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1. Introduction

Radiation protection associated with human spaceflight isrgortant issue which becomes
even more vital as both the length of the mission and the ristdrom Earth increase. Given
the recent rejuvenation of interest in long-duration spsaeel, for example on the International
Space Station (ISS) and planned moon and Mars missionsyatadéding of radiation issues is
paramount. Radiation in space is a mixed field, generalliddd into two categories: galactic
cosmic rays (GCR) produced in supernova explosions outhilsolar system and solar particle
events (SPE) from the sun. In low-Earth orbit (LEO), protamsl electrons trapped in the Van
Allen radiation belts are a major component of the radiatiela, especially when travelling above
an area off the coast of Brazil referred to as the South Adamtomaly (SAA).

Neutrons emitted by the sun do not travel great distancepanesbecause the neutron de-
cays with a half-life of approximately ten minutes. Neusancountered in LEO are instead
produced by nuclear reactions when GCR or trapped protdlidecwith or stop in the walls of the
spacecraft or by neutron albedo after GCR are incident ofcérth’'s atmosphere. Neutron dose
measurements on Russian space flights and on the space,sheittbrmed with a bubble detector
spectrometer, have indicated a large high-energy neutigraiove 10 MeV [1, 2]. Uncertainty in
the bubble detector response, however, prohibited theisitign of reliable spectral information
beyond that point. It has been shown experimentally thaetdgh-energy neutrons contribute a
significant fraction, perhaps as much as 60%, of the tota dqgivalent received by astronauts [3].
These observations are in agreement with theoretical ledilons [4] which suggest that half of the
neutron flux in LEO is above 10 MeV in energy.

In support of the effort to reliably measure and predict atidh dose to astronauts, Bubble
Technology Industries Inc. (BTI), with the support of then@dian Space Agency (CSA), has
developed an experiment aimed at measuring the neutronritlir@ergy spectrum in LEO from a
few MeV up to 100 MeV. This information is also essential téimjize radiation shielding scenarios
and for development of countermeasures. Furthermore;drighgy neutron spectra are now used
as input to compute radiation effects (e.g. single-evesetg) on electronic equipment used in
spacecraft. The Canadian high-energy neutron spectrgreggtem (CHENSS) is a proton-recoil
spectrometer based on a cylindrical gelled scintillater@inded by plastic detectors which can be
used to veto coincident events due to charged particlebidipaper we describe the detector design
and its performance characteristics, as well as the restilisadiation experiments performed
using beams of monoenergetic neutrons at the Physikalischnische Bundesanstalt (PTB). The
detector concepts and technical details of the CHENSS haaxéopsly been described in some
detail in Ref. [5].

2. Spectrometer design

Investigation of high-energy neutrons in space neceggsadjuires a new type of detection ma-
terial because fast neutron detectors are traditionalligenadi liquid compounds that are considered
to be hazardous cargo for space flights. To this end, BTI heslajged a visco-elastic polymer,
which will not spill or run if its container is opened, for usethe CHENSS. The spectrometer has
been constructed to be flown autonomously on-board the shatte as part of NASA's Get-Away
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Special (GAS) programme. The GAS format imposes severdradmts on the spectrometer design
and operation, limiting its size and imposing power, terapge, vibration and safety constraints.

Neutrons entering the active volume of the spectrometeraot in various ways with hydro-
gen and carbon in the organic elastomer. For incident neeinergies below 20 MeV, the dominant
reaction is elastic neutron-proton scattering, which hagyh cross-section for which the energy
dependence is accurately known. Above 20 MeV, neutronecareactions compete with neutron-
proton scattering, which makes the response function deraly more complicated. Scattered
protons produce scintillation light with a very differetiine signature from that of radiation.
Pulse-shape analysis of the light output from the gelledtifleitor can thus be used to discrim-
inate between events due to neutrons and those due to baokigraays. The BTI-developed
material has pulse-shape discrimination properties aimtil those of the widely-used NE-213 and
BC-501A liquid scintillators.

