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Abstract
Spectrum unfolding decouples spectroscopic measure-

ments of neutron fields from accelerator facilities by making
use of a well-characterised detector response matrix. Mea-
surements of detector response matrices, derived from time-
of-flight, were made at the fast neutron facility at iThemba
LABS, South Africa, with neutrons with energies between
10 - 65 MeV for: a traditional BC-501A organic liquid scintil-
lator detector with photomultiplier tube and analogue pulse
processing and acquisition; and a modern system comprised
of an EJ-276 plastic scintillator, silicon photomultiplier and
digital pulse processing and acquisition. The detector re-
sponse matrices were validated by unfolding neutron energy
spectra from measured light output spectra, and compared
to the associated energy spectra derived from time-of-flight.
Both detector systems demonstrated good agreement be-
tween the energy spectra derived from time-of-flight, which
is promising for fast neutron spectroscopy with organic scin-
tillators in environments outside of the laboratory.

CONTEXT
Fast neutron fields with energies up to several GeV are

a concern for aviation, manned space missions, workplace
exposure and radiation therapy [1–3], and are often poorly
understood due to a lack of appropriate measurement de-
vices and reference facilities. In aviation environments the
interaction of cosmic rays in the atmosphere and aircraft ma-
terial produces a shower of secondary radiation with com-
plex composition and energy distribution. At an altitude
of 11 km fast neutrons contribute up to 40% of the equiv-
alent dose [4], with peaks in the energy spectrum around
1 MeV and 100 MeV [5], and during unpredictable, short-
lived space weather events, the flux of cosmic rays, and
secondary neutrons, increases dramatically [6]. Fast neu-
tron interactions with biological or electronic matter cause
indirect damage through the production of ionising reaction
products, which results in an increased risk to both peo-
ple and electronic systems [7, 8] and requires continuous
monitoring to properly assess, and regulate, the radiation ex-
posure of aircrew. The recent developments of solid (plastic)
scintillators capable of pulse shape discrimination (PSD),
low-voltage silicon photomultipliers (SiPMs) and digital
data acquisition, coupled with spectrum unfolding now of-
fers a viable solution to the development of a compact fast
neutron spectrometer, which is suitable for use in a range of
applications, including dosimetry in aircraft. We present the
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measurement and validation of detector response functions
for fast neutrons (10 – 65 MeV) with a traditional liquid scin-
tillator and NIM-electronics based system, and a compact
detector system utilising modern acquisition technologies.

MEASUREMENTS
Measurements were made at the iThemba LABS (iTL)

fast neutron facility [9, 10], where ns-pulsed fast neutron
beams are produced in the energy range of 30 - 200 MeV
using proton beams from the 𝑘 = 200 cyclotron. The time
spread of a proton bunch is approximately 1 ns, and a beam
pulse selector is used to increase the time between bunches
up to 360 ns. Neutrons were produced using a beam of
66 MeV protons incident on an 8.0 mm thick natLi target.
The neutron energy spectrum is comprised of a forward-
biased mono-energetic peak from the 7Li(p, n)7Be reaction,
which proceeds only by the transition to the ground state
and the first excited state of 7Be, with all higher levels being
unstable [11], and a nearly isotropic, lower energy continuum
that extends up to the primary peak [12]. Neutron beams
are produced at 0∘ and 16∘ relative to the incident proton
beam using a 2.0 m thick steel collimator (5.0 x 5.0 cm2

apertures).
In time-of-flight spectroscopy [13], a ns-pulsed beam of

ions are incident on a neutron producing target, and the time
of arrival 𝑇 of those neutrons reaching a detector is measured
for a known distance 𝑑. The neutron energy 𝐸𝑛 can then be
determined from:

𝐸𝑛 = 𝑚𝑐2 ⎡⎢⎢
⎣

1

√1 − (𝑑/𝑐𝑇)2
− 1⎤⎥⎥

⎦
(1)

where 𝑚 is the rest-mass of a neutron, and 𝑐 is the speed of
light.

