate the coupling_éoefficients by the Monte
Carlo technique using thé basic definitions of a coupling
model. Using the O5R code, reasonable results with an errorA'
- of no more than 3% can be obtained in running times of 3
minutes or less. |
. These coefficieﬁts remain in&ariant'With variations of
the criticélity factor ranging from 0.87-1.138, and this
vinvariance does not appear to be ﬁnique to a particular
geometrical arrangement. This conclusion is espéciaily iﬁ-
portant in reactor aesign; It implies that the cdupling
coefficiénts which appear in the point reaétor kinetics
“equations are not a function of the criticality of the sys-
tem. Therefore, once the design of the reactor is decided,"'
_the coupling coefficients need only be caiculated 6nce, say
for the "critical" condition. These "critical" values can'
then be used in other calculations involving a change in
critiéality without recalculation.
"It should be noted the coefficiénts which abpear.here

were calculated using the new definitions similar~£o those
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presented in the Avery model for a critical system. For
both critical and non-critical systems, the definitions used
in thislwork give a normalized coefficient which is inde-
pendent of criticality. |

This model gives a very simple representation of spatial
coupling. The wvalues ;isted in Table 1 should not be used
for calculations involving other coupling models. An analysis
of the same O5R output can be made using another model as a
basis and theée new values for coupling coefficients used in
any calculation based on that particular model.

The values obtained from calculations based on any other
' .model should not be expected to correlate with these calcu-

lated in this paper.
B. Recommendations for Future Work

There are numerous problems and topics for future work
a;sociated with the O5R now that it has been made operational
at ITowa State. Somé of these will be mgntioned below.

First, several.other guantities associated with coupled
reactors can be calculated and comparison’made to publiéhed
experimental results. These‘include a coupling lifetime
calculation, neutron flux determination in coupled reactors,
calculatign of spectral-spatial cdupling coefficients such
as éuggestéd in the'Cockrell-Perez coupling,model.(G){

perturbation studies in coupled reactors, and application
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. of cdupling calculétions to a specific reactor or critical
assembly. .This later suggestion may prove impoftant in
design of fast reactors. Monte Carlo and especially the
O5R can give detailed values for design parameters due to.
the detailed cross section handling capabilities.
| Sécond, O5R can bg used to obtain comparative checks
on experiments performed'using the Iowa State University
neutron generator.

Third, the static.features of O5R éan be combined with
the time dependent features of the PULSE code‘which was also
made operational at Iowa State by the author. Together a
general time dependent code cbuld be developed which could
handle pulsed neutron problems.

—— ——This 1attér suggestion is of special importance since
the Iowa State Nuclear Engineering Department has recently
purchased a neutron generator for pulsing the UTR-10 reactor.
A modified time dependent O5R code offers an excellent method
to check experimental results. The source can be approxi-
mated by writingia new soufce generation routine which gen-
erates'a'delta funétion.corresponding to- that generated by
the neuﬁroh generator. The detector response can also be
taken into account by introducing a medium containing the
detecﬁor material at the appropriate location in the UTR-10.
The number of neutrons entering thié detecto:ﬁmedipm éan be

statistically found and compared to. the actual experimental
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measurements. This model more nearly approximates'the phys-
ical situation than:the usual modal models, which require a
sinusoidal source and which cannot model detector response.
Also, a fhree dimensional study can be made which is no;
possible except with very elaborate modal technique.

It should be noted that the O5R code can be used to
model the latter problem without modification if proper use
is made of the‘qﬁtpﬁt data concerning neutron flight'times.
However, a time modified code would allow ﬁore versatility.

It is also possible to make'further'use of the output
tapes.resulting from the five O5R runs made in this work.
These tapes contain fourteen parameters for each collision.
The parameters can be used for calcplation of coupling life-
times{ spectral—spatialicoupling coefficients, and flux dis—
tributions for the geometriéal configuration used here.
These calculétions can be done by ah.analysis routine without
' running the OS5R.

The Avery coéfficients, although not explicitly defined
except for a critical system,‘can be calcﬁlated directly .
using Monte Qarlb by taking the ratio_of Sij of batch k to
the total sourcé Sj of the'preVious batch (k-1). With this
method of calculating the coefficients, they would add up to
the criticaiity,factor as 'is required in the Avery formula-
tion;‘and are thus dependent on the criticality.

