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Abstract--Neutron spectra were nmeasured by the tinme-of-flight method at

| aboratory angles from15' to 120' for the reaction Ag('*N,n) at 50 MeV/nucleon.
Al spectra were fitted with a moving-source nodel . The cross section
dependences on bonbarding energy and on projectile mass were investigated by
conpari son with published neutron data fromthe reactions Ag('*N,n) at 35
MeV/nucleon and Ag{®‘Ar,n) at 35 MeV/nucleon. Application to biological hazard
estimation is anticipated.
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f I. INTRODUCTION

The use of heavy ion beams in science and technology has increased in
recent .years. Perhaps the most common use is in biomedical research. Amongst
the heavy ion accelerators in operation for cancer treatment are the BEVALAC in
Berkeley, California, the Schwerionensynchrotron in Darmstadt, Germany, and the

Takahashi Radiation Chemistry Research Establishment in Japan.1

The radiation produced by heavy ion beams must be shielded for the safety
of personnel and sometimes. for the safety of special equipment. Since neutrons
are the most penetrating radiation, the thicknesses of shielding walls depend on
the energies and fluxes of neutrons resulting from the nuclear reactions of the
heavy ions. It is therefore necessary to know the neutron production cross
sections in order to calculate the shielding. In contrast to proton, deuteron,
and alpha particle beams, neutron data from beams of heavier ions are still
scarce.

The fragmentation of high-energy, high-Z particles (HZE) that are present:
in the galactic cosmic radiation field makes a significant contribution to the
overall radiation dose received by astronauts engaged in long term missions

2

outside the earth’s magnetosphere. .The guality factor for neutrons has been

estimated2 to be in the range of 10 to 20. Because of this high value, the flux
of neutrons may be a major component of the dose received from the fragmentation

of HZE particles. Since only a little data3_5 exists on the flux of neutrons

from HZE fragmentation, the data presented here can be of some use to people
assessing the overall radiation risk to astronauts on long-term missions.
We report here on a measurement of cross sections of neutrons emitted in

the reaction '‘N + Ag at 50 MeV/nucleon. In two previous petpersse"7 we reported

on similar neutron production cross sections in the reactions '‘N + ag and ®°‘Ar

+ Ag at 35 MeV/nucleon. Combining the present results with the earlier results,
we can now investigate the cross section dependence on bombarding energy (35 and
50 MeV/nucleon) as well as on projectile mass (A = 14 and 36)}.

"I, BXPERIMENTAL PROCEDURE

Since the apparatus and techniques used in the measurements are similar
to those described elsewhere (Refs. 6 and 7 and references therein), we give but
a brief description here. The K500 cyclotron at Michigan State University
provided a '‘N beam at 50 MeV per nucleon. A schematic view of the experimental
setup is shown in Fig. 1 of Ref. 7. The neutrons were detected with liquid
scintillators (NE213 or BICRONS01) placed at angles of 15°, 30°, 45°, 60°, and
120° relative to the incident beam direction. The detectors were positioned at
distances ranging from 160 to 450 cm. Their intrinsic time resclution was about
0.8 ns. The neutrons were timed against the cyclotron rf signal and

distinguished from gamma rays by a pulse shape discrimination scheme8 using two
commercial charge-integrating ADC’'s (QDC’s). Detector efficiency was computed

using a Monte Carlo code,9 and attenuation of the neutrons by material lying
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between the target and the detector was taken into account. In front of each
detector was a 6-mm-thick NE102A veto paddle which rejected protons. The in-
beam background contributions were measured by taking data with shadow bars
between the target and the neutron detectors.

For -each event we had the following information: detector number, a QDC
signal proporticnal to total light output, a second QDC signal proportional to
the light in the tail of the pulse, and a time signal relative to the cyclotron
rf. The two QDC signals were used for neutron/y-ray pulse-shape diserimination.
Time-of-flight spectra for neutrons and gamma-rays were constructed off-line.
After background subtraction, the neutron time spectra were converted to kinetic
energy spectra with the flight time of the target y-rays used as an absolute
reference.

III. EXPERIMENTAL RRESULTS
Figure 1 shows the resulting energy spectra in the form of absoclute
double differential cross sections at five angles. These spectra exhibit

exponential slopes that become steeper at the larger angles. It was shownlothat

such spectra can be described in terms of moving thermal scurces. Three sources
7.8 h

were adequate in the earlier work and three are adeqguate here too.
The low-energy parts of the spectra, which have only a slight forward
enhancement, can be attributed to a slowly-moving, target-like source -- Source

#1, while the higher-energy parts, which have a more pronounced forward
enhancement, are attributed to a more rapidly-moving source -- Source #2. A
third source, #3, moves at a velocity only slightly below the beam velocity and
contributes significantly only at small angles. Its presence can be seen in the
broad bump centered around 40 MeV in the 15° spectrum. This source may be
physically associated with neutron-smitting excited fragments created in
peripheral collisions. The early result of more direct collisions, in which
individual nucleons of the projectile strike nucleons of the target, is the
generally forward emission of high energy neutrons. Source #2 represents this
process. As the reaction proceeds, part of the projectile kinetic energy
becomes thoroughly mixed into the heavy target nucleus forming Source #1, a
slowly-moving compound nucleus.

