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LEGAL NOTICE

This report was prepared as an account of Government sponsored work, Neither the United States,

nor the Commission, not any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with respect to the accuracy,
completeness, or usefulness of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in this report may not infringe
privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages resulting from the use of
any information, apparatus, method, or process disclosed in this report.

As used in the acbove, ''person acting on behalf of the Commission® includes any employee or

contractor of the Commission, or employee of such contractor, to the extent that such employee

or contractor of the Commission, or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment or contract with the Commission,

or his employment with such contractor.




5
IPRECEDIIG PAGE BEANIK NOT FILMED.
-3-

HIGH-ENERGY NUCLEON TRANSPORT*

R. G. Alsmiller, Jr.

Oak Ridge National Laboratory
Oak Ridge, Tennessee

In this paper the recent work on the trahsport of high-energy nucleons
through dense matter is reviewed. The application of this transport to
space~-shielding studies is emphasized so the discussion is restricted to
low and intermediate energies (S 1 GeV) and to relatively thin shields.

A review articie on this subject has recently been publishedl and therefore
the discussion here is, in the main, concerned with work which has become
available since this review.*¥

The accuracy of transport calculations must be determined by comparison
with experimental measurements made on thick targets, and I shall therefore

-begin by discussing two such comparisons that have recently been made.

J. S. Fraser et al.? have measured the thermal neutron flux produced
when large targets of Be, Sn, Pb, and depleted uranium are bombarded by high-
energy (0.5 to 2 GeV) protons. A schematic diagram of the experimental
arrangement for the case of a lead target is shown in Fig. 1. In the ex-
periment a narrow proton beam was incident on one face of a thick target
which was surrounded by a large water bath, and the thermal neutron flux
was measured as a function of position in the water. W. A. Coleman,3 using
the nucleon transport code written by W. E. Kinney,4 has calculated this

thermal flux for the case of 540-MeV protons on a lead target (;ee Fig. 1)

*Research sponsored by the National Aeronautics and Space Administration under
Union Carbide Corporation's contract with the U. S. Atomic Energy Commission.

**Much of the work that will be described is unpublished. I thank all of
the investigators involved for making their work available to me prior
to its publication.
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and made comparisons with the experimental measurements. This transport code
uses Monte Carlo methods and treats particle production from high-energy

(> 50 MeV) nuclear reaction by means of an intranuclear-cascade code written
by H. W. Bertini.® Below 50 MeV nonelastic collisions are treated by using

an evaporation code written by L. Dresner,6 and elastic collisions are treated
using experimental data. In the calculations of Coieman, the geometry was the
same as that shown in Fig. 1, and the thermal flux was calculated assuming a
single velocity for neutrons with an energy of less than 0.5 eV.

The comparisons between the calculated and measured values are shown in
Figs. 2 and 3. In the figures the thermal flux is plotted as a function of
radius at depths of -11.5 cm and 34 cm, respectively. These depths (see
- Fig. 1) are measured from the front face of the lead target. The histograms
show the calculated values while the plotted points correspond to the ex-
perimental measurements. The dashed curve is drawn through the experimental
points for comparison purposes. The numerical values in the histogram give
the percent standard deviation obtained in the Monte Carlo calculations.

The experimental and calculated results are in very good agreement at all

radii at both of the depths considered. These comparisons are important

from the point of view of shielding because they represent the first defini-
tive test of the ability of the Kinney code using the Bertini data to calculate
accurately the low-energy neutrons. Of course the intranuclear-cascade cal-
culations are expected to be more accurate for heavy nuclei such as lead

than for light nuclei, so the good agreement in Figs. 2 and 3 cannot be

taken to indicate that similar agreement will be obtained with lighter nuclei.
Comparisons of calculations with the experimental measurements made using a

Be target are in progress but they are not yet available.
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Comparisons of the calculated and measured particle fluxes emerging
from thick targets provide a definitive test of the transport calculations,.
but such comparisons do not give a very good indication of the error to be
associated with calculation of integral quantities such as dose. A series
of experimental measurements of the dose as a function of depth in a spherical
phantom placed at a variety of positions with respect to a target irradiated
by 160-MeV protons has been carried out by T. V. Blosser et al.” The geo-
metrical arrangement used in this set of experiments is shown in Fig. L,