Measurements were made with a ⌀ 5.1 cm x 10.2 cm
BC-501A organic liquid scintillation detector at 0∘ and at
𝑑 = 8.0 m from the natLi target, and data were acquired in
coincidence in list-mode for time-of-flight (𝑇), pulse shape
(𝑆) and pulse height (𝐿) parameters using a NIM-based ac-
quisition system (Fig. 1). The pulse shape parameter 𝑆 is de-
termined by the zero-crossover method and is implemented
with a FAST ComTec 2160A module [14] on the fast an-
ode output. Neutron only events are separated from gamma
ray events as indicated by the dashed line in the 𝐿-𝑆 his-
togram in Fig. 2. The pulse height parameter 𝐿 is calibrated
with known gamma ray sources to produce a MeV electron-
equivalent (MeVee) scale. The time-of-flight parameter 𝑇
was calibrated by inserting several delays of known length
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between the start and stop of the time-to-amplitude con-
verter (TAC) shown in Fig. 1, and by the time of arrival of
the gamma ray flash produced at the target.

Figure 1: Schematic of NIM-based pulse processing for a
BC-501A detector to record time-of-flight (𝑇), pulse shape
(𝑆) and pulse height (𝐿) parameters in coincidence with.

Figure 2: Distribution of events as a function of pulse height
parameter 𝐿 and pulse shape parameter 𝑆 measured with
a BC-501A detector at 8.0 m and 0∘ for a 66 MeV proton
beam on an 8.0 mm natLi target.

The compact spectrometer shown is shown in Fig. 3,
which comprised of a 6 x 6 x 120 mm3 EJ-276 [15] scin-
tillator optically coupled to a MicroFC-60035 [16] silicon
photomultiplier (SiPM). Full waveform data were acquired
in list mode using a CAEN DT5730 [17] digitizer and Qt-
DAQ [18] software for offline processing. Figure 4 shows
the 𝐿-𝑆 histogram measured for the compact detector at 16∘

and 8.0 m from the natLi target. The light output parame-
ter 𝐿 was determined from the integral of the SiPM pulse
and calibrated with a series of known gamma ray sources,

and the shape parameter 𝑆 was calculated according to the
charge comparison method of pulse shape discrimination
(PSD) [19]. Neutron events were separated as indicated by
the dashed line. The time-of-flight parameter 𝑇 was deter-
mined from the time difference between the detected event
and the reference pulse associated with the proton beam,
where both waveforms were acquired in coincidence and a
software implemented digital constant fraction discrimina-
tor [11] was used to determine the time associated with the
reference pulse and radiation induced event.

Figure 3: The compact spectrometer comprised of an EJ-276
scintillator optically coupled to a silicon photomultiplier,
with an aluminium and 3D printed casing.

Figure 4: Distribution of events as a function of pulse height
parameter 𝐿 and pulse shape parameter 𝑆 measured with an
EJ-276 detector at 8.0 m and 16∘ for a 66 MeV proton beam
on an 8.0 mm natLi target.

RESULTS AND ANALYSIS
Time-of-flight

Figure 5 shows the time-of-flight spectra measured at
𝑑 = 8.0 m for a 66 MeV proton beam irradiating an 8.0 mm
natLi target. Measurements were made with the BC-501A
and EJ-276 detector systems at 0∘ and 16∘ respectively. For
each detector system the gamma ray contributions were ex-
cluded via PSD (Fig. 2, 4), and Eq. (1) was used to derive the
neutron energy spectra, which are shown in Fig. 6. The mea-
surement at 0∘ shows an enhancement at 63.2 ± 0.3 MeV
associated with the forward-biased 7Li(p, n)7Be reaction
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relative to the measurement at 16∘, and the lower energy
continuum has a similar shape at both measurement angles.

Figure 5: Time-of-flight spectra measured at 8.0 m with a
BC-501A detector at 0∘ and EJ-276 detector at 16∘ for a
66 MeV proton beam on an 8.0 mm natLi target.

Figure 6: Neutron energy spectra derived by time-of-flight
measured at 8.0 m with a BC-501A detector at 0∘ and EJ-276
detector at 16∘ for a 66 MeV proton beam on an 8.0 mm
natLi target.

