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ABSTRACT

The research for this dissertation was performed in two general
phases. The first phase consisted of revising NTC, a Monte Carlo com-
puter code that calculates a description of proton and neutron transport
below 450 MeV. Most importantly the revision includes an extension of
the valid energy range to V3 BeV and a description of the production and
transport of m and u mesons. The basic code theory employed in NTC has
been retained in the revised code NMTC. A discussion of the code theory
incorporated in NMIC is given in the dissertation with emphasis on those
aspects of the code which differ from NTC.

Tn the second phase of work, calculations were made using NMIC,
and the results were compared with experimental thermal-neutron flux
measurements to determine the wvalidity of the code. In the experiments,
accelerator protons ranging from 0.5L4 to 2.0 BeV were used to bombard
thick targets of Be, Sn, Pb, and depleted U, which were surrounded by a
large water tank. The thermal-neutron flux was measured as a function
of position in the water moderator. The calculated thermal-neutron-flux
distributions using NMTC are in quite good agreement with the experimental
results.

The feasibility of producing an intense thermal-neutron flux from
“high-energy protons in thick targets has received considerable attention
in recent years and was the motivation for the experimental measurements
mentioned above with which the calculations were compared. Additional

calculations have been carried out to obtain information concerning this



method of thermal-neutron-flux generation which is not available ex-
perimentally. These calculations included:
1. Thermal-neutron-flux distribution using a Pb target and
a DZO moderator;
2. Heat-producing energy release as a function of position
in various targets;
3. Total heat-producing energy release in the target and
moderator;
L. Neutron production as a function of position in a Pb target;
5. Thermal-neutron-flux distributions in a DZO moderator using
Fb targets of 5- and 10-cm radius;
6. Comparisons of thermal-neutron-flux distributions in various
moderator configurations combining DZO and H20, and using a
Pb target.
From the data referred to in 4 and 5 above, observations are made
regarding an appropriate shape for a Pb target using 900-MeV incident

protons.



CHAPTER I
INTRODUCTION

When a highl—energy proton, neutron, or pion interacts with a
nucleus, several secondary nucleons and pions may be produced. A number
of these secondaries are likely to have energies which are sufficiently
high enough to initiate similar productive events with other nuclei.

In this way, a macroscopic particle cascade develops.

The nucleon transport code NTC (Kinney, 1964) was developed to
determine various properties of such cascades in arbitrary, specified
environments. Monte Carlo methods are employed in NTC to obtain a de-
tailed description of a macroscopic nucleon cascade. However, pion pro-
duction is neglected and the code is not designed to transport particles
other than nucleons. In general, one cannot use NTC and expect to obtain
an accurate description of particle transport when source particle energies
exceed the practical threshold for pion production, which is approximately
450 MeV.

The first phase of work performed for this dissertation consisted
of revising NTC to provide for pion production using the medium-energy
collision code of Bertini (1963, 1967), which has recently become avail-
able, and to make provision in the revised code for transporting pions as

well as the higher energy nucleons. Furthermore, the revised code, NMTC,

1High energies are regarded as being at or above the 20- to 50-MeV
range.
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also transports muons since these particles are produced by pion decay.
Due to limitations in the Bertini collision code, the maximum energies
for nucleons and pions that may be considered in NMIC are 3500 MeV and
2500 MeV, respectively. For struck nucleons, these energies correspond
to the practical thresholds for ternary pion production by nucleons and
double pion production by pions.

Recently there has been interest in producing a large thermal-
neutron flux by using accelerator protons of the order of 1 BeV to bombard
certain thick-target materials that are surrounded by an appropriate mod-
erator. An experimental arrangement for producing a thermal-neutron flux
using this general concept is usually referred to as an intense neutron
generator and will hereinafter be referred to as an ING. To test the
feasibility of the concept, a series of experiments was performed by
Fraser et al. (1965) at Brookhaven National Laboratory. In these experi-
ments, accelerator protons of fixed energies ranging from 0.5L4 to 2.0 BeV
were used to bombard targets of Be, Sn, Pb, and depleted U. Measurements
of the thermal-neutron flux were made at various positions in an HZO mod-
erator. The experimental geometry is illustrated in Figure 1.

In the second phase of dissertation work, NMTC was first used to
obtain calculated results that could be compared with the experimental data
obtained at Brookhaven. This was selected as a first application for the
code because a) the comparisons with the experimental data provided a
reasonably definitive test on the validity of the extended code, and b) if
the comparisons with the experimental data were good, the code could be
used to estimate other quantities associated with particle behavior in an

ING for which experimental data were not available.




generation via a proton accelerator.
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Thermal-neutron flux distributions were calculated in a water mod-

erator using targets of Be, Sn, Pb, and depleted U in combination with in-

cident proton energies of 0.54, 0.75, 0.9, 1.5, and 2.0 BeV. The calcula-

tional geometry was identical to that given in Figure 1. Comparisons with

experimental datal are given for 900- and 1500-MeV protons incident on Be,

Sn, and U, and for Pb using protons at 540, 750, 900, 1500, and 2000 MeV.

In addition to the calculations for comparisons with experimental

data, the following data were calculated:

1.

Thermal-neutron-flux distributions in a DZO moderator using

a Pb target;

Heat-producing energy release as a function of position in
various targets;

Total heat-producing energy release in the target and moderator;
Neutron production as a function of position in a Pb target;
Thermal-neutron-flux distributions in a DZO moderator using

Pb targets of 5- and 10-cm radius; and

Comparisons of thermal-neutron-flux distributions in various
moderator configurations combining DZO and HZO and using a

Pb target.

2p11 of the experimental data were not published (Fraser et al.,

1965).

The author is grateful to Dr. Alexander Zucker of the Oak Ridge

National Laboratory, who was a member of the experimental group at
Brookhaven, for providing the unpublished data.