If one is'inte:ested in the Monte Carlo technique
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itself, the O5R can be used as'é model for developing a new
code which would calculated adjoint or importance fluxes. .
These could then be used along with the actual fluxes ob-
tained by O5R for evaluation of importance weighted quéntin
ties.

Also, investigation of various inelastic and source
routines for use in O5R would be of great value'ﬁo future
users.

Finélly, the cross section code and.cfoss section li-
brary can be used as a séurce of detailed cross sections
for various materials in a vériety ofyproblems.

It is the feeling of the author that as computers be-
come lafger and faster, Monte Carlo methods will replace
some of the more conventional analysis methods presently
in use. This reason being Monte Carlo more nearly approxi-
‘mates the actual physical problem including three dimen-
sional géometfy and detector response which is of special
importance when corfelating theoreticalvand experimental

results.
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X. APPENDIX A

The Coveyou Technique for Treatment of Anisotropic Scattéring

In most heavy materials, the elastic scattering of neu-
trons becomes anisotropic at energies above 100 keV; The de-
gree of anisotropy increases with increasing energy.

For some problems the anisotropic scattering can be ap-
proximated with very simple techniques, such as the use of a
“transport cross section in the diffusion approximation. How-
'ever, a more accurate»calculation ié sometimes necessary es-
pecially in problems inyolving distributions deep within
thick shields, or at the other extreme, in very small critical
assemblies.

With Monte Carlo, angular distributions can be included -
to as high a degree of accuracy as desired, however, the
higher the degree of accuracy, the more costly the solu;ion
since the selection of a scattering angle’becomes an eléborate
procedure requiring large amounts of computer time.

The Coveyou'tedhnique'presented in this Appendix gives
the same accuracy as that obtained by a selection from a
Legéndre expansion but requires considerably less computer
time.

The derivation of the technique (8) follows.

First, one expresses the distribution function F(y), of

‘the cosine of the scattering angle y, as a Legendre series
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) n 00
2L + 1 2L + 1
F(u) = = £P (u) + = £ P (u) (1)
: 1=0 2 Lk L=n+l 2 L
where
1
£ = _{ Fp) Pp(u) dp (2)

In Equation 1 only the finite sum is known, while the
sum from n+l to infinity is unknown.

Now, consider a second distribution G(u).
n g _ '
G(n) = pX d(y - ©.) ' (3)
* ko kb7 K | |

Expanding the d function gives

n o | :
Glu) = 3z & {x 2tlp a)rp ()} (4)
H koo ¥ Y120 2 L'k’ LW
Do +1 ¢ B
= 5 &I =1{53 ¢ p.(6) )}p (u)
120 2 koo kLKL B
+ ; g;_g_; { g &, P (0 ) 3P (u) (5)
L=n+1 : 'K=0

Define fL as a function of ek

: n n )
£ = T & P_(e) ' : ' (6)
L xeo kLK | .
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With the definition of fL' Equations 1 and 5 are ac-
curate to the same order of approximation when both are
truncated at n.

Now, in order to obtain ek, multiply Equation 6 by.

(2L+l)/2PL(6k) and sum over L. from O to n:

- 2L + 1 Y — 2L + 1

> fLPL(ej)

MBS

L=0

e

where the right hand side is obtained by interchanging sum-
mation signs and using Equation 6.
From the orthogonality relation which wili be derived

later, one obtains the following equation.

n
2L + 1 v, '
. === P (u)P. (u)
=0 2 L L

n+1 Pnel )P () - PGP, () .
= 2 L. ﬂ _— — ] o (8)

Now if the n+l va}ues of Qk.arelﬁhelroots of P 4(p)s

i.€e,-

-

P-n-l-l(ek) = 0 . : | . | (9)

and this value is used in the right hand side of Equation 8

it then becomes .
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2L + 1

n
;z 2 pL(ek)PL(eJ.) = 0 K#j ' (10)

=0

This condition enables one to solve Equation 7 for ¢5;'

n
5 .gL—.'*z;_.:.L.. fLPL(e .)
=0 J
g. = (11)
J g gé_i_l[p (e )]2
L=0 2 D PR B

If F(u) is a normalized distribution,

1

J. n
A1 Flwldp = 1= 2 o

If all the qk's are positive as in the problem in this

thesis, then a value of 0 is chosen from one of the ©_'s by

k

choosing a random numbef, R, and letting y = o, if"

J
j=-1

i _ .
S @ <KRL 3 & o ' (12)
K=0 k K=0 k ) ‘ : .