The gelled scintillator is housed in a cylindrical staisleseel pressure vessel, 12.7 cm high
and 12.7 cm in diameter, providing enough material to réligietect 100 MeV neutrons. The
active detection volume has been designed to have the saoneegg as a Japanese BC-501A
liquid scintillator [6] with a known response function foeutrons with energies up to 120 MeV,
allowing a comparison to the response function of the CHEN®S pressure vessel can be heated,
if needed, to maintain its temperature above -5 °C (the @iast becomes opaque below -10 °C).
Four photomultiplier tubes (PMT's) are used to collect figltl output from the gelled scintillator
as shown in Fig. 1(a). This assembly is covered by a large mitalnshield to protect the PMT
bases from gain shifts due to the potential presence of niadiedds.

Figure 1: Photographs of (a) the housing for the visco-elastic dtEtdr and its photomultiplier tubes and
(b) the completed spectrometer.
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The background from GCR and trapped protons cannot be etedrby pulse-shape analysis
since scintillation pulses due to these events exhibit #meessignature as pulses due to neutron-
induced recoil protons. Above 100 MeV, this background nimestejected efficiently because the
GCR and trapped protons can be ten times more plentiful teatrons of the same energy. In order
to reject these events, the elastomer is completely sulemliby a rectangular box of eight plastic
scintillators, each 1 cm thick with a wavelength-shiftirey lon one of its sides. There are openings
where necessary for cable feed-throughs, and so the topatairbof the box arrangement are
each equipped with two panels to provide full solid-angleecage. Protons from the background
interact in both the plastic and gelled scintillators and tfaus be discriminated from neutron-
induced events with veto efficiency close to 100%. A photpigraf the completed CHENSS is
displayed in Fig. 1(b). The scintillation detectors andtphuultipliers are housed in the centre of
the spectrometer, between the data acquisition electduojaper level) and the battery box used
to power the spectrometer. The total power consumption afd&s is provided by 96 alkaline D
batteries.

Detection of neutrons in the required range of a few MeV to M)V requires a factor of
300 in light output dynamic range, largely because of theliarity of light output from recoil
protons. In order to achieve this, each event is recorddureg tifferent gain settings (referred to
as low-, mid- and high-gain). The summed signal from the PMaddes is used to define a trigger
and the summed signal from each of the last three PMT dynadescorded for analysis of the
event. The gain increases by a factor of approximately sateach dynode stage, thus providing
an overall increase in output dynamic range of more than B@0.each of the three outputs, the
signal amplitude and a shape signal are recorded (on twodhmiaes) so that pulse-shape analysis
can be performed. The amplitude is integrated over two f@e 30 ns and 0 - 300 ns) and the
shape signal, a measure of the long component of light Batidn, is proportional to the difference
of the two time integrals.

The severe temperature variations encountered in spatsedtbat monitoring of the PMT
gains and environmental conditions be performed peridlgicAn internal energy calibration is
provided by a 200-Bcf?Na source, mounted to the tip of a thermocouple in the cerfttheo
scintillating vessel. Furthermore, two green light-emgtdiodes (LED’s) are pulsed regularly to
provide signals for relative gain calibration of the thrgmalde signals. The hit pattern of the veto
panels is also recorded so that cosmic-ray events can bee@jealong with scaler values that
monitor counting rates (allowing for accurate dead-timegeaxtions), system voltages, tempera-
tures and time. The data recorded ensures that the neufomation can be correlated with the
spacecraft position in space and time, and the level of distiminformation reduces the risk of
the data being uninterpretable in post-flight analysis.

3. Irradiation with monoener getic neutron beams

The monoenergetic neutron beams produced at the PTB aatceléacility have been well-
characterized [7] and are routinely available as standafetence fields for calibration purposes.
The CHENSS was irradiated by neutron beams with four ingideargies, produced at 0° emission
angle in light-ion reactions as defined in the ISO 8592 stahdia a low-scatter experimental hall.
The3H(p,n)*He reaction was used to produce 2.5-MeV neutrons, 5-MeV beweene produced by
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the?H(d,n)*He reaction and th&H(d,n)*He reaction was used, with different deuteron energies, to
produce both 14.8- and 19-MeV neutrons. Data were collestedch beam energy both with and
without a shadow cone between the neutron production targkthe CHENSS, in order to correct
for scattering of neutrons within the room. For the 5- andVI&¥ neutron fields the deuterons
used in the reaction have sufficiently high energy that itassible for them to produce neutrons
in reactions not associated with the target. To correct iesé reaction products further data
were taken without the deuterium and tritium targets in @lagain with and without the shadow
cone. The data were analyzed using custom-built analysties written using the MATLAB [8]
software package.