CHAPTER II
THE NUCLEON-MESON TRANSPORT CODE
I. GENERAL SCHEME OF OPERATION

NMTC is a FORTRAN IV computer code written for the IBM 360/75
computer. The code employs Monte Carlo methods to compute descriptions
of the transport of nucleons up to 3.5 BeV, pions up to 2.5 BeV, and
mucns of 2.5 BeV. NMIC consists of two basic transport codes: NMT
and a modified version of OS5R (Irving et al., 1965). Virtually arbi=-
trary geometries may be specified in NMT and O5R through Irving's (1965)
general geometry routines. The normal flow of information is shown in
Figure 2. Particles are introduced into the system in NMT and trans-
ported to an appropriate cutoff energy that is usually in the energy
region between 20 and 50 MeV. The cutoff energy, which is discussed
in section II of this chapter, is imposed principally by limitations
in nuclear collision theory. Neutrons appearing below the NMT cutoff
are transported via the OSR code. Charged particles are not transported

below this cutoff.
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Each sample history begins by selecting a source particle position,
direction, energy, type, and statistical weight. A tentative particle
flight trajectory is selected from a cumulative distribution function

having the form

S ‘f kzm[Ek,m(s';Eo)] ds'

[ 5 (B (s5E )] e ° ds, 0 <8, II-1

where EO is the particle kinetic energy at the beginning of the flight,
B m(s;EO) is the particle kinetic energy after traveling a distance s
b

from the last event, and Zm[E

K (s;EO)] is the total cross section for a

k,m
nuclear event in inverse centimeters. The subscripts k and m denote the
particle type and material, respectively.

Using the selected flight trajectory, it is determined if the par-
ticle has either crossed a medium boundary or, for charged particles,
slowed past the cutoff energy. If an external medium boundary is en-
countered so that the particle has escaped the system or if the cutoff
energy has been reached, then a description of the event is recorded, and
NMT proceeds to transport the next descendant. If an internal medium
boundary is encountered, the particle energy at the crossing is calculated,
the event is recorded, and a flight trajectory is selected in the new
medium. If the particle has neither reached the energy cutoff nor crossed

a medium boundary, then a collision site has been selected, and a complete

description of the interaction products will be determined using the nuclear
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interaction model which is described in section II of this chapter. When
all of the descendants of the current cascade have been transported, the
code introduces the next source particle. The calculation continues until
the desired number of sample histories is attained.

Normally the output of NMT is saved on two magnetic tapes. One
of the tapes contains detailed information on the nucleon and pion
histories. In addition to information on the transported particles,
a description of the residual nuclei and the charged particles produced
below the energy cutoff is also given. Information may be read from
this tape and processed in an analysis code written by the user. A
subsequent NMT calculation is made to transport the muons resulting
from pion decay. The muon source distributions are read directly from
the nucleon-pion history tape. The second output tape from a nucleon-
pion transport calculation contains a description of the neutrons
appearing in the system below the NMI cutoff energy and is used as a
source for neutron transport in O5R. Generally, the output of 05R and
the muon transport are written on tape and processed in separate analysis
codes that are written by the user. A general discussion of the O5R code
is a digression and will not be given in this dissertation. A detailed
account of the theory and operation of OSR is given by Irving et al. (1965).
Normally the treatment of nonelastic collisions in O5R is left to the
discretion of the user. In the NMIC version of O5R, nonelastic collisions
are treated using direct compound nucleus formation followed by nuclear

evaporation.




II. NUCLEAR COLLISION THEORY

The Cascade-Evaporation Model

A description of nuclear collision products is obtained in NMT by
employing the intranuclear-cascade code of Bertini (1963, 1967). Elastic
collisions in NMT are neglected since the angular distributions of the
scattered particles are extremely forward for most nuclei. Neither the
cascade-evaporation model nor the exclusion of elastic scattering applies
to collisions with hydrogen nuclei. These events are treated separately
in NMT, and a discussion of them is deferred until later in this section.
The details of the models used in the intranuclear calculations and in
the evaporation calculations are not included in the subject matter of
this dissertation. However, a brief description of the models used in
these calculations will be given to provide some understanding of how de-
scriptions of the nuclear cgllision products are obtained.

The intranuclear calculations are performed using BERT, a sub-
program version of Bertini's medium-energy intranuclear-cascade code
(1967). The model used in BERT assumes that a nonelastic interaction
with a nucleus may be described in terms of individual particle-particle
collisions occurring within the nucleus and that the kinematics of these
collisions are not influenced by the remaining nucleon population.
Spatial variations of the nucleon energy spectrum, the nucleon number
density, and the nucleon potential are taken into account. Free particle-

particle cross sections are used in tracking particles within the nucleus.
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An incident particle may collide with one of the nucleons or pass un-
collided through the nucleus. If a collision occurs, the products may
escape from the nucleus or initiate secondary collisions. Typically,
an intranuclear cascade develops. When none of the cascade particles
can escape the nucleus, it is assumed that their energies become dis-
tributed among all of the nucleons in the nucleus.

Following an intranuclear cascade, the residual nucleus is very
likely to be in a highly excited state. In general, subsequent emission
of nucleons, alpha particles, and other heavy particles will occur.
Detailed descriptions of these particles are determined by Monte Carlo
methods in subroutine WEK, which is a modified version of Dresner's
program EVAP (1961). The calculations are based on the nuclear evapéra—
tion model of Weisskopf (1937), which assumes the nucleus to be in a
compound state. In the model of Weisskopf, the energy stored in a com-
pound nucleus can be compared with the heat energy of a solid body or
a liquid, and the expulsion of particles is thermodynamically analogous
to evaporation from macroscopic bodies. The probability per unit time

for the emission of particle j with kinetic energy within dE of E is

E)4E = E -
pj( ) Y oreV(E)[Wf/wi]dE I1-2

Here v, = g. m,/m? h3, with gj and mj the number of spin states and the mass
J J
of particle j, respectively, orev(E) is the cross section for the inverse re-

action, and W, and wi are the energy level densities of the final and initial

f

nuclei at their respective excitation energies. Equation 1I-2 is derived
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starting with the reciprocity theorem for nuclear reactions (Blatt and
Weisskopf, 1937), which states that the probability for a transition
proceeding one way in time is equal to the probability for the same
transition but with the sense of time reversed. An important assumption
in making a meaningful interpretation of Equation II-2 is that the energy-
level densities form a continuum of states. This condition is most nearly
satisfied for heavy nuclei and for excitations that are large compared

to the lowest excitation energy of the nucleus.

