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In recent years, an increasing number of applications involving fast neutrons have been
developed or are under consideration, e.g., radiation treatment of cancer, neutron dosimetry at
commercial aircraft altitudes, soft-error effects in computer memories, accelerator-driven
transmutation of nuclear waste and energy production.

Data on light-ion production in light nuclei such as carbon, nitrogen and oxygen are particularly
important in calculations of dose distributions in human tissue for radiation therapy at neutron
beams, and for dosimetry of high energy neutrons produced by high-energy cosmic radiation
interacting with nuclei (nitrogen and oxygen) in the atmosphere. When studying neutron dose effects
in radiation therapy and at high altitude, it is especially important to consider oxygen, because it is
the dominant element (65% by weight) in average human tissue.

In this work, we present experimental double-differential cross sections of inclusive light-ion (p,
d, t, *He and a) production in oxygen, induced by 96 MeV neutrons. Spectra were measured at 8
laboratory angles: 20°, 40°, 60°, 80°, 100°, 120°, 140° and 160°. Measurements were performed at
The Svedberg Laboratory (TSL), Uppsala, using the dedicated MEDLEY experimental setup.
Deduced energy-differential and production cross sections are reported as well. Experimental cross
sections are compared to theoretical reaction model calculations and existing experimental data in
the literature.

International Workshop on Fast Neutron Detectors
University of Cape Town, South Africa
April 3 -6, 2006

" Udomrat Tippawan
T Corresponding author, Tel. +46 18 471 6850, Fax. +46 18 471 3853, E-mail: Stephan.Pomp@tsl.uu.se

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it



Light charged particle production... U.Tippawan

1. Introduction

Recently, there has been increased attention on various applications where fast neutrons
play a significant role, like dose effects due to cosmic-ray neutrons for airplane crew [1], fast-
neutron cancer therapy [2,3], studies of electronics failures induced by cosmic-ray neutrons [4],
accelerator-driven transmutation of nuclear waste and energy production, and determination of
the response of neutron detectors. It has been established during recent years that air flight
personnel receive among the largest radiation doses in civil work, due to cosmic-ray neutrons.
Cancer treatment with fast neutrons is performed routinely at about a several facilities
worldwide, and today it represents the largest therapy modality besides the conventional
treatments with photons and electrons. Data on light-ion production in light nuclei such as
carbon, nitrogen and oxygen are particularly important in calculations of dose distributions in
human tissue for radiation therapy at neutron beams, and for dosimetry of high energy neutrons
produced by high energy cosmic radiation interacting with nuclei (nitrogen and oxygen) in the
atmosphere. These cosmic-ray neutrons also create a reliability problem in modern electronics.
A neutron can cause a nuclear reaction inside or near a chip, thus releasing free charge, which in
turn could, e.g., flip the memory content or change the result of a logical operation. For all these
applications, improved knowledge of the underlying nuclear physics is of major importance.

In this contribution, experimental double-differential cross sections (inclusive yields) for
protons, deuterons, tritons, ’He and alpha particles induced by 96 MeV neutrons incident on
oxygen [5] are presented. Measurements have been performed at the cyclotron of The Svedberg
Laboratory (TSL), Uppsala, using the dedicated MEDLEY experimental setup [6]. Spectra have
been measured at 8 laboratory angles, ranging from 20° to 160° in 20° steps. Extrapolation
procedures are used to obtain coverage of the full angular distribution and consequently energy
differential and production cross sections are deduced. The experimental data are compared to
results of calculations with nuclear reaction codes and to existing experimental data in the
literature.

2. Experimental Methods

The neutron beam facility at TSL uses the 'Li(p,n)'Be reaction (Q = —1.64 MeV) to
produce a quasi-monoenergetic neutron beam [7]. The 98.5 + 0.3 MeV protons from the
cyclotron impinge on the lithium target, producing a full energy peak of neutrons at 95.6 = 0.5
MeV with a width of 3 MeV FWHM and containing 40% of the neutrons, and an almost
constant low-energy tail containing 60% of the neutrons. The neutron beam is directly
monitored by a thin-film breakdown counter (TFBC). Relative monitoring can be obtained by
charge integration of the proton beam hitting the Faraday cup in the beam dump. The agreement
between the two beam monitors was very good during the measurements.