Two-dimensional energy-shape spectra recorded at each &eargy are presented in Fig. 2.
Background components, due to scattered neutrons andnsuiroduced without a target, have
been subtracted after normalizing in time (including a diéa correction due to different count-
ing rates). Figure 2 demonstrates the separation of neutndy rays by their different pulse
shapes, neutron events having a longer shape signalythay events, as indicated in panel (a).
The figure also illustrates the utility of recording eachreweith three dynamic ranges, with pan-
els (a) and (b) showing spectra recorded at the high-gaimgetnd panels (c) and (d) showing
mid-gain spectra. A polygonal coincidence window has beslied to the energy-shape spec-
tra to isolate neutron events from trgay background. The resulting neutron spectrum has been
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Figure 2: Total energy-shape spectrum measured by the CHENSS, afteastion of background compo-
nents, following irradiation with (a) 2.5-MeV, (b) 5-Me\t)14.8-MeV and (d) 19-MeV neutron beams. It
should be noted that panels (a) and (b) show high-gain spadtereas panels (c) and (d) show mid-gain
spectra. The intensity (colour) scale is in logarithmidsini
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unfolded to provide a measurement of the total neutron fla@mzident on the spectrometer.

The measured spectra were unfolded using the response ghetiermined for the cylindrical
liquid scintillator discussed in Ref. [6], which has the gagize as the gelled scintillator used in
the CHENSS. The generalized inverse of the response maasxdetermined using the singular
value decomposition technique. Examples of unfolded pewpectra are displayed in Fig. 3 for
the 14.8- and 19-MeV neutron fields. The peak area in theseraps related to the neutron flu-
ence incident on the detector and can be compared to flueterenileations performed in parallel
using stable long counters (Bproportional tubes) provided by PTB. The two independe e
measurements are summarized in Tab. 1. The peak area inftldathCHENSS spectrum was
converted to fluencePcyenss by dividing by the active area of the gelled scintillatosgamed to
be a 127 x 127 cm square). The long-counter fluend®g;yg, results from subtracting background
measurements due to scattering and non-target reactinodsyamalizing to the dead-time cor-
rected measurement time of the CHENSS. The fluence detdramigare in excellent agreement
for the 14.8- and 19-MeV fields but the agreement lessensdbtter neutron energies, with the
CHENSS fluences lower than the long-counter measuremeritetio the 2.5- and 5-MeV neutron
fields. This is understood since the neutgodiscrimination is difficult at lower energies and the
coincidence window may exclude some neutrons. The unfgldinocess is also unreliable in this
regime because the Nakao response matrix is primarily detgfior use with high-energy neutrons
and contains insufficient information at low energies.

4. Conclusion

The CHENSS has been constructed with the aim of extendingareradiation measurements
in space into the high-energy (L0 MeV) regime currently inaccessible to instruments sictha
bubble detector. The spectrometer is currently in a tegihgse both for performance and space
gualification. As part of this testing the device has beeadiated with monoenergetic neutron
beams, with energies ranging from 2.5 to 19 MeV, at the PTBlacator facility. Good agreement
is obtained between fluence measurements performed witGBHEENSS and parallel determina-
tions using PTB’s long counters. Similar tests with higheergy neutron fields are desirable and
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Figure 3: Unfolded neutron spectra for (a) 14.8-MeV and (b) 19-Me el
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Neutron energy (MeV) ®pts (10° neutrons/crh) ®cnenss(10° neutrons/crh)
2.5 3.3(3) 2.0(4)
5.0 2.2(2) 1.9(4)
14.8 2.2(3) 2.2(2)
19.0 1.4(2) 1.3(2)

Table 1: Comparison of fluenced) measurements performed using the PTB long counters and the
CHENSS. Uncertainties are given in parentheses.

it is planned that the CHENSS will be irradiated with 30 - 208V neutron beams at the In-
stitut de Physique Nucléaire of the Université catholigad_duvain (Belgium) and the iThemba
Laboratory for Accelerator-Based Sciences (South Africa)
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