The probabilities Pj for emission of the various particles are
obtained by integrating pj(E) over the emitted particle energy. In the
calculations, when an emitted particle j is selected, the kinetic energy
is sampled from pj(E). After emission, the probabilities Pj are calcu-
lated for the new nucleus and the sampling procedure is repeated. The
evaporation continues until the nuclear excitation is reduced to the

point where subsequent particle emission is not energetically possible.

An evaporation spectrum falls off very rapidly with increasing
energy so that nearly all the evaporated particles are produced below the
NMT cutoff energy. The high-energy tail is not transported in NMT.

When a struck nucleus, other than hydrogen, is selected in NMT,

BERT and WEK together determine a complete description of the products of
the reaction. The cascade products are comprised of protons, neutrons,

and ﬂ+, T , and wo mesons. Evaporation products include protons, neutrons,
deutercns, tritons, alpha particles, and 3He nuclei. Although descriptions
of emitted 7° mesons are made available, these particles are not trans-

ported since they decay almost immediately into two very energetic photons.
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The relative abundance of nucleon-proton and pion-proton cross-
section data has allowed a rather complete description of collisions
with hydrogen nuclei. The reactions with hydrogen include nucleon-
proton and pion-proton elastic scattering, W_—p charge exchange scat-
tering, nucleon-proton single- and double-pion production, and pion-
proton single-pion production.

Pion production from inelastic collisions with hydrogen nuclei
is based on the isobar model of Lindenbaum and Sternheimer (1957, 1958,
1961). The calculational scheme is identical to that used in subroutine
BERT where pion production may occur within the nucleus. In the cal-

culations, the following compound reaction types for pion creation are

considered:

* *
N+N->N+N;3;N >N+ 7.

S *® *® *
N+N->N +N; N >N+33; N >N+ 7.

*® *®
m+ N->7+N,; N >N+ 7,

*
Here m and N denote a pion and a nucleon, respectively, and N denotes an

isobar, that is, an excited nucleon. Implicit in these reactions is the
assumption that the initial reaction goes to completion before isobar decay
occurs. All isobars are assumed to be defined by a total isotopic spin T
of 3/2 and a total angular momentum J of 3/2. Under this assumption, the
excited nucleon state is characterized by its mass and z component of iso-
topic spin TZ. Therefore, isobars may occur having different vglues of TZ

but having the same mass. When an isobar decays, the value of TZ uniquely
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determines the available charge states of the decay products. The term
"{sobar" is thus seen to be appropriate from consideration of the analo-
gous case where nuclei having different charge states but equal mass are
called isobars.

At present very little data are available on the isobar angular
distributions. In NMT an option is provided whereby the scattering angle
of all isobars in the center-of-mass system is selected from one of three
distributions: isotropic, directly forward and backward (with equal proba-
bility), and 50 per cent isotropic and 50 per cent forward-backward. Isobar

decay is assumed to occur isotropically with respect to the isobar at rest.

The Cascade-Evaporation Cutoff Energy

As was mentioned earlier, the nuclear interaction model of intra-
nuclear cascade followed by nuclear evaporation is used to transport par-
ticles in NMT down to an arbitrary cutoff energy. Actually there are four
cutoff energies corresponding to protons, neutrons, pions, and muons. The
cutoff energies for the nucleons are specified by the user and are usually
given the same value. Normally the nucleon cutoff is taken to be in the
energy range 20-50 MeV since below this energy region the range of charged
particles in most materials is very short, and in general the cascade-
evaporation model is not applicable.

The cutoff energy for charged pions is calculated in NMT and is
equal to the proton cutoff multiplied by the ratio mﬂ/mp, where m and mp

are the charged pion and proton rest masses, respectively. This procedure

arises from the fact that in each medium one table of range versus energy
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i1s used to determine the ranges and inverse ranges (energies) for both

protons and charged pions. If R EO;E) denotes the distance traveled by

(
D
a proton which, via electronic collisions, has its energy reduced from

EO to E < Eo and Rﬂ(EO;E) denotes the same quantity for charged pions,

then the two ranges are related by

g

m m
- - ___Tr . -
R(EsE) = — R (2 E ; = E) . I1-3
P m m

From this expression, SP-E is the proton cutoff and E is the m cutoff.
Thus, if the proton cutgff is input as 50 MeV, the m cutoff is computed
to be V7.4 MeV. A derivation of Equation II-3 is given on page 16. The
same scheme is used to calculate ranges and inverse ranges for muons. The

muon cutoff is equal to the proton cutoff multiplied by the ratio of the

muon rest mass to the proton rest mass.

ITI. RANGES AND INVERSE RANGES

A charged particle that is heavy compared to an electron will lose
energy in electronic collisions when moving through matter. Let R(EO;E)
denote the distance traveled by a heavy particle which, due to electronic

collisions only, decelerates from EO to E. It is assumed in NMT that

E
R(EO;E) = f <dT/ds>~1 gr |, II-4

E
o]

where -dT/ds is the energy loss to electrons per unit path length, and the
brackets denote the expected value. The expected energy loss per unit path

length is calculated from
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/
-<dT/ds> = EEEEﬁ-)log Eﬁgfiff- - g2 E N, Z. , II-5
m_c?B” l ®l(1-82)1 i=
where
z = the charge of the particle in units of e,
e = electron charge in electrostatic units,
m_ = electron mass in grams,
¢ = the speed of light in vacuum in centimeters per second,
B = the particle speed relative to the medium in units of c,
N. = the density of nuclide type 1 in units of atoms per

cubic centimeter,

Zi = the charge of nuclide type i in units of e,
n n
log, I ='Z N, 2, log, Ii/-Z N, 2, s
i=1 i=1

Ii = mean excitation energy of the ith nuclide type,

n = the number of nuclide types in the medium.
This expression for <dT/ds> is a simplification of that found in Barkas and
Berger (196L4).

