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This paper deals with the design of a novel spectrometer of fast neutrons in nuclear safeguards
applications based on the liquid organic scintillator EJ-309 with materials of different thick-
ness surrounding the detector. The investigation was performed on the simulated data ob-
tained by the MCNPX-PoliMi numerical code based on the Monte Carlo method. Among the
various materials (polyethylene, iron, aluminum, and graphite) investigated as layers around
the scintillator, polyethylene and iron have shown the most promising characteristics for eval-
uation of fast neutron energy spectra. The simulated pulse height distributions were summed
up for each energy bin in the neutron energy range between 1 MeV and 15 MeV in order to
obtain better counting statistics. The unfolded results for monoenergetic neutron sources ob-
tained by a first order of Tikhonov regularization and non-linear neural network show very
good agreement with the reference data while the evaluated spectra of neutron sources con-
tinuous in energy follow the trend of the reference spectra. The possible advantages of a novel
spectrometer include a less number of input data for processing and a less sensitivity to the

noise compared to the scintillation detector without surrounding materials.
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INTRODUCTION

There is an interest of high importance in nuclear
non-proliferation and nuclear safeguards applications
to develop tools for robust and accurate identification of
neutron sources. A proposed novel type of neutron
spectrometer includes the liquid scintillator EJ-309
which is widely used in non-proliferation applications
[1] and materials such as polyethylene (PE) or/and
somewhat heavier materials of different thickness
around the detector. The PE material is well-known by
its property to slow down the neutrons. Neutrons lose
more energy on collisions with light nuclei such as hy-
drogen compared to the heavy nuclei. The attenuation
of fast incident neutrons becomes stronger with de-
creasing the neutron energy. The probability that an in-
cident fast neutron reaches the detector will decrease as
the moderator material is made thicker. On the other
hand, the probability of absorption increases with in-
creasing moderator thickness since absorption
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cross-sections have larger values at lower energies of
neutrons [2]. It can be expected that the neutrons of
higher energy will reach the detector with a higher
probability compared to the neutrons of lower energy.
The characteristics mentioned above provide a possibil-
ity to unfold the neutron energy spectra from the data
acquired for various thickness of PE and/or other mate-
rials surrounding the liquid scintillation detector. How-
ever, for neutrons at higher energies (more than 10
MeV), the elastic interaction with the hydrogen is not
effective in slowing down. The iron (Fe), as a material
with good inelastic scattering properties, can cause a
large change in neutron energy for high energy neutrons
but have a little effect on neutrons at lower energy.

In order to design a new neutron spectrometer
consisted of the scintillator detector with the surround-
ing materials, we have examined the possibilities of
neutron spectra unfolding by using different methods.
In addition to the traditional unfolding methods, it was
demonstrated that the artificial neural network (ANN)
[3] is a promising approach in the field of neutron
spectrometry [4]. We constructed and trained the
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feedforward backpropagation neural networks of dif-
ferent structure to unfold both monoenergetic and con-
tinuous neutron energy spectra in various energy
ranges with different energy steps and PE and Fe lay-
ers of different thickness. In order to reduce the ambi-
guity in interpretation of the unfolded results we have
also applied the least square method with a first order
of Tikhonov regularization [5] to evaluate the energy
spectra of monoenergetic neutrons and more complex
spectra such as for 2! AmBe and 23>Cf spontaneous
neutron fission source.

THE MCNP-POLIMI SIMULATION
OF THE NEUTRON SPECTROMETER
WITH THE PE LAYERS

The MCNP-PoliMi code [6] has been used to
model a new type of spectrometer with the scintillator
and the PE or Fe enclosing materials. The spectrometer
is consisted of a liquid scintillator of cylindrical shape
with dimensions 13 cm x 13 cm with a H:C ratio of 1.21
and a density of 0.935 g/cm® and PE or Fe blocks of
various thickness with density of 0.955 g/cm® and of
7.87 g/em’, respectively.

First, we have investigated a possibility to de-
sign a spectrometer with a scintillation detector and
the PE surrounding material. The MCNP-PoliMi sim-
ulation was performed for the EJ-309 detector, taking
into account the PE layers placed in front of the detec-
tor in different ranges of thickness (between 1 cm and
10cm, I cmand 15 cm, 1 cm and 26 cm) with the vari-
ous thickness step of 0.5 cm, 1 cm, and 2 cm.