The spectrum of neutrons from each source is isotropic in its own rest

frame and has the Maxwellian form vE E_E/T. "In the laboratory, the complete
distribution with respect to energy and anglo is givnn hy
dis, L3 NVE/r x”l [ -W‘-ﬂ.”
dE dn E, z.rm

The data were fitted with this function using a chi-square minimiszation
procedure. The source parameters '1 {(mormalization factoy, identified with the

(1)

total cross section), Ti (temperature or slope parameter) and £ (source
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velocity, actually vi?/2) were used as free parameters. The best f£it to the

experimental data is shown by the solid lines in Fig. 1, and the best-fit
parameter values are listed in Table I. Parameter values for the two other
projectiles, '‘N at 35 MeV/nucleon (Ref. 6) and *°*Ar at 35 MeV/nucleon (Ref. 73,
are included in the table.

IV. INTEGRATED CROSS SECTIONS

Two major benefits from the above fitting are the ease of extending the
measured information into new regions of neutron energy or angle and the ease of
integrating over each of these variables to give results in more digestible
forms. Figures 2 and 3 show these integrals, Fig. 2 over neutron angle, leaving
the absolute energy spectrum, and Fig. 3 over neutron energy, leaving the
absolute angular distribution. The solid lines represent the data from the
present work, the dashed lines the data from the '‘N + Ag reaction at 35
MeV/nucleen, and the dotted lines the data from the '*Ar + Ag reaction at 35
MeV/nucleon.

In each figure there are relatively small differences amongst the three
curves. For the reactions at the same projectile velocity, i.e., the two at E/A
= 35 MeV, the curves have almost the same shape in each figure. The magnitudes
are greater for ®’°Ar, which has both more mass and, therefore, more kinetic
energy, than ''N, and alsc more neutrons. As one might expect, the spectra
(Fig.2) for the two experiments with a '*N beam have more high energy neutrons
with E/A = 50 MeV than with E/A = 35 MeV. Likewise, at the higher velocity of
the 50-MeV experiment, Fig. 3 shows a more forward-peaked angular distribution
than at the velocity of the 35-MeV experiment.

Ancther benefit is in estimating neutron yields from projectiles with
mass numbers other than 14 or 36 and with energies other than 35 or 50
MeV/nucleon. That job is easier to accomplish with the values of source
parameters in Table I than with the the measured spectral values themselves. Of
course, with only three reactions, the table should be viewed as just a start.

V. CONCLUSIONS
One may conciude that at 35 MeV/nucleon there are no drastic differences
in neutron production with projectiles in the mass range 14 to 36. This covers
a great range of heavy-ion projectiles, and undoubtedly, one could extrapolate

to production with '°?

C, for example, with little error. ©On the other hand, in
geoing from 35 MeV/nuclecn to 50 MeV/nucleon, both the number and the forward
concentration of high energy neutrons increases with projectile velocity. These
increases could make a significant difference in the planning of radiation
shielding against neutrons produced in heavy ion collisions.

It would be useful to measure neutron spectra with the same target and
projectiles over a greater range of projectile energy, particularly at higher
energies, so that the systematics of neutron production could be more clearly
defined. This would be possible for example at the NSCL where the K-1200
¢yclotron can provide beams of '*‘N and ®°Ar up to 150 MeV/nucleon.
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Table I. uoving;soureo parameter values. Equation 1 with the parameter values

in this table were used for the fits shown by the solid lines in Fig. 1 and for
all the curves in Figs. 2 and 3. The first reaction is reported in this paper;
the second and third reactions are reported in Refs. 6 and 7, respectively.

’ —>Source #1 ——Source #32 ——Source #3
Reaction T(MeV) ¢(MeV/nuc) glbaxn) T(MeV) e(MeV/nuc) g(barn} T(MeV) £(MeV/nuc) gibazn)

"N E/A 3.7 1.7 9.2 11.4 18.1 6.3 2.04 39.3 0.61
= 50 MeV
‘N E/A 4.0 0.45 12.2 11.1 12.8 2.3 2.2 30 0.71
= 35 MeV
‘*Ar B/A 4.2 0.56 19.1 11.4 11.8 3.9 3.6 24.6 3.2
= 35 MeV

Ag(**N.n) E/A=50MeV
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Fig. 1. Neutron eRergy spectra at livi'an'1§'. Thn'-olid lines are the fits
using three thermal sources. The vertical scale is corxect for the 15°* data and
curves; for clarity the others have been lowered Ly successive factors of 10.
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Pig. 2. Newtron emexgy spectra iategrated over smgle. The solid line corresponds
to the reaction ''N + Ag at E/ A =50 MeV, the dashed line to the reaction '*‘N +
Ag at E/A = 35 MeV, and the dotted line to the reaction '*Ar + Ag at E/A = 35 MeV.
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Fig. 3. Angular distributions integrated over emergy. The solid line corresponds
to the reaction '‘N + Ag at E/A = 50 MeV, the dashed line to the
Ag at R/A = 35 MeV, and the dotted line to the reaction

reaction ‘N 4
YAr 4+ M at E/A = 15 MeV.