In NMI' energy values Ei are tabulated in increments of equal leth-
argy starting from the proton energy cutoff ELOP and extending to C x EMAX.
EMAX is the maximum energy for particles appearing in the calculation,
and C is a scale factor which depends on whether the calculation is to
transport nucleons and pions or to transport muons. For each medium, the
tabulated values of Rp(Ei;ELOP), where the p denotes proton range, and

those of Ei are used in the transport calculation to compute a) the range
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to ELOP given E., and b) the energy (inverse range) corresponding to a

residual range.
Using Equation II-3, ranges and inverse ranges for pions are com-
puted from the proton values. This equation is derived as follows:

Starting with Equation II-4, one may write

m E /m
f o'’ .
R(mE /m ;m E/m ) = s_'(T) ar ,
P po mDp m m E/m b
p o
where S(T) = -<dT/ds> and the subscripts p and m denote protons and pions,
respectively. Using T' = mﬂT/mp, the above- integral transforms to

E
0 o1
S™'(m T'/m ) 4T!'
[ s m T

ﬁS}dE

From Equation II-5, it may be seen that for a fixed speed v the
value of -<dT/ds> is the same for particles of different mass provided the
particles have the same charge z. If mpT'/mTT is the kinetic energy of a
proton of speed v, the kinetic energy of a pion moving at the same speed

is T'. Thus

and
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The ranges and inverse ranges for mucns are obtained in the same

manner as for pions.
IV. PSEUDO EVENTS AND NUCLEAR DECAY

Tn section III of this chapter it was mentioned that particle
flight trajectories in NMT are sampled from a distribution function which

has the form:

s
g -f kZm[E(s';EO)] ds'

(o]
F_ _(S;E ) =£ kZm[E(s;EO)] e ds , 0 <8, II-6

where the variable definitions are given on page T, and the subscripts on E
have been dropped for brevity. A general outline of the procedure used to

obtain sample trajectories from F (S;EO) is as follows:

k,m
1. Let T denote a sample flight trajectory and let M denote a fixed

upper bound on X [E(s;EO)]. Assign i the value 1 and z the

km
value O.

X -Mx

2. Sample X; from f M e dx , 0 < X.
o
R

3. Sample ro from f dr , 0 < R < 1.
o)

L, Calculate z., = z. + X, .
i i

5. If r, f_kZm[E(zi;Eo)]/M, assign T the value z, and stop;

otherwise, increment i by 1 and proceed to step 2.

An exposition on this procedure is given in a separate paper
(Coleman, 1968). What will be given here is a description of the most im-

portant suboperations used to implement the sampling scheme in NMT, which
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is based on the one given above. In particular, the details of executing
step 5 will be discussed.
In the code, M depends on the particle type k and the material m

in which the particle is moving. It is calculated from

A nZ La,n 1-1

where protons, neutrons, positive pions, neutral pions, negative pions,
positive muons, and negative muons are denoted by k = 0, 1, 2, 3, 4, s,
and 6, respectively. The terms in Equation II-7 are defined as follows:
t (E) = the cross section for nuclear decay in inverse centi-

kD

meters, nonzero for k = 2, 4, 5, and 6;

the energy at which kZD(E) is a maximum;

i

* *

kom0 - Ym,a < x%H

Hi

Nm,H = atom density of hydrogen in medium m;
*®
«Ox = the maximum value of the total microscopic hydrogen
cross section in square centimeters. This value is
selected from the energy range specified in the cal-
culation and depends on the incident particle type k;
Lm =z the number of nuclides, excluding hydrogen, in medium m;
*® *®
Zm,n = Nm,n xog , n=1, 2, s Lm,
Nm,n = atom density of the nth nuclide in medium m;
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o za x (r )2 ;
*
r = an effective nuclear radius in centimeters for which
*
p, (r ) =0.01 e (0) 3

o_(r) = the intranuclear proton charge density as determined

by Hofstadter (1956).

The procedure used in NMT to perform the equivalent of step 5 in

the general flight trajectory scheme may be understood by first noting

that
L
* m Z*
= + =
Min = kPp(B) ¥ i w Z_ m,n
n=1
= p
= + X + I(E) =
kZD(E) + kzm,H(E) g=l k m,n(E) k m( )

and
z (E) = the total hydrogen cross section at energy E in

inverse centimeters,

Zm >z (E) = the nonelastic cross section for the nth nuclide
in inverse centimeters,

2(E) = M-I (E)
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According to the general sampling scheme on page 17, the last step must

be satisfied with probability Zm(E)/Mk . and dissatisfied with probabil-
b

k
. _ - P . P . _
ity 1 kzm(E)/Mk,m kzm(E)/Mk,m' For this reason, kZm(E) is often re
garded as the total cross section for an apparent or pseudo nuclear event.

Pseudo cross sections for nuclear decay and for nuclear interaction with

the various nuclides are defined as follows:

p - _
Ip(E) = WEplE) = I (E)
p - o
kzm,H(E) kzm,H Tk m,H(E) ’
D - _
kzm’n(E) = Zm,n - kzm,n(E) ) n=1, 2, ) Lm

The code first selects an event from the probability distribution

¥ * Z*
k“D 1, H Kim,1 km,Ly
] > 1 b 1 A 1] bl
Mo M (B (E) iy (E)

2

11-8

where

w2
5’\
=
"1

Mk,m - kZD(E)

These probabilities sum to 1. They correspond, respectively, to a pseudo
decay event, a tentative collision with hydrogen, and tentative collisions
with nuclides 1 through Lm' The possible outcomes in this selection do
not include "real" nuclear decay. Decay is accounted for by multiplying
the particle statistical weight by the nondecay probability Mﬁ (E)/Mk .

,In ,In
It is imp?rtant to note that the statistical weight is modified uncon-

ditionally, regardless of the selection that is made from Equation II-8.
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If a tentative collision with hydrogen is selected, then a real

*
(E)/kZ q and a

collision is selected with conditional probability kzm H o
H] b

pseudo collision is selected with conditional probability

* *
1 - (E)/kZm - 2 (E)/. : For hydrogen, a real or pseudo col-
9

kzm,H k'm,H k'm,H’

lision is selected using an explicit value for the total hydrogen cross
section kZm,H(E). When a tentative collision with nuclide n has occurred,
the particle is tracked within a hypothetical nucleus using the intra-
nuclear cascade subroutine BERT. With probability kZm,n(E)/Z:l’n, a nuclear

*®

. . . . R _ 5 .

interaction will occur, and with probability 1 K m,n(E)/Zm,n’ the in

cident particle will pass through the nucleus uncollided. However, an eXx-

plicit value for kzm n(E) is not used in determining whether the collision
2

is real or apparent since kzm,n(E) is not available.