Spectrum Unfolding
In spectrum unfolding, the neutron energy spectrum is

deconvolved from the measured neutron light output spec-
trum using a known detector response matrix coupled with
an unfolding algorithm, and can be used in situations where
time-of-flight is unavailable. For organic scintillators, the
detector response matrix is comprised of a series of nor-
malised light output spectra for mono-energetic neutrons
incident on the detector, which can reliably be simulated for
neutron energies below 20 MeV [20]. At higher energies the
range of the recoil particles and the increase in available n-C
reaction channels results in unreliable response functions
derived from calculation [21]. As the quality of the unfolded
neutron energy spectrum is entirely dependent on the quality
of the detector response functions, these must be measured
above 20 MeV.

A detector response matrix was obtained for each detector
by selecting energies, derived from time-of-flight, between
10 - 65 MeV in steps of 0.5 MeV (BC-501A) or 3.0 MeV
(EJ-276), and calculating the 𝐿 spectrum associated with
that range. As the measured statistics were better for the

BC-501A system due to a larger detection volume, a finer
binning structure could be obtained both in 𝐿 and 𝐸. The
individual light output spectra were normalised to unity and
a selection of these are shown in Fig. 7.

Figure 7: A selection of measured neutron response func-
tions between 10 – 65 MeV for the (a) BC-501A and
(b) EJ-276 detector systems.

A superior 𝐿 resolution is observed in the response func-
tions measured with the BC-501A detector, which is most
noticeable in the high-𝐿 region associated with the proton
recoil edge, and is attributed to the larger light collection
area of the detector.

The measured detector response matrices were then used
to unfold the neutron light output spectra measured for
66 MeV protons incident on an 8.0 mm natLi target at 0∘

for the BC-501A detector, and 16∘ for the EJ-276 detector.
Figure 8 shows the measured 𝐿 spectra for the two detec-
tor systems alongside the refolded spectra obtained using
MAXED [22] with a flat default spectrum and a target 𝜒2

of 1.0. The solution energy spectra are shown in Fig. 9.
For the reference detector system, the energy spectra de-
rived from time-of-flight and unfolding are in good agree-
ment, both in the peak energy (63.0 ± 0.6 MeV) and the
overall shape of the continuum. For the compact detector
system, the peak energy is well matched within uncertain-
ties (62.5 ± 0.9 MeV), but there are some inconsistencies
observed between 30 - 50 MeV, which suggests that the re-
sponse functions in this region are not sufficiently unique
and is attributed to poorer light collection characteristics.

CONCLUSION
Detector response functions were measured at the

iThemba LABS fast neutron facility using time-of-flight
spectroscopy for neutrons with energies between 10 - 65
MeV for a traditional BC-501A and compact EJ-276 detec-
tor systems. Energy spectra were unfolded using MAXED
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Figure 8: Measured and refolded 𝐿 spectra for neutrons at
8.0 m with a (a) BC-501A detector at 0∘ and (b) EJ-276
detector at 16∘ for a 66 MeV proton beam on an 8.0 mm
natLi target

Figure 9: Neutron energy spectra unfolded with MAXED
for the BC-501A and EJ-276 detectors and compared the
time-of-flight derived energy spectra.

and were comparable to those measured by time-of-flight,
which is promising for fast neutron spectroscopy with or-
ganic scintillators outside of the traditional laboratory en-
vironment. The quality of the energy spectrum unfolded
using the compact detector response matrix was limited by
low measurement statistics, and a poor 𝐿 resolution. A sig-
nificant improvement in 𝐿 resolution is expected with the
addition of a second SiPM to double the light collection
area[ref], and further measurements are planned for ener-

gies up to 200 MeV to improve the statistics of the response
functions and extend the range of applications. The com-
pact detector system developed as part of this work forms
one of the key work packages associated with the South
African Space Neutron Initiative (SASNI)1 and will be used
for spectral measurements of cosmic ray induced neutrons
at aviation altitudes.
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