The MCNP-PoliMi code has been used for an
accurate modelling of each neutron interaction in ac-
tive volume of the detector as well as in PE blocks with
thickness up to 26 cm. The MCNP-PoliMi code takes
into account the individual neutron energy depositions
through elastic and inelastic scattering on hydrogen
and carbon nuclei as the main constituents of the
scintillator material. The light output from the second-
ary particles produced by the neutron interactions
within the scintillator is calculated on the basis of ex-
perimentally determined parameters [7]. The final
light output was determined by the post-processing of
the MCNP-PoliMi output considering the cumulative
effect of multiple scatterings.

In all MCNP-PoliMi calculations we have simu-
lated a parallel beam of neutrons as a monoenergetic
neutron source in energy range between 1 and 15 MeV
and various energy steps. For neutron sources with
continuous energy spectra such as 2>Cfand >*' Am-Be
we have used the same geometry of the incident neu-
tron beam which was emitted perpendicularly to the
PE blocks.

The detector response matrix represents connec-
tion between the neutron energy and the light output.
The 3-D representation of the spectrometer response
matrix for monoenergetic neutron sources between 1
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Figure 1. The 3-D representation of the spectrometer
response matrix for the monoenergetic neutron sources
between 1 and 15 MeV with energy step of 0.1 MeV and
8 PE layers with thickness of 2 cm between (0 and 16 cm
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Figure 2. The simulated data relating the total number of
counts for each energy in the range between 1 MeV and
15 MeV with step of 0.1 MeV and 8 PE layers of different
thickness

and 15 MeV and 8 PE layers with thickness of 2 cm be-
tween 0 and 16 cm obtained by the MCNP-PoliMi
code is shown in fig. 1. The simulated data relating the
total number of counts per neutron for each energy in
the range between 1 and 15 MeV with step of 0.1 MeV
and 8 PE layers of different thickness are presented in
fig. 2.

We have investigated the iron (Fe) as a heavier
material around the detector. Since for the neutrons at
higher energies, the PE material is not effective in
slowing down, we have selected Fe as a material with
good inelastic scattering properties that can cause a
large change in neutron energy higher than 10 MeV.

The 3-D representation of the spectrometer re-
sponse matrix for monoenergetic neutron sources be-
tween 1 and 15 MeV with energy step of 0.5 MeV and
Fe layers with thickness of 0.5 cm in the range between
0 and 20 cm obtained by the MCNP-PoliMi code is
shown in fig. 3. The simulated data relating the total
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Figure 3. The 3-D representation of the spectrometer
response matrix for the monoenergetic neutron sources
between 1 and 15 MeV with energy step of 0.5 MeV and
40 Fe layers with a step of 0.5 cm between 0 and 20 cm
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Figure 4. The simulated data relating the total number of
counts for each energy in the range between 1 MeV and
15 MeV with step 0f 0.5 MeV and 40 Fe layers of different
thickness with a step of 0.5 cm
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Figure 5. The attenuation of neutrons with different
energies through Fe layers of various thickness

number of counts per neutron for each energy in the
range between 1 and 15 MeV with step of 0.5 MeV and
40 Fe layers of different thickness are presented in fig.
4. The attenuation of neutrons of various energies in a
Fe material has been shown in fig. 5.

THE UNFOLDING RESULTS FOR
THE DETECTOR WITH THE PE
SURROUNDING MATERIAL

The unfolding problem can be described by the
Fredholm integral equations of the first kind but
discretization of such kind of integral can cause discrete
ill-posed problems. The difficulty of solving the
ill-posed problems lies in the fact that they are unstable
and extremely sensitive to noise. When the problem
Ax = b is not well-posed (either because of non-exis-
tence or non-uniqueness of x), then the standard ap-
proach known as linear least squares must be modified.
Some form of regularization is required in order to com-
pute a stabilized meaningful approximate solution to
discrete the ill-posed problems. It is necessary to incor-
porate further information about the desired solution in
order to obtain a useful and stable solution [4].

In order to reduce the ambiguity in interpretation
ofthe unfolded results we have applied the least square
method with a first order of Tikhonov regularization
and neural network approach.

The neutron energy spectra
evaluated by neural network approach

The ANN algorithms provide a very powerful al-
ternative for the solution of the unfolding problem [8].
In order to unfold the neutron energy spectra from the
simulated pulse height distributions data and their sum
for each PE layer we have constructed a few non-linear
neural networks for different energy resolutions. The
networks were trained with the monoenergetic and con-
tinuous energy spectra (>*'Cf and *! AmBe) in the en-
ergy range between 1 and 15 MeV with different energy
steps of 0.1, 0.2, 0.4, and 0.7 MeV. The normalized
number of counts for each thickness of PE layerup to 16
cm with step of 2 cm have been used as input data while
the energy spectra of the incident neutrons with
monoenergetic and continuous energy distributions
have been used as output data.