The probabilities for all of the individual "regl" events sum to
kZm(E)/Ml'{’m(E). For nucleons, Mi,m(E) = Mk,m’ and consequently no statis-
tical weight compensation is necessary. For mesons, Mﬁ,m(E) # Mk,m’ and
hence the distribution of flight trajectories will differ from that given
in Equation 11-6. However, the statistical weight modification mentioned
on page 19 is such that unbiased estimates can be obtained for any quanti-
ties that depend on the distribution of meson flight trajectories. Ex-
amples of such quantities are pion flux and the muon source arising from
pion decay.

The code could have been programmed to include "regl" meson decay,
in which case no statistical weight compensation would be necessary. The

primary intention of prohibiting "preal" meson decay is to improve estimates

of the muon source that results from pion decay.
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V. ASSUMPTIONS ON THE FATE OF PIONS BELOW THE CUTOFF ENERGY IN NMT

The n+ mesons appearing below the cutoff energy in NMT are assumed
to decay immediately into u+mésons. A low-energy m meson may decay or
be absorbed into a nucleus. The absorption cross section depends on the
" material atom density, whereas the cross section for decay is independent
of atom density. When the atom density is %1021—1022, which is the case
for most materials, absorption will be far more probable than decay. The
converse will be true for m mesons moving through a very rare material
such as the upper atmosphere of the earth. Accordingly, an option is
offered in NMT as to the treatment of all m mesons appearing below the
cutoff energy. When absorption is selected, all m mesons appearing below
the cutoff energy are forced to interact via the intranuclear-cascade
routine. If decay is specified, all 7 mesons appearing below the cutoff

energy are assumed to decay immediately into p  mesons.



CHAPTER IIT

DESCRIPTION OF THE CALCULATIONS

All of the calculations were performed with the target and modera-
tor being described as coaxial cylinders. The geometry used is illustrated
in Figure 1, page 3. In most cases, the dimensions were as given in this
figure with the exceptions to be noted.

Incident protons were assumed to pass along the axis of symmetry,
through a cylindrical void, and into the target. The axial position was
defined as positive to the target side of the vacuum-target interface.

The radial position of protons entering the void was sampled from a two~
dimensional Caussian distribution having a variance of four centimeters.
This description of the radial spread of the incident beam was based on
photographs from the experiments of Fraser et al. (1965). Small-angle
deflections of primary protons due to Coulomb interactions with nuclei were
calculated using the description given by Rossi (1965). With the possible
exception of target heating as a function of position, most of the results
are relatively insensitive to the incident proton beam spread and the
multiple Coulomb scattering.

A cutoff energy of 25 MeV was used in NMT. Negative pions reaching
their energy cutoff were assumed to undergo nuclear interaction via
Bertini's intranuclear-cascade code. For the calculations with a heavy
water moderator, a very important blanket assumption was made concerning

nuclear collisions with deuterium above 25 MeV. Since NMT cannot treat
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collisions with deuterium by any means. other than the intranuclear-cascade
model, all macroscopic cross-section data for deuterium, including the
energy and angle description of secondaries, were assumed to be identical
to the same data for hydrogen. In defense of this approximation, it is
pointed out that the population of all particle types above 25 MeV is
small in the moderator, and hence the contribution to the thermal-neutron
flux by collisions in the moderator above 25 MeV is very small.

Neutrons appearing below 25 MeV were transported in OSR down to
0.5 eV. 1In OSR, nonelastic collisions with O, Sn, Pb, and U were de-
scribed using compound nucleus formation followed by nuclear evaporation.
Nonelastic reactions with D and Be were assumed to be entirely (n,2n).
The momentum distribution of neutrons produced from the n(d,2n)p reaction
was calculated using the scheme suggested by Kalos, Goldstein, and
Ray (1962), in which it is assumed that the momenta of secondaries is
uniformly distributed in the center-of-mass system. Neutrons produced
from the (n,2n) reaction with Be were assumed to be emitted isotropically
in the laboratory system. The energy spectra of these neutrons were
obtained from the data of Buckingham, Parker, and Pendlebury (1961).
Table I gives the cross-section reference data for all of the O5R cal-
culations.

To oﬁtain the thermal-neutron flux as a function of position, the
density of neutrons appearing in the system below 0.5 eV was averaged
over each of 312 cylindrical volume annuli. The resulting averaged data

were used as the thermal-neutron source in a single-energy-group flux
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TABLE I

REFERENCES FOR CROSS-SECTION DATA USED IN O5R CALCULATIONS

FElement or Nuclide

Be

Sn

Pb

235U

238U

Irving and Gillen (1966).
Kalos, Goldstein, and Ray (1962).

Buckingham, Parker, and Pendlebury (1961),
Doherty (1965), Joanou (196k4), and
Zabel (1957).

Hughes and Harvey (1958).
Hughes and Harvey (1958).

Hughes and Harvey (1958) and Bertin
et al. (196L4).

Hughes and Harvey (1958) and Bertin
et al. (1964).