The charged particles are detected by the MEDLEY setup. It consists of eight three-
element telescopes mounted inside a 100 cm diameter evacuated reaction chamber. Each
telescope has two fully depleted AE silicon surface barrier detectors. The thickness of the first
AE detector (AE,) is either 50 or 60 um, while the second one (AE;) is either 400 or 500 pm,
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and they are all 23.9 mm in diameter (nominal). In each telescope, a cylindrical CsI(TI) crystal,
50 mm long and 40 mm in diameter, serves as the E detector.

A 22 mm diameter 500 pm thick (cylindrical) disk of SiO, is used as the oxygen target.
For the subtraction of the silicon contribution, measurements using a silicon wafer having a
32-32 mm?’ quadratic shape and a thickness of 303 um are performed. For absolute cross section
normalization, a 25 mm diameter and 1.0 mm thick polyethylene (CH,), target is used. The np
cross sections at 20° laboratory angle provides the reference cross section [8].

Background events, collected in target-out runs and analyzed in the same way as target-in
events, are subtracted from the corresponding target-in runs, with SiO, and silicon targets, after
normalization to the same neutron fluence.

The time-of-flight (TOF) obtained from the radio frequency of the cyclotron (stop signal
for TDC) and the timing signal from each of the eight telescopes (start signal), is measured for
each charged-particle event.

3. Data reduction procedures

The AE-E technique is used to identify light charged particles ranging from protons to
lithium ions. Good separation of all particles is obtained over their entire energy range and
therefore the particle identification procedure is straightforward.

Energy calibration of all detectors is obtained from the data itself [9,10]. Events in the AE—
E bands are fitted with respect to the energy deposited in the two silicon detectors. This energy
is determined from the detector thicknesses and calculations of energy loss in silicon.
Supplementary calibration points are provided by transitions to the ground state and low-lying
states in the H(n,p) reaction, as well as transitions to the ground state and low-lying states in the
2C(n,d)''B, "®O(n,d)"’N and **Si(n,d)*’ Al reactions. The energy of each particle type is obtained
by adding the energy deposited in each element of the telescope.

Low-energy charged particles are stopped in the AE; detector leading to a low-energy
cutoff for particle identification of about 3 MeV for hydrogen isotopes and about 8§ MeV for
helium isotopes. The helium isotopes stopped in the AE; detector are nevertheless analyzed and
a remarkably low cutoff, about 4 MeV, can be achieved for the experimental alpha-particle
spectra. These alpha-particle events could obviously not be separated from *He events in the
same energy region, but the yield of *He is much smaller than the alpha-particle yield in the
region just above 8§ MeV, where the particle identification works properly.

Knowing the energy calibration and the flight distances, the TOF for each charged particle
from target to detector can be calculated and subtracted from the registered total TOF. The
resulting neutron TOF is used for selection of charged-particle events induced by neutrons in
the main peak of the incident neutron spectrum.

Absolute double-differential cross sections are obtained by normalizing the oxygen data to
the number of recoil protons emerging from the CH, target. After selection of events in the main
neutron peak and proper subtraction of the target-out and '>C(n,px) background contributions,
the latter taken from a previous experiment, the cross section can be determined from the recoil
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proton peak, using np scattering data [8]. All data have been normalized using the np scattering
peak in the 20° telescope.

Due to the finite target thickness, corrections for energy loss and particle loss are applied
to both targets individually. Details of the correction methods are described in Refs. [9,10]. The
cross sections for oxygen are obtained after subtraction of the silicon data from the SiO, data
with proper normalization with respect to the number of silicon nuclei in the two targets.

4. Results and discussion

Double-differential cross sections at laboratory angles of 20°, 40°, 100° and 140° for
protons and alpha particles, compared to the calculations based on the GNASH [11] and
TALYS [12] models, are shown in Figs. 1-2, respectively. The error bars represent statistical
uncertainties only. For protons above 25 MeV, both calculations give a reasonably good
description of the spectra, although the calculated 20° cross sections, in particular the TALYS
ones, fall below the experimental data. The low-energy statistical peak below 15 MeV in the
spectra is considerably overpredicted by the two codes. The overestimate is particularly strong
at backward angles for TALYS and at forward angles for GNASH.
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Fig. 1. Experimental double-differential cross sections (filled circles) of the O(n,px) reaction at 96 MeV at a)

20°, b) 40°, c¢) 100°, and d) 140°. The curves indicate theoretical calculations based on GNASH (red) and
TALYS (black).
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Fig. 2. Same as Fig. 1 for the O(n,ax) reactions.