For a variety of target materials and thicknesses and for various values of

the parameters o, B, 9, and d, the energy deposition, i.e., the dose, was
measured as a function of dep%h in the water phantom.‘ It should be noted

that except in the very special case when O, B, and © are all equal to zero the
experimental arrangement is such that the measured dose is due entirely to
secondary particles, or, more precisely, to secondary particles and primary
particles which have undergone large-angle and multiple small-angle Coulomb
scattering.

B. Liley and A. G. Duneef, Jr.® have carried out dose calculations and
made comparisons with these experimental data. In these calculations which
are carried out using Monte Carlo methods, first-generation secondary particles
are calculated explicitly and then treated using attenuation factors. The
details of the calculations will be published shortly and will not be dis-
cussed here. There is, however, one feature of the method employed which I
think should be noted. The angular distribution of the first~-generation
secondary cascade particles is included in the calculations by using an

interesting approximation. If Fij(E',E,a'oa) is the number of cascade particles
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of type i per unit energy about E per unit solid angle about 9} which arises
from the nonelastic nuclear collision of a particle of type j with energy E'

going in the direction 5’, the assumption is made that

-3

. ._,'. - ' , -—;'. —
Fij(E ,E, Q' Q) fij(E ,E) gij(E , Qe Q) ,
where

f _ ' —-’" — .
fij(E ,E) = L{ Fij(E JE, Q' Q)aQ

O —_ -
[ Fij(E',E, Q'. Q)dE

-—d —d (6]
g‘-(E'}Q"Q) = V - PN H
+J BT F, (8,8, G- G)a0ar
o by Y

that is, it is assumed that there is no correlation bétween the energy of
emission and the angle of emission but all of the angular dependence is not
omitted. This approximation is interesting because it is in a sense inter-
mediate between using the complete angular dependence and using the often-
employed straightahead approximation in which gij is approximated by

1/2n 6(1- ('. (). 1In their calculations Liley and Duneer have used the
analytic expressions for gij obtained by H. Alter.® The expressions were
obtained by fitting the Monte Carlo data of Bertini® by the method of least
squares. The angular distribution, 8pp? of protons emitted from 150-MeV
protons on aluminum obtained by Alter is shown in Fig. 5. In the figure
2n Epp is called SIGMA andbMU is used for (i'. (. The plotted points show
the data pbtained from Bertini and the solid curve is the least-square fit.
The distribution is peaked forward, but there is, of course, particle emission

at angles other than zero.
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The comparison between the calculations and the measurements for the
case of 160-MeV protons incident on an aluminum target of 26.9 g/cm? thickness

and @ = B = 45°, 8 = 0°

, d = 53.7 cm (see Fig. 4) is shown in Fig. 6. The
calculations are systematically high compared with the experimental values.
In considering this comparison, it must be remembered that the entire con-
tribution to thé dose in this case is coming from the secondary particles,
and thus the calculational error is not indicative of that whiech would be
obtained in a typical space shielding calculation where the primary particles
contribute a large fraction of the dose.

Using Monte Carlo methods, it is feasible to solve the transport equa-
tions without approximation. In general, howéver, to obtain such solutions
a large amount of computing time is required, and it is very desirable for
design purposes to have methods for obtaining adequate, readily calculable
approximate solutions. \One such method that is often used employs the
straightahead approximation. In this approximation it is assumed that when
a nucleon-nucleus collision occurs the secondary particles are emitted in
the direction of the incident particle. In a previous paper, the validity
of this approximation was tested by comparing exact¥* calculations with cal-
culations carried out using the approximation for the case of monoenergetic
protons isotropically incident on slab shields followed by tissue.’® A
furthef test of the approximation has now been obtained by making similar
comparisons for the case of a typical flare proton spectrum normally incident
on a slab shield followed by tis_sue.ll For isotropic incidence the angular

distribution of the primary particles tends to de-emphasize the angular

*"Exact’ is used here to mean ¢alculations in which the angular distribution
of the secondary particles is taken into account without approximation. The
use of this term is not meant to imply anything about the physical validity
of the calculations. '
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distribution of the secondary particles so the case of normal incidence pro-
vides a more stringent test of the approximation than does the case of iso-
tropic incidence.