Hughes and Harvey (1958), Bertin
et al. (196L), and Webster (1966).
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‘calculation using EXTERMINATOR-2 (Fowler et al., 1967), a two-dimensional
diffusion code. Diffusion theory calculations of the thermal-neutron
flux in water were compared with Monte Carlo estimates of the same quantity
using several source distributions. The results were in good agreement.
Figure 3 illustrates the average thermal-neutron source between
z = 30 cm and z = 37.5 cm as.a function of radial position for 1500-MeV
protons incident on a Pb target in a water moderator. The numbers above
the histogram in Figure 3 are calculated estimates of the relative standard
error expressed in per cent. These error estimates are typical of those
obtained for the thermal-neutron source in all of the calculations.
In the uranium-target calculations, the amount of 235y present
was assumed to be 0.22 per cent, in agreement with that used in the ex~
periments of Fraser et al. (1965). If no thermal fissioning occurred,
neutrons reaching thermal would diffuse and ultimately be lost through
leakage or absorption. Coupling of the slowing-down calculation using
O5R with the thermal diffusion calculation using EXTERMINATOR-2 would
be straightforward in this case. However, some thermal fissioning was
present in the uranium target, requiring a neutron-transport calculation
which was cyclic in energy. Such a calculation using both codes, 05R
and EXTERMINATOR-2, would have been very impractical. Instead, the
uranium-target calculations below 25 MeV were performed using only OSR.
All neutrons below 0.5 eV were transported using 0.025-eV cross sections
and assuming isotropic scattering in the laboratory system. The thermal
flux was deduced from the collision density in each of 312 cylindrical

volume annuli.
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Figure 3. Average thermal-neutron source per incident proton per
second between z = 30 cm and z = 37.5 cm as a function of radial posi-
tion for 1500-MeV protons incident on a Pb target in an H20 moderator.
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In NMT, the calculations of heat-producing energy release in the
target and moderator accounted separately for (a) ionization losses by
all charged particles, other than muons, and the kinetic energy of all
recoiling nuclei, (b) residual excitation of nuclei following nuclear
evaporation, (c) 7° meson production, and (d) ionization losses by muons.
In OSR, neutrons below 25 MeV undergo nuclear collisions in which heat-
producing energy is released via protons, alpha particles, nuclear ex-
citation, and nuclear recoil. This energy, along with the gamma-ray
energy from thermal-neutron captures, was calculated in the target and
moderator. The data on energy released as a function of position in the
target include only the energy released through the processes mentioned
in (a). This approximation shoﬁld be adequate for targets other than
uranium since 90 to 95 per cent of the total energy released in the
target is due to the processes mentioned in (a). In a uranium target,
much of the energy released is due to fissioning, and this energy is
not included in the data on energy released as a function of position
in the target. A spatial map of fission heat in the target would have
been a special case, requiring additional provisions within the O5R code
that were not necessary for other target materials. The calculated values
for total energy released in the target do include energy from fissioning
below 25 MeV. For both 235U and 238U, an average value of 178 MeV per

fission (Glasstone and Edlund, 1952) was assumed at all energies in O5SR.



CHAPTER IV
RESULTS, COMPARISON WITH EXPERIMENT, AND DISCUSSION
1. THERMAL-NEUTRON-FLUX DISTRIBUTIONS

Figures 4 through 14 illustrate the calculated radial distribution
of the thermal-neutron flux for various combinations of incident proton
energy, target material, and moderator material. In each of these figures,
radial distributions are given for two fixed axial positions z, and in
each figure one of the two z values was selected corresponding to where
the maximum flux occurred. The experimental data of Fraser et al. (1965)
are given in each of these figures for comparison with theicalculated
results. With one exception, all of the data were calculated using the
dimensions given in Figure 1, page 3. The Be target used by Fraser
et al. was Ik inches square and 36 inches long. In the calculations,
the cylindrical target radius was chosen soO that the target volume was
equal to that of the experimental target.

Radial flux distributions in an HZO moderator for 1500-MeV in-
cident protons are given in Figures U4 through TAfor targets of Be, Sn,
Pb, and U in that order. For the Pb target, in Figure 6, calculated
results are also given for a DZO moderator.

Figures 8, 9, and 10 correspond to incident proton energies of
540, 750, and 900 MeV. Radial flux distributions for a Pb target in
moderators of HZO and DZO are given in each of these figures. The

comparisons of calculated and experimental data in Figures 4 through 10

29
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Figure 4. Thermal-neutron flux per incident proton per second as
a function of radial position at z = -5 cm and z = 25 cm for 1500-MeV
protons incident on a Be target in an H20 moderator.
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protons incident on an Sn target in an H20 moderator.
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appear to be equally good for all combinations of target material and

incident proton energy. According to the Pb target calculations, re-
placing the HZO with DZO increases the maximum flux by a factor of
approximately 1.6. However, the more obvious advantage of DZO is that
the flux decreases very slowly with increasing distance from the point
of maximum flux. In Figure 10, for z = 10.5 cm, the ratioc of the flux
in DZO to the flux in HZO increases from 1.7 at radial position R = 8 cm
to 100 at R = 35 cm.

In Figures U4 through 10 the comparisons of calculated and ex-
perimental data are absolute; that is, there has been no renormalization
of either experimental or calculated data. Figures 11 through 14 are
additional comparisons of calculated and experimental thermal-neutron-
flux distributions for various combinations of incident proton energy,
target material, and moderator material. However, arbitrary normaliza-
tions have been applied to the experimental data in these figures since
absolute normalizations were not available.

When an HZO moderator is used, there is very little thermal-
neutron leakage, and one may consider the total number of thermal-neutron
captures in the moderator as a figure of merit for target selection.
Calculated results for this quantity as a function of incident proton
energy for targets of Be, Sn, Pb, and U are given in Figure 15. The
calculated relative standard error for each of these data was less than
5 per cent. Direct comparisons with the neutron-production data of

Fraser et al. cannot be made since their data are corrected to include
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protons incident on a Be target in an HZO moderator.
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captures occurring in the target. When a DZO moderator is used, very few
of the neutrons which are thermalized are captured in the DZO' It follows
that thermal-neutron capture is not a criterion for target selection when
a bare DZO moderator is used.

The maximum thermal-neutron flux, which was obtained from the data
in Figures 4 through 10, pages 30 through 36, and Figures 11 through 1h,
pages 38 through 41, is plotted as a function of incident proton energy in
Figure 16. These data, while perhaps being more significant than the data
for thermal-neutron capture, do not fully reveai the advantage of a DZO
moderator. In particular, for moderators of HZO and DZO no information
is given which compares the rate at which the flux decreases with increas-

ing distance from the point of maximum flux.
IT. HEAT PRODUCTION

In this section results are given for the production of energy that
is eventually transferred as heat. For brevity, such energy will be re-
ferred to as heat energy. The processes that account for this energy are
cited in Chapter III, page 28, and in Table II.