The overall shapes of the alpha particle spectra (Fig. 2) are reasonably well described by
the two models. The GNASH calculations, however, overpredict the cross sections at forward
angles and underpredict them at large angles, whereas the TALY'S calculations do the opposite,
i.e., underpredict at small angles and overpredict at large angles.

By integration of the experimental angular distribution, energy-differential cross sections
(do/dE) are obtained for each ejectile. These are shown in Fig. 3 together with theoretical
calculations. For all ejectiles both calculations give a fair description of the energy dependence.
Both calculations are in good agreement with the proton experimental data over the whole
energy range, although the calculation for (n,px) reactions to discrete low-lying states
underestimates the data. A study of the spectroscopic strengths for these states would be
welcome. Concerning the deuteron spectra, the GNASH calculations are in good agreement
with the data, whereas the TALY'S code gives cross sections a factor of two or more larger than
the experimental ones at energies above 30 MeV. In the case of alpha particles, the GNASH
calculation tends to overpredict the high-energy part of the spectrum, and the TALYS
calculations fall below the data above an alpha particle energy of 25 MeV. The energy
dependence of the triton and *He spectra are well described by the TALYS code, but in both
cases the calculation falls below the data above about 20 MeV.
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Fig. 3. Experimental energy-differential cross sections (filled circles) for neutron induced p, d, t, *He and
alpha production at 96 MeV. The curves indicate theoretical calculations based on GNASH (red) and
TALYS (black).

The production cross sections are deduced by integration of the energy differential spectra
(see Table 1). To be compared with the calculated cross sections, the experimental values in
Table 1 have to be corrected for the undetected particles below the low-energy cutoff. This is
particularly important for *He because of the high cutoff energy. The corrections obtained with

TABLE 1. Experimental production cross sections for proton, deuteron, triton, *He and alpha particles from
the present work. Theoretical values resulting from GNASH and TALYS calculations are given as well. The
experimental data in the second column have been obtained with cutoff energies of 2.5, 3.0, 3.5, 8.0 and 4.0
MeV for p, d, t, *He and alpha particles, respectively. The third and forth columns show data corrected for
these cutoffs, using the GNASH and TALYS calculation, respectively.

Experiment Cutoff Corrected Experiment Theoretical calculation
o (mb) GNASH TALYS GNASH TALYS
(n,px) 224+ 11 248 231 259.9 221.7
(n,dx) 72+4 80 73 73.4 131.3
(n,tx) 20+ 1 — 20 — 10.6
(n, *Hex) 6.9+0.6 — 8.7 — 8.2
(n,0x) 13217 218 132 224.7 88.4
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TALYS seem to be too small in some cases, in particular for the (n,ax) production cross
section. This is illustrated in Fig. 3, bottom panel, where the TALYS curve falls well below the
experimental do/dE data in the 4-7 MeV region.

The proton, deuteron, triton, and alpha particle production cross sections are compared
with previous data at lower energies [13] in Fig. 4. There seems to be general agreement
between the trends of the previous data and the present data points. The curves in this figure are
based on a GNASH calculation.
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Fig. 4. Neutron-induced a) proton, b) deuteron, c) triton, and d) alpha particle production cross section as a
function of neutron energy. The full circles are from the present work, whereas the open squares are from
previous work [13]. The curves are based on a GNASH calculation. The data as well as the calculations
correspond to cutoff energies of 6 MeV for protons and deuterons and 12 MeV for tritons and alpha
particles. Note that the cutoff energies are different from those in Table 1.

5. Conclusion

In the present paper, an experimental data set on light-ion production in oxygen induced
by 96 MeV neutrons is reported. Experimental double-differential cross sections are measured
at eight angles between 20° and 160°. Energy-differential and production cross sections are
obtained for the five types of outgoing particles. Theoretical calculations based on nuclear
reaction codes including direct, pre-equilibrium and statistical models give generally a good
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account of the magnitude of the experimental cross sections. For proton emission, the shape of
the spectra for the double-differential and energy-differential cross sections are well described.
The calculated and the experimental alpha-particle spectra are also in fair agreement with the
exception of the high-energy part, where the GNASH model predicts higher yield and the
TALYS model lower yield than experimentally observed. For the proton evaporation peak, the
global TALYS calculation overestimates the data. For the other complex ejectiles, there are
important differences between theory and experiment in what concerns the shape of the spectra
at various angles.
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