~If any of the ¢k's are negative, the selectioﬁ technique

- must be modified.

The orthogonality relation is derived by first consider-

ing the equation

T = (2 VPP G - ) L - (13a)

(2n ¥ DR (e ) - PLGDRPLW] L (13p)
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Use is now made of the recursion relation

~' ’ 1 ) ’ ’ i
: p,PL(p,) = m?(L - 1)PL+1(p,) + L PL_l(p,)} (14)

The expression in Equation 13b can be rewritten using

Equation 14 for | P(f) and p P({).
I = P QI(L+1P () + L P ()]
+ P )@+ D)P () + TP ()] | (15)

Factor and rearrange the terms having coefficients

(L+1) and L.

I = (@+Dlep, (DR - PGP, )]
- LIP, ()P (1) = Py ()P ()] (16)
= Spli) - pa ) | (17)
where
- g, (E-p) = L+l[p (0P () = PGP, (u)] (18)

using Equation 13a and 17, one obtains

() (2L+ DPLEORLGW) =y (Eop) -'jL_i(;t,p) a9
Sum over alle froﬁ 1 to n.
| n

‘ S . n ‘
() 2 2L+ )P ()P, (w) = = G (f-p) - ;1 {L.p)
| vHﬁP =1 ‘ y A L H 121 L‘P H P_l pep

(20)
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n . - ) n-l ' : .
T od.(if.p) = = 3. 0.u) T (21)
=1 L “ o Lt -

i) = ) - | (22)

Hence, taking (g-p) to the left side and summing from

IL=0 to n one gets

n o
(=) =>L§0 (2L+1)PL(1.I)PL(}L) = J Ghep) (23)

or using the definition of jn(ﬁ,p)

B s P GDP_ (w)-P_ (DR 4 (1)
.LEO (2L + )P, (D)P, (u) = ,.nf"l[ n+;|. n n n+l ]

g-p .
(24)
: Whidﬁ is the orthogonality relationship in ﬁquation 9.

The Coveyou technique_ requires that the Legendre coef-
ficients,’fn, be éarried on the master cross section tape.

_Thesé coefﬁicients are calculated by the.program LEGENDRE
which was written by D. C. Irving, W. E. Kinney, and P. Rea
- (17) of Oak Ridge. This program is not included in the O5R
package, however, the cross section library used in the solu-
tion of O5R contained the valﬁes of £, caléulated by LEGENDRE
for a fourﬁeen term éxpansibn. .Thé program LEGENDRE uses
an angular disfribution at equaily spaced valﬁes, ffom 51 tb -
+1, ?f the cosine of scattering for the calculation of thé

]
fL S.
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XI. APPENDIX B

A Simplified Flow Chart of the Monte Carlo Operation

Figure 3 contains a simplified flow chart showing the
major operations and decisions involved in the operation of
‘the O5R code. A more detailed flow diagram is contained in
the operation manual for the O5R (28).

Some of the abbreviations used in the chart are listed
below: '

STRT Start of the run

N Integer identifying the neutron

BNDRY Medium boundary

WT . The weight of the neutron N

VELF The velocity of neutron N

EGRP The energy group being processed

NMAX The maximum number of neutrons in a batch

~ Dist. Disténcé in am |

FWATE; Fiésion weight of neutron N after a collision

FTOTAL Accumulated fiésion‘ﬁeight of neutron N

ECUT Lowest energy in the slowing down process

STORE. Instruction‘meaning to store neutron data in

computer memory or on ﬁgpe
.BANK,:_Instruction‘meaning to store néutron data on

‘tape for input in the next batch
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Figure 4. O5R flow chart
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