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Neutron energy determination is crucial in («, n) reaction studies, where
emitted neutrons span a broad energy range influenced by reaction kinemat-
ics and target properties. This work presents an experimental method using
an array of moderated 3He proportional counters to determine neutron en-
ergies. Optimized moderator configurations and Monte Carlo-supported
spectral unfolding enable reliable reconstruction of neutron spectra with-
out time-of-flight measurements. The system offers a practical and efficient
approach for neutron energy characterization, applicable to nuclear data
validation and shielding design.
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1. Introduction

Determination of neutron energies is fundamental in nuclear reaction
studies, as it underpins accurate cross-section evaluation, model benchmark-
ing [1, 2|, and understanding of nuclear reaction mechanisms. In (o, n) re-
actions, emitted neutrons exhibit a broad energy spectrum determined by
factors such as the incident a-particle energy, reaction QQ-value, excitation of
the residual nucleus, and emission angle. Accurate spectral characterization
is therefore vital for both fundamental and applied nuclear research.

From a physics standpoint, neutron energy measurements provide insight
into reaction kinematics and help identify discrete neutron groups corre-
sponding to transitions to specific nuclear states. Such information is crucial
for validating reaction models, refining nuclear data libraries, and improv-
ing predictive codes such as TALYS [1| and EMPIRE [2|. Detailed neutron
spectra also contribute to a deeper understanding of nuclear structure and
decay pathways. In applied contexts, (o, n) neutron spectra are essential
for reactor design, shielding, radiation protection [3], dosimetry, activation
analysis, medical isotope production [4], and neutron detector calibration.
Since neutron interactions are strongly energy-dependent, reliable spectral
determination is indispensable across these applications.

Among available detectors, 2He proportional counters are highly sensitive
to thermal neutrons, exhibit low gamma sensitivity, and provide long-term
stability. Although they do not directly detect fast neutrons, coupling them
with moderating materials such as polyethylene or paraffin extends their us-
ability to higher energies [5]. Embedding multiple moderated *He detectors
in optimized configurations allows for reconstruction of incident neutron
spectra through response-matrix or spectral unfolding methods supported
by Monte Carlo simulations (e.g., MCNP [6], Geant4 [7]).

In this work, we present the methodology and experimental approach for
neutron energy determination using a moderated array of 3He proportional
counters in 27Al(a,n) reaction studies. The detector design, calibration,
response modeling, and unfolding analysis are discussed, demonstrating the
system’s capability to deliver reliable neutron energy information over a wide
range of neutron fields.

2. Experimental details

Neutron detection in *He proportional counters is based on the neutron
capture reaction

n+3He > H+p + 764 keV (1)

which has a large thermal capture cross section of about 5330 barns. The
reaction releases 764 keV, shared between a 573 keV proton and a 191 keV
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triton, whose energy deposition produces an ionization pulse in the detector
gas. Owing to their high sensitivity to thermal neutrons and low gamma
response, He counters are widely used for neutron measurements.

The measurements were carried out using the ELIGANT-TN detector
array |8, 9], which was constructed at ELI-NP. The detector assembly con-
sists of three concentric rings of He proportional counters positioned at ra-
dial distances of 5.9, 13.0, and 15.5 cm from the target position, as shown in
Fig. 1. The counters are embedded in a high-density polyethylene moderator
block with dimensions of 46 cm (width) x 46 cm (height) x 54 cm (length).
This configuration ensures spatially distributed sensitivity and uniform effi-
ciency over a wide energy range. Since these detectors primarily respond to
thermal neutrons, fast neutrons from («, n) reactions must be moderated to
lower energies. In this work, the counters were embedded in a polyethylene
moderator that efficiently thermalizes neutrons across a broad energy range
while maintaining low gamma sensitivity. Neutrons emitted with thermal
energies have a higher probability of being detected in the innermost ring
(R1), as shown in Fig. 1, as it is located closest to the target position. In
contrast, higher-energy neutrons require longer moderation and are therefore
more likely to be detected in the outer rings.
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Fig. 1. Schematic representation of the ELIGANT-TN experimental setup.

The ELIGANT-TN was used for 27 Al(a,n) cross-section measurements
employing a 20 ug/cm? 27Al target [5], and a-beam was delivered by 3 MV
Tandetron accelerator of IFIN-HH, Romania. The array was characterized
using a 252Cf spontaneous fission neutron source with an activity of about
28 kBq at the time of measurement to verify the overall efficiency, spatial
uniformity, and stability of the setup.
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2.1. Ring-ratios: neutron energy estimation

Thermal neutron detectors such as He proportional counters are insensi-
tive to the initial energies of incident neutrons, as they only record the count
rate of thermalized neutrons from the n +2 He —3 H + p reaction. To ex-
tract energy-related information, the Ring-Ratio Method [10] was employed
in this study. In this technique, we use the individual detection efficiencies
of the 3 rings as shown in Fig. 1. As incident neutrons undergo multiple
elastic scatterings before thermalization, the count ratio between the outer
and inner detector rings,

Count rate in outer ring

Rring = (2)

Count rate in inner ring ’
serves as a monotonic indicator of the average incident neutron energy.
Higher-energy neutrons penetrate deeper and are more likely to be detected
by outer rings, while lower-energy neutrons are moderated earlier and cap-
tured near the surface. Thus, spatial variations in count rates encode infor-
mation on neutron spectral hardness.

