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ABSTRACT

In order to help assess the risk to astronauts due to the long-term exposure to
the natural radiation environment in space, an understanding of how the primary
radiation field is changed when passing through shielding and tissue materials
must be obtained. One important aspect of the change in the primary radiation field
after passing through shielding materials is the production of secondary particles
~ from the breakup of the primary. Neutrons are an important component of the
secondary particle field due to their relatively high biological weighting factors, and
due to their relative abundance, especially behind thick shielding scenarios. Because
of the complexity of the problem, the estimation of the risk from exposure to the

secondary neutron field must be handled using calculational techniques. However,

363



364 12th Man in Space Symposium

those calculations will need an extensive set of neutron cross section and thick-
target neutron yield data in order to make an accurate assessment of the risk. In this
paper we briefly survey the existing neutron-production data sets that are applicable
to the space radiation transport problem, and we point out how neutron production
from protons is different than neutron production from heavy ions. We also make
comparisons of one the heavy-ion data sets with Boltzmann-Uehling-Uhlenbeck

(BUU) calculations.
©1998 Published by Elsevier Science Ltd. All rights reserved

1.0 INTRODUCTION

In order to accurately determine the radiation risk to astronauts from GCR,
the nature of the secondary radiation field created by the fragmentation of GCR in
shielding and tissue must be understood. Due to their high penetrabilities,
neutrons are an important component of the secondary radiation field, especially for
astronauts protected by thick shielding on lunar or Martian bases[1]. The
predominant source of neutrons is interactions of GCR in shielding materials.
These interactions span the full range of GCR ions (protons, helium, and HZE) and
GCR energies (100 MeV/nucleon and up), and as such neutrons are produced from
an enormous set of interactions. Some studies have been conducted at ground-
based accelerator facilities in regards to the production of neutrons from GCR-like
interactions, but because accelerator resources are limited and because neutron
experiments require a large amount of the time available at those accelerators, the
best approach to the problem of determining the amount of neutron radiation
behind shielding is through a calculational approach, such as the ones reported in
references [1] and [2]. The models used to calculate neutron production behind thick

shields will need cross-section data as input and thick-target production data for
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verification of the models’' output. From the viewpoint of the experimentalist, the
key questions are (1) What are the important sets of data needed by theorists for the
development and verification of their codes, and (2) What data sets already exist that
are applicable to the problem? The answers to those questions will help in the
development of an experimental program that best addresses the problems
concerning the production on neutrons behind shielding in various deep-space

mission scenarios.

In answer to question (1), the data will need to shed information on some of
the properties of the neutron flux such as total neutron production, angular
distributions, and energy distributions. In addition, details on the systematics of
neutron production on projectile mass and energy and target mass will be needed.
The projectiles include protons, helium, and heavy ions with atomic number as
large as 26 (iron). The projectile energies should at least span the range of energies
around the peak of the flux distributions, namely 100 MeV/nucleon to 2
GeV/nucleon. Target masses should include possible shielding materials such as
aluminum, water, and regolith components, as well as tissue components such as

water, carbon, and nitrogen.

In the following, we describe some of the experimental results which are
pertinent to question (2). In addition to briefly describing those results and how
they apply to the issues raised above, we also outline some of the missing gaps in

the data base which we feel need to be filled.

2.0 NEUTRON PRODUCTION DATA SETS

Since protons make up close to 90% of the GCR flux, data in regards to the
production of neutrons from proton interactions is needed. One research program

has produced an extensive set of measurements of neutron production from proton
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interactions in a variety of targets, including both thick-target (stopping and near-
stopping target) yields and thin-target cross sections [3-6]. This set of data covers
much of the data needed to describe neutron production from GCR-like protons,

although additional data (such as measurements at 0 degrees) are needed.

Although helium makes up about 10% of the GCR flux and HZE makes up
about 1% of the GCR flux, one calculation? predicts that about 15% of the neutron
flux behind 50 g/cm?2 of water comes from helium interactions, and another 16%
comes from HZE interactions. However, unlike the case with protons, the heavy-
ion neutron data base has a scant amount of applicable data. To our knowledge,
there is only one reference on neutron production from heavy-ion GCR-like
particles stopping in shielding materials (177.5 MeV/nucleon and 160 MeV/nucleon
helium particles stopping in C, Pb, steel, and water)[7]. There are a few references in
regards to thin-target neutron cross-section data (see, for example, references [8 - 14])
that are relevant to GCR-like interactions. More data is needed in order to
determine the systematics of neutron production on heavy-ion projectile mass and
energy and on target mass. In order to fill in some of the missing gaps in the heavy-
ion neutron data base, we have conducted two sets of accelerator-based experiments

that have measured neutron yields from heavy-ion interactions.

One of those experiments was carried out at the Bevalac facility at Lawrence
Berkeley Laboratory, using a 435 MeV /nucleon Nb beam stopping in a Nb target 1
c¢m thick (8.57 g/cm?2), and using a 272 MeV/nucleon beam that was stopped in
targets of 1.27-cm thick Al (3.42 g/ cm2) and 0.51-cm thick Nb (4.37 g/ cm2). Data was
taken from 14 detectors placed between 3° and 80° in the laboratory. Neutron were

detected at energies starting from 20 MeV up to twice the beam energy per nucleon.
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Figure 1 shows neutron energy spectra at 3°, 9°, 16°, 28°, 48°, and 80° for the
435 MeV/nucleon Nb + Nb system. The error bars represent statistical uncertainties
only. The solid lines are BUU (Boltzmann-Uehling-Uhlenbeck) model calulations
of the data.
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Fig 1. Thick-target neutron spectra from the 435 MeV/nucleon Nb + Nb
system at the indicated angles. The solid lines come from a fit to the data

using BUU calculations.