In Table II results are given at three incident proton energies
for the heat energy produced in the target and moderator, using a Pb
target and the geometry illustrated in Figure 1, page 3. The data are

broken down according to the individual processes responsible for the total

heat-energy release.
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TABLE II

HEAT-PRODUCING ENERGY RELEASE IN AN ING USING A Pb TARGET
AT THREE VALUES OF INCIDENT PROTON ENERGY Eo

Heat-Energy Release (MeV/Incident Proton)

EO = 540 MeV EO = 900 MeV ' E 2000 MeV

(0]

Process
Type* Target Moderator Target Moderator Target Moderator

a 331.k40 L6. L 388.L0 115.70 543.30 264 .60
b 4.80 2.8 8.10 6.80 13.72 18.09
c 0.96 "0 8.40 1.08 L6.25 11.41
a 0.11 "0 0.63 0.17 1.30 1.16
e 7.03 76.3 15.L46 158.9 36.15 378.33
(9.62) (56.38) (20.78) (118.9) (47.30) (290.L41)
Total  3L4k.3 125.5 L21.0 282.8 640.7 673.6

=
g

(346.9)  (105.6) (426.3)  (2L42.6) (651.9)  (585.

*Process type definitions:

a. The ionization loss by charged particles other than muons ex-
cluding that mentioned in e, and the kinetic energy from nuclear recoil
excluding that mentioned in e.

b. Nuclear excitation excluding that mentioned in e.

c. The kinetic energy of 7° mesons.

d. The ionization losses by muons.

e. For nuclear interactions below 25 MeV, the energy from protons,

alpha particles, nuclear excitation, nuclear recoil, and the gamma-ray
energy produced from thermal-neutron capture.
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In Table II the moderator material has not been specified since
calculations using HZO and theq DZO produced essentially no change in
any of the heat-energy data except for the gamma-ray energy produced
from thermal-neutron capture, which is included in process type e. Where
different values were obtained using a DZO moderator, these numbers are
given in parentheses. The data are broken down similarly in Table III,
which gives heat energy released in the target and in an HZO moderator
for 900-MeV protons incident on targets of Be, Sn, and U. The relative
standard error for the data in Tables II and III range from approximately
2 per cent for process-type-a data in the target to 25 per cent for some
values corresponding to process type d.

The data in Tables II and III do not account for all of the
incident proton energy. Particle leakage from the system, the binding
energy required in the nuclear interactions, and meson rest energy
account for the remainder of the incident proton energy. From Table II
it may be seen that 2000-MeV protons incident on a Pb target in an
HZO moderator release 6L0.7 MeV in the target and 673.6 MeV in the
moderator for a total of 1314 MeV per incident proton. Using the cal-
culated value of 43 neutrons released per incident proton and 7 MeV as
the average binding energy of a bound neutron, one can account for
approximately 300 MeV as neutron binding energy. The calculations show
that neutron leakage accounted for 187 MeV and charged-particle leakage
accounted for 105 MeV. Thus, about 1900 MeV of the incident-particle

energy i1s accounted for. In addition to this, there is some energy

which goes into binding energy when charged particles are produced by
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TABLE IIT

HEAT-PRODUCING ENERGY RELEASE IN AN ING USING TARGETS OF
Be, Sn, AND U FOR 900-MeV INCIDENT PROTONS

Heat-Energy Release (MeV/Incident Proton)

Be Sn U

Process

Type* Target H,0 Target H,0 Target H,0
a 245.80 2L, 70 355.10 169.20 21,40 80.50
b 12.34 7.38 8.33 8.50 8.38 5.62
c 21.20 2.61 7.66 0.85 8.94 0.10
d 0.48 1.21 0.61 0.32 0.51 0.1h4
e 1.90 48.49 14.50 125.80 856.00T 123.50

Total 281.72 30k4.39 386.20 30L.67 1295.23 209.86

¥The process types are defined in the footnote to Table II.

tThis value includes the energy release from fissioning.
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nuclear interaction and some energy which goes into rest energy of mesons,
so roughly, at least, an energy balance is obtained in this case. Similar
considerations in the other cases always enable one to obtain a reasonable
energy balance.

Data on the total heat energy released in the target as a function
of incident proton energy for various target materials are given in
Figure 17. The dimensions of the target and moderator are as noted pre-
viously.

The maximum neutron-flux data in Figure 16, page Lk, together with
the data on heat-energy production in Figure 17, should be very useful in
selecting the target material for a potential ING. If it is desired to
maintain a fixed maximum flux with a fixed proton-beam energy, a larger
value of the maximum neutron flux Qmax per incident proton will decrease
the required beam current, and hence reduce the cost associated with main-
taining the required beam current. At the same time, a smaller value of H,
the heat-energy release in the target per incident proton, will reduce the
cost associated with the removal of heat.

Heat-energy production as a function of position in a Pb target for
three different incident proton energies is given in Figure 18. The data
are presented as radial plots for the six axial increments indicated.
Radial and axial increments were selected with the intent of obtaining a
uniform distribution in statistical error. The calculated relative
standard error averaged approximately T per cent with the largest single

deviation being 30 per cent.
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In Figure 19, heat-energy production is given as a function of
position in targets of Be, Sn, and U for an incident proton energy of
900 MeV. The magnitude and behavior of the calculated statistical error

were very similar to that obtained for the data in Figure 18.

III. CONCLUSIONS ON TARGET SHAPE

Results 6n neutron production as a function of position in Pb'
targets of 5- and 10-cm radii for 900-MeV protons are given in Figure 20.
‘These data do not include a very small fraction of the neutron production
which is induced by neutron collisions below 25 MeV, that is, by neutron
collisions in the OSR calculation. From this figure, it may be seen that
an additional target volume beyond a 5-cm radius does not appreciably
affect the spatial distribution of neutron production within the 5-cm
radius. The relative standard error for the data in Figure 20 averaged

n10 per cent and ranged to a maximum value of 32 per cent.

The range of 900-MeV protons in Pb is approximately 50 cm. Note
that the neutron production is insignificant beyond this distance. This
was found to be the case for other combinations of incident proton energy
and target material as well.