Calibration of Ryng as a function of neutron energy — using standard
sources or Monte Carlo simulations (e.g., Geant4, MCNP) — allows for con-
version of measured ratios into average neutron energies. In the present
work, this approach was applied to neutrons from («,n) reactions. Count
rates in the rings were corrected for background and analyzed using energy-
dependent multiplicity relationships to determine ring count ratios, multi-
plication factors, and average neutron energies.

3. Data analysis and results

The detection efficiency of each concentric ring of 3He detectors varies
with neutron energy [9]. Simulations show that the inner ring is most sen-
sitive to thermal and epithermal neutrons, while the middle and outer rings
respond more effectively to higher-energy neutrons. Specifically, Ring 1
(see Fig. 1) exhibits maximum efficiency for low-energy neutrons, decreas-
ing with energy; Ring 2 peaks around 1-3 MeV; and Ring 3, with minimal
low-energy sensitivity, becomes increasingly efficient at higher energies. The
overall efficiency remains nearly constant (37-39%) from 10 keV to 3 MeV,
as the reduced inner-ring response is compensated by enhanced outer-ring
detection, ensuring minimal energy bias. This distinct energy dependence
enables the definition of detector count-rate ratios, or ring-ratios, which act
as sensitive indicators of neutron energy. Simulations using the experimental
geometry yielded the variations of ring-ratios with neutron energy, as shown
in Fig. 2. The R1/R2 ratio is high at low energies and decreases rapidly
with energy, reflecting the dominance of Ring 1 in the thermal region. The
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R2/R3 ratio remains nearly constant (=~ 3-4) over a broad range, indicating
comparable responses of the middle and outer rings. The R1/R3 ratio shows
strong energy sensitivity, dropping from about 40 at low energies to ~ 1 at
higher energies, making it particularly suitable for energy estimation.

Simulated ring-ratios
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Fig. 2. Neutron energy dependence of simulated ring-ratios for the experimental
geometry, with validation using 2*2Cf and PuBe neutron sources.

The Ring-Ratio Method was verified using well-characterized neutron
sources, such as 2°2Cf and PuBe sources, as shown in Fig. 2. For each
source, three vertical dashed lines indicate the neutron energies indepen-
dently deduced from the measured R1/R2, R2/R3, and R1/R3 ratios using
the simulated response curves. The extracted mean neutron energies are con-
sistent with the approximately Maxwellian spectrum of 2°2Cf (mean energy
~ 2.1 MeV) and the broad 1-10 MeV energy distribution of PuBe [11], while
the observed spread reflects both the intrinsic width of the neutron energy
distributions and the differing sensitivities of the individual ring ratios.

The experimentally measured ring-ratios (R1/R2, R2/R3, R1/R3) for
various a-beam energies were interpolated on the simulated curve of ring-
ratios wversus neutron energy. A direct relation between the a-beam and
neutron energies was established for the a-energy range from 4 to 5.2 MeV,
as shown in Fig. 3. The neutron energy structures observed in Fig. 3 for
the 2"Al(a, n) reaction arise from the reaction kinematics and the energy-
dependent cross section, with enhancements reflecting resonant states in
the compound nucleus 3!'P that lead to increased neutron yield at specific
energies.
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Fig.3. Extracted neutron energies from the ring-ratio technique, corresponding
to each a-energy at the middle of the target. The shaded bands correspond to
the uncertainty of each ring-ratio when used independently for neutron energy
determination.

The ring-ratio method is not a spectroscopic technique but provides an
approximate determination of the mean neutron energy, with improved ac-
curacy for narrower energy distributions. For non-monoenergetic neutrons,
variations in the extracted mean energy arising from different ring combi-
nations are unavoidable and constitute an intrinsic systematic uncertainty
of the method [9]. However, this spread also offers qualitative information
on the width and shape of the neutron energy distribution, as illustrated
in Fig. 2. Such insight is accessible in the three-ring ELIGANT-TN geome-
try rather than the conventional two-ring thermal neutron counter designs.
The ring-ratio approach therefore provides a practical alternative to time-
of-flight (TOF) methods for estimating neutron energies in (a, n) reactions
producing continuous spectra.

4. Summary

This work demonstrates a neutron energy measurement technique using
an array of twenty-eight moderated *He detectors for the 27 Al(a, n) reaction.
Although 3He counters do not directly measure neutron energy, the Ring-
Ratio Technique enabled reliable energy reconstruction through simulation-
calibrated count-rate ratios. The extracted neutron energies serve as crucial
inputs for cross-section evaluation and model validation, providing an effec-
tive alternative in situations where time-of-flight measurements are imprac-
tical.

Future improvements, including TOF-capable configurations, optimized
moderator geometries, and advanced analysis methods such as Bayesian or
machine-learning-based unfolding, could further enhance the precision and
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extend the applicability of moderated 3He arrays in low- and intermediate-
energy nuclear reaction studies. A follow-up experiment will be conducted
to determine the neutron energy through direct experimental measurement.
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