The broad peak in Figure 1 at 3° between 200 MeV and 400 MeV indicates a
strong contribution from projectile breakup due to peripheral collisions with the
target nuclei. Since the projectile may have any energy between 435 MeV/nucleon
and 0 MeV at the time of collision, projectile breakup occurs over a wide range of
velocities, hence the broadness of the peak at 3°. The spectra at 16°, 28°, 48°, and 80°
have an exponential behavior which is typical of evaporation of fragments and
nucleons from a hot source created in the overlap region between the target and

projectile. There may also be some contribution from target evaporation in these
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spectra, but the low energy cutoff (about 20 MeV) is too high to see most of the
neutrons that come from such a source. At 9° there is a transition from neutron
spectra dominated by projectile-like neutrons to spectra that are dominated by
neutrons emitted from the decay of the overlap region. Note that neutrons with
energies above the beam energy per nucleon are observed, even out to 48°. This is
typical of the collective nature of heavy-ion collisions, where individual nucleons
in the projectile and target may get a momentum boost at the time of collision due
to the Fermi motion of nucleons inside a nucleus.

In general BUU calculations (solid lines in Fig. 1) do a good job of fitting the
data at large angles, both in magnitude and shape. However, at the forward angles
the BUU calculations either over predict or under predict the yield, depending on
the angle. Even though the BUU calculation misses the magnitude of the forward
angle spectra, it does a fairly good job in reproducing the shape of those spectra.
Because of the method used to compare data to calculation, it is not known whether
the discrepancy between the two is due to (1) the BUU-generated cross sections used
as input into the calculation, or (2) the part of the calculation that generates
neutrons once the input cross sections are in place. In any case, it will be necessary
to measure cross section data for Nb + Nb at a variety of Nb energies in order to

verify that the input into the transport calculation is valid.

It is interesting to compare the neutron yields between the 256 MeV p + Al
system and the 272 MeV/nucleon Nb + Al system. Figure 2 shows the yields from
both systems at 7.5°, 30°, and 60° as a function of the atomic number of the projectile.
At both 30° and 60° the yield from the Nb + Al systerh is about 10 times the yield
from the p + Al system, whereas at 7.5° the yields differ by a factor of about 1000.
This, along with the fact that there is an appreciable yield of neutrons above the

beam energy per nucleon in HZE interactions, but no such yield in proton
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interactions, best illustrates why the production of neutrons from HZE will need to
be handled differently than in the case of production from proton interactions. The
results shown here show that the production of neutrons from HZE interactions
cannot be estimated reliably by a simple scaling of the neutron production from

proton interactions.

Al stopping target neutron flux rates
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Fig. 2. Comparison of neutron yields from 256 MeV p + Al and 272
MeV/nucleon Nb + Al interactions.

Thick target neutron yields from 155 MeV /nucleon He + Al and from 155
MeV/nucleon C + Al were measured at the National Superconducting Cyclotron
Laboratory at Michigan State University. In addition to the thick target yields, cross
section measurements were made for C + Al at 155 MeV/nucleon and 75
MeV/nucleon. Arrays of neutron detectors were placed from 4° to 160° in the
laboratory. Analysis of the data is ongoing at this time. However, some preliminary
thick-target spectra can be shown. Figure 3 shows unnormalized neutron spectra at

10°, 30°, 60°, 90°, 125°, and 160° for the 155 MeV/nucleon C + Al system.
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155 MeV/nucleon C + Al
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Fig. 3. Stopping-target neutron yields from 155 MeV/nucleon C+ Al

interactions at the indicated angles.

As with the Nb systems, there is a strong contribution from projectile-like
fragmentation in the forward direction, with neutron energies as high as twice the
beam energy per nucleon. The spectra at the larger angles display the typical
exponential behavior of the de-excitation of the overlap region of the beam-target
collision. The data from these systems will be used to provide more information on

the contribution to the yield from target evaporation.

3.0 CONCLUSIONS

The problem of determining the flux of neutrons produced by GCR
interactions in shielding must ultimately be done using calculational techniques,
which in turn require experimental data for verification of both the input and
output of their calculations. To date the most complete data set available is with

proton-induced interactions, although there are gaps in that data set which should
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be filled, such as extending the existing measurements to 0° and to higher incident
proton energies. The set of data in regards to neutron production from heavy-ion
induced interactions still requires a great deal of data in order to determine the
systematics of neutron production on projectile mass and energy, target mass,
production angle, and neutron energy. These systematics should cover a span of
projectile energies from 100 MeV/nucleon up to 2 GeV/nucleon and projectile mass
from He up to Fe. The heavy ion stopping-target data that is available (Nb + Nb and
Al reactions at 435 and 272 MeV/nucleon, 177.5 MeV/nucleon He + C, Al, Pb, and
water, and He and C interactions in Al at 155 MeV/nucleon) indicates that a simple
scaling of proton-induced neutron yields will not reproduce the heavy-ion induced
neutron yields. In addition, the comparison of the Nb + Nb with BUU calculations
points to the importance of cross-section data for use in model calculations. As is
the case with stopping-target data, there is an inadequate amount of cross-section

data available at this time.
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