For the combination of a Pb target and a DZO moderator, most of
the capture in the target occurs in the thermal-energy range. Hence, the
relative effectiveness of any region in the target may be judged by the
ratio of neutron production to thermal-neutron capture in that region.
With a D20 moderator, the thermal flux is nearly flat in a Pb target.
These considerations, together with the neutron-production data in Fig-

ure 20, suggest the target shape given in Figure 21. The proposal in
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Figure 21 for a maximum target radius of less than 10 cm is based on the
data in Figure 22. Here the thermal-neutron flux is plotted as a function
of radius for three axial positions using a DZO moderator and Pb targets
of 5- and 10-cm radii. The maximum thermal flux occurs for z = 10 cm.

The most important observation to be made from the data in this figure

is that for a Pb target in a DZO moderator the thermal-neutron flux is
rather weakly dependent on the target shape, and therefore the precise
target shape is probably not very important. Fraser (1965) has considered
the use of a liquid lead-bismuth target. The magnitude of the neutron
production in Bi is approximately equal to that in an equal volume of

Pb whereas Bi has a considerably lower thermal-neutron-capture cross
section than Pb. It follows that for a lead-bismuth combination the pre-

cise target shape will be even less important than in a Pb target.

IV. SOME CALCULATIONS FOR VARIOUS MODERATOR ARRANGEMENTS

In Figure 23 the calculated radial variation of the thermal-neutron
flux is given at z = 10 centimeters for various moderator configurations.
A 900-MeV incident proton beam and a 5-cm-radius by 60-cm-long Pb target
were used in calculating all of the data. For configuration No. 1 in Fig-
ure 23, the geometry is identical to that given in Figure 1, page 3, and
the moderator is entirely DZO' In configuration No. 2, the DZO moderator
has been reduced in radius to 65 centimeters and in length to 150 centi-
meters. This corresponds to a 61 per cent volume decrease in DZO' In con-
figuration No. 3 an HZO reflector has been added to the bare DZO in config-

uration No. 2. For configuration No. 1, the integrated thermal-neutron




56

'° i l ; IORNL—DWGIGB-2244
INCIDENT PROTON ENERGY: 900 MeV —
5 MODERATOR : D,0 —
TARGET : {0cm DIAM X60 cm LONG Pb AND
9 20 cm DIAMX60 cm LONG Pb
2 —_—
§ e {Ocm DIAM TARGET
: - o 20c¢m DIAM TARGET
¢
= -
° " Toe,
\ O-A o P
&g 2 fw—e - b LI
g é ° ° .4 & o o® Y ) ce o b ° . >
e > ®0 ¢0 s ¢o ®* o o»
= § 102 Lo—w - - © - @ z=40cm
@ -y—— — }
e - L) - - Z=60cm
<% sy —~t |
X3 [
T e L _ézmooennoa,usmc 10cm DIAM TARGET Wil 2 R
§ g ._% Zz=-45cm
2 ’.
Ecn
Z 40 v
g I TARGET ;‘———MODERATDR,USING 20 ¢cm DIAM TARGET
5 ’a
E 7
2
10
o 5 10 15 20 25 30 35 40 45 50 55 60 65 70

RADIAL DISTANCE FROM TARGET CENTER LINE (cm)

Figure 22, Comparisons of radial thermal-neutron-flux distributions
at z = -45, 10, and 60 cm using Pb targets of 5- and 10-cm radius in a
D20 moderator,




o7

ORNL-DWG 68-2245

5x10°
I | ] 1 | ! I | | | 1 ] |
L] [ | | l l | I I l I | [ A
2l— MODERATOR CONFIGURATIONS i
NO. ¢ NO.2 NO.3 NO.4 NO.5
n
10° |— t-s.’u:m—- § ISem—ef & 4
=] — 98 cm—=y 65 cmey 4 30 N g 3
g — ke - % Lso = sl Y E
w — 0 () N :
I I 7\ BRI\ 2k
& — A § N Es T % §6 0771
c 2l g 718 A 8 _T /4' g8 D{;
|- J— . / l S } - -1-— -
o = @ P
£ % ol J L e i X l N
o | N | 20y 3
- &8 = 3 € ¢ .
Z e s 3 5 3 ‘- IN EACH CONFIGURATION PROTONS ARE ]
8 < Y3 H L] H 3 INCIDENT THROUGH THE VOID AND INTO |
G . 3 . __. THE TARGET AS INDICATED BY THE
z § o H . ARROWS
E 2 N v 3 -
a NE ] a []
o -2 ]
X X0 = ) = - .
@ § : 5
z 5 & INCIDENT PROTON ENERGY: 900 MeV
S TARGET :10 cm DIAM x 60 cm LONG Pb o ]
- e z = {0 cm FOR ALL DATA 4
; 2 » CONFIGURATION NO. 1 .
5 ° CONFIGURATION NO, 2
g o a CONFIGURATION NO. 3 °
& ° a CONFIGURATION NO. 4 ——
T ¢ CONFIGURATION NO. 5 .
= 5
. .
TARGE T4
7,
o* +
0 5 10 15 20 25 30 35 40 a5 50 55 60 €5 70

RADIAL DISTANCE FROM TARGET CENTER LINE (cm)

Figure 23. Comparisons of radial thermal-neutron-flux distributions
at z = 10 cm using a Pb target for various moderator configurations,



58
source was 20.6 neutrons per incident proton. Of these neutrons 18.3
leaked from the system. In contrast, the thermal leskage in configuration
No. 3 was 0.L497 out of 20.3 source neutrons per incident proton. The DZO
has been reduced to 50-centimeter radius by 120 centimeters léng in cén—
figuration No. 4. This is a DZO volume reduction of 82 per cent from con-
figuration No. 1. 1In configuration No. 5 an HZO reflector has been added
to the bare DZO in configuration No. L. The integrated thermal-neutron
source in the last configuration was 20.4 neutrons per incident proton,
of which only 0.052 neutrons leaked from the system. The data presented
here may prove very helpful in making a cost determination of a moderator

and reflector-shield design for an ING.
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