In order to insure that any differences in the results are due to the
approximatibn being tested and not to such things as differences in nuclear
data, both the exact and the straightahead calculations were carried out using
the transport code written by W. E. Kinney.4 The straightahead approximation
as used here applies to all particles emitted from nuclear collisions. In
both the exact and approximate calculations, the primary protons are assﬁmed
to travel in a straiglit line and continuously lose energy. When a nuclear
collision occurs, all of the emitted particles, both evaporation and cascade,
are assumed to go in the direction of the incident particle, i.e., no attempt
is made to discriminate against particles emitted at large angles as is some-
times done in using the,appro;imation. The flare spectrum used was taken to
be exponential in rigidity with a characteristic rigidity of 100 MV and was
arbitrarily normalized to 10° protons/cm? with energy greater than 30 MeV.

In the calculations only particles with energy less than 400 MeV were con-
sidered. The form of the flare spectrum and the geometry are shown schematically
in Fig. 7. The dose calculations in the tissue were carried out as described
previously and, in particular, the quality factors used in obtaining the dose

in refi are the same as those used previously.le

Comparisons between the exact and approximate calculations for the flare
spectrum normally incident on 20 g/ of aluminum (see Fig. T) are shown in
Figs. 8, 9, and 10. In Fig. 8 the exact and approximate secondary proton and
neutron currents at the aluminum-tissue interface are compared. The straight-

ahead approximation overestimates the low-energy secondary neutron current and
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the low-energy secondary proton current. At high energies (> 100 MeV or so) the
statistical fluctuations are large, and the differences between the exact and
approximate currents are probably to be ascribed to poor statistics rather than
to any failure of the straightahead approximation.

In Figs. 9 and 10 the exact and approximate doses as a function of depth in
the tissue in rad and rem, respectively, are shown. For éomparison purposes, the
total dose has been divided into four parts: primary proton-ionization dose,
secondary proton dose, secondary neutron dose, and backscattered dose, The
primary proton-ionization dose is the dose from those incident‘protons which have
undergone neither elastic nor nonelastic nuclear collisions. The primary proton-
ionization dose is by definition the same in the exact and approximate calcula-
~tions. Since this is the case, the exact primary proton-ionization dose has not
been shown in Fig. 10. The secondary proton dose is the dose from all charged
particles that are produced by primary or secondary protons. The secondary neutron
dose 1s the dose from all charged particles produced by secondary neutrons. It
should be noted that the secondary proton dose and secondary neutron dose include
contributions from particles produced both in the shield and in the tissue. In
addition to the contribution from protons, the secondary doses also include a
contribution from charged evaporation particles with mass greater than that of
‘a proton and from recoil nuclei. The backscattered dose is the dose from all
particles and their progeny which cross from the tissue into the aluminum. This
backscattered dose is by definition zero in the straightahead approximation. The
agreement between the exact and approximate secondary doses in both Figs. 9 and
10 is quite good at all tissue depths. The straightahead approximation over-
estimates the secondary doses, particularly in rem, but in the present instance at

least the error does not seem excessive from the point of view of shielding. Finally,
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it should be noted that while the secundary dose in Fig. 9 is small compared}
to the primary dose this is not the case in Fig. 10. The quality factors used
in the calculations and consequently the dose calculations in rem must be
considered to be very approximate. The calculations do serve to indicate,
however, that the importance of secondary particles in space yehicle shielding
is dependent on the quality factors which are found to be applicable.

At the present time the code collection of the Radiation Shielding Information
Center of the Oak Ridge National Laboratory contains five proton penetration
codes, written in various approximations, which were desigped for doing space
shielding calculations. To test the consistency of these codes, W. W. Scott
and R. G. Alsmiller, Jr.18 have compared the results given by each code to a
typical sample problem.

The codes which have been considered are those written by W. E. Kir'me;y'4
at the Oak Ridge National Laboratory, by R. P. Moshmf‘sky14 at The Boeing Company,
by C. W. Hill et al.*® at the Lockheed~-Georgia Company, by J. R. Lilley and
W. R. Yucker'®* at the Douglas Aircraft Company, and by R. I. Hildebrand and
H. E. Renkel'” at the Lewis Research Center. An extensive discussion of the
data and method of calculation used in each of these codes is given in the
listed reference, and. therefore only a very brief discussion will be given here.
The code written by Kinney is the only one of the codes which solves the complete
tranéport equations. The codes written by Hill et al. and by Hildebrand and
Renkel employ the straightahead approximation and include a calculation of the
higher generation secondary particles. The codes by Moshofsky and by Lilley

and Yucker employ the straightahead approximation, calculate explicitly only

*The code by Lilley and Yucker was not available at the time reference 13 was
written and therefore the results from this code presented here are not
included in reference 13.
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first-generation secondary particles, and utilize atbtenuation factors to treat
the higher generations. The codes by Kinney and by Hildebrand and Renkel use
the particle-production data generated by Bertini, while the other codes rely
on the older, more approximate data.

The sample problem used in the comparison is that»shown in Fig. 7: i.e.,
a proton flare spectrum, taken to be exponential in rigidity with P0 = 100 MV,
normally incident on a slab of aluminum of thickness 20 g/en followed by a
30-cm slab of tissue. The doses as a function of depth in the tissue from
primary protons, secondary protons, and secondary neutrons are compared in
Figs. 11, 12, and 13, respectiveiy.

The primary proton doses from the various codes showp in Fig. 11 are in
reasonable agreement. This is to be éxpected since there is little uncertainty
in the data, and this dose is relatively easy to calculate. In Fig. 12 where
the secondary proton doses are compared, all of the results are in reasonable
agreement except those given by the Boeing code.* In Fig. 13 the secondary
neutron doses are compared. The Boeing results are somewhat higher than those
given by the other codes. The Lockheed-Georgia results appear to be high in
the first few centimeters of the tissue but thereafter agree with the results
given by the Lewis and Douglas codes. The statistical uncertainty in the ORNL
results are rather large, but in general.these resﬁlts are lower than those
given b§ the Lewis and Douglas codes. This difference may be attributed at
least to some extent to the straightahead approximation used in the Lewis and

Douglas codes.

*M. Wilkinson of Boeing has informed me that he has revised the Boeing code and
now obtains results which are in substantial agreement with the other codes.
This revised code is not, however, at this time available from the Radiation
Shielding Information Center.
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None of the comparisons mentioned above include a contribution from the
gamma rays. Calculations have been carried out for gamma rays with the straight-

19

ahead approximation by Madey et ala,le Dye,‘ and Alsmiller et al.%° Gamma -ray

15421 1o used a model which

calculations have also been performed by Hill et al.,
accounts for thé angular distribution of fhe produced gamma. ray and is applicable
to a slab shield. 1In the first three calculations, only gamma-ray production by
incident protons was considefed; in the 1ast calculation, gamma-ray production
by all of the secondary nucleons, as well as the incident protons, is included.
Madey et al. and Dye obtained gamma-ray production data by extrapolating from a
very limited amount of experimental data. Alsmiller et al. obtained their data
by applying crude Coulomb corrections to the theoretical data of Troubetskoyaz
for gamma-ray’production by neutrons. These data extended to only 22 MeV. Tt
was assumed that the 22-MeV data applied'to protons of energy up to 50 MeV.

Hill et al. used the ﬁodel of Troubetskoy with Coulomb corrections and calculated
gamma-emission data at the higher energies.

A comparison of the Madey, Alsmiller, and Hill calculations, due to-Hill and
Simpson,21 is shown in Fig. 1lk. The resulté shown are the primary proton and
gamma,-ray doses at the center of a spherical-shell aluminum shield as a function
of shield thickness. The form of the incident spectrum considered may be found

in Madey et al.'® and Alsmiller et al.?’® The two Alsmiller curves were obtained
using different gamma-ray production data. In obtaining the lower curve, it was
assumed that protoms with enérgy greater than 22 MeV could not producé gamma rays;
in obtaining the upper curve, gamma-ray production froﬁ all protons of energy less
than 50 MeV was included. Because of the crude extrapolation used in obtaining

the gamma-ray production data, the upper curve is probably an overestimate.
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The Alsmiller et al. ahd the Hill et al. calculations are in reasonably good
agreement except for thin shields. The reason for the thin-shield difference is
not known, but probably can be attributed to a difference in the assumed gamma-ray
production data for very low energy incident protons. The calculation by Madey
et al. is much larger than the other two because of thg very different production
data used. Expefimental information on gamma-ray production from proton-nucleus

23+2¢ and it is now possible to draw a

collisions has recently become évailable,
few tentative conclusions about the validity of the calculations.

In Fig. 15 the interaction cross section multiplied by the number of emitted
photons, when a proton collides with an aiuminum nucleus, and the interaction cross
section multiplied by the total energy of all emitted phgtons, when a proton col-
lides with anyaluminum nucleus, are plotted as a function of incident proton
energy. The solid and the dashed curves are obtained from the data used in the
calculations of Alsmiller et él., shown in Fig. 14.* If only the solid curves
in Fig. 15 are used, then the lower curve labeled Alsmiller in Fig. 1k is obtained.
If both the solid and the dashed curves.are used, then the upper curve labeled
Alsmiller in Fig. 14 is obtained. The plotted points are the experimental points

of W. Zobel et al.?®'2*

The experimental points have been obtained by integrating
the measured differential cross section for photon production and the differential
cross section for photdn production multiplied by photon energy over all emitted
photon energies greater-thén 600 keV. Hopefully but not certainly the contribution
to the integrals from photons of energy less than 600 keV is small.

The upper dashed line in Fig. 15 overestimates considerably the energy emitted

in the form of photons multiplied by the cross section between 22 MeV and 50 MeV

while the lower dashed line is in very rough agreement with the cross section

*The analogous data used in the calculations of Hill et al. are not given in
reference 21, and therefore comparisons with these data cannot be made.
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multiplied by the photon multiplicity in this energy region. This means of
course that the upﬁer curve in Fig. 14 labeled Alsmiller is too high. In the
energy region frpm 14.6 MeV to 22 MeV the solid curves underestimate the experi-
mental data on cross section times multiplicity and overeétimate slightly the
experimental data on emitted photon energy times cross section. On the basis

of the comparison shown in Fig. 15, there seems to be no reason to expect that
the lower Alsmiller curve in Fig. 14 is greatly in error. Of course the actual
photon emission speétrum has'hot been compared and there may be some changes.due
to this. Of even more importance, however, is the fact that there are no experi-
mental data for proton energies of less than 14.6 MeV. This energy region is im-
portant from the standpoint. of gamma-ray production because of the large number
of low-energy ﬁrotons in a typical solar-flare spectrum. If the rapid decrease
with decreasing energy of the solid curves in Fig. 15 should be in error, it is
still possible that the estimates of the secondary photon contribution to the
dose could change appreciably. In this regard, it should alsc be noted that
while secondary nucleon production is a high-energy phenomenon in the sense that
the higher energy incident protons (2 100 MeV in a typical flare spectrum) tend
to be important in’their production, this is not the case with secondary gamma
rays. All of the calculations, particularly the work of Hill et al.,zl indicate
that the gamma rays produced by very low energy flare protdns produce most of

the gamma-ray dose even for moderately thick shields. Thus, if the low-energy
portion of the flare spectrum, which is not well known, should be much larger
than that assumed in the calculations, the gamma dose could increase considerably

~while the primary proton and secondary nucleon doses remain essentially unchanged.
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