The structure of the network has been deter-
mined on the basis of trail and error. After the trail and
error procedure, the ANN sigmoid function was cho-
sen as well as the number of hidden layers and the
number of neurons in the hidden layers. For the energy
step of 0.7 MeV we have designed the multilayer
feedforward network with backpropagation algorithm
with 22 energy groups as target data and the hidden
layer consisting of 45 neurons while the number of in-
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put and output nodes corresponds to the number of PE
layers and energy groups, respectively. Among vari-
ous training algorithms available in Matlab Neural
Network Toolbox [9], for this particular case with a
small number of data, the Levenberg-Marquardt algo-
rithm has shown the best performances. The neural
network for energy step of 0.4 MeV consisted of one
hidden layer with 55 neurons and 37 outputs with the
Levenberg-Marquardt algorithm was used as a train-
ing algorithm. Good agreement between the unfolded
results and the target data was achieved for both
monoenergetic and continuous sources for the training
data set. The input data set was too small to apply the
complete the procedure for training, validation and
testing of the network. For energy step of 0.1 MeV we
have constructed the neural network with two hidden
layers with 30 and 55 neurons and 142 outputs and re-
silient backpropagation algorithm was used as a train-
ing algorithm. In addition, a maximum likelihood
method with OSL algorithm [10] for evaluation of
monoenergetic neutron spectra has also been applied.
The unfolded results obtained for the training data for
both monoenergetic and continuous sources have not
been in good enough agreement with the target data so
that the better results could not be expected for the test
data which are not presented to the network during the
training procedure (fig. 6).

The energy step of 0.2 MeV was the smallest step
for which we could apply the complete procedure of the
network training including the validation and testing.
We have constructed the neural network with two hid-
den layers with 45 and 25 neurons and 71 outputs. The
network was trained with monoenergetic and sources
with continuous energy spectra such as 2Cf and
241 AmBe by using the resilient backpropagation train-
ing algorithm. The unfolded results shown in fig. 7 are
in good agreement with the target data for a few ran-
domly selected test monoenergetic neutron peaks never
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Figure 6. The unfolded results for a few randomly
selected monoenergetic neutron peaks with the energy
step of 0.1 MeV obtained by the ANN approach and
maximum likelihood with OSL algorithm
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Figure 7. The unfolded results compared with the target
data for a few randomly selected test monoenergetic
neutron peaks with energy step of 0.2 MeV never
presented to the trained network before
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Figure 8. The unfolded results for **Cf and **' AmBe
neutron sources obtained for the trained data with
energy step of 0.2 MeV

presented to the trained network before. The results
shown in fig. 8. have been obtained for the trained data
relating sources with the continuous energy distribu-
tions and they are in good agreement with the target
data.

The neutron energy spectra evaluated
by the first order Tikhonov regularization

One of the most well-known forms of regular-
ization in order to obtain a useful and stable solution of
ill posed problem is the Tikhonov regularization [5]. If
a system of linear equations Ax = b is not well posed,
then the standard approach is to minimize the residual
|Ax—b|| The regularization term is included in this
minimization in order to prefer a solution with desir-
able properties. The standard form of Tikhonov regu-
larization is
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min {] x|} + AL+

where | 4x - bH is the error term, 4 — the regularization
parameter and iHLxﬂ — the penalty term. In zero order
Tikhonov regularlzatlon the regularization operator
(L) is the identity matrix, while in the higher order
Tikhonov, L is either the first order or the second order
differentiation matrix. We have used the first order of
Tikhonov regularization. The regularization effect de-
pends on A regularization parameter. For A = 0, the
regularization is reduced to the unregularized least
squares problem.

In order to evaluate both monoenergetic and
continuous energy spectra by the Tikhonov regulariza-
tion we calculated the matrix for 31 PE layers of differ-
ent thickness with step of 0.5 cm from 0 cm to 15 cm
and 28 energy groups with energy step of 0.5 MeV in
the range between 1 MeV and 15 MeV. The unfolded
results for a few monoenergetic neutron peaks are in
very good agreement with the target data (fig. 9).
However, for the continuous energy distributions, the
deviations between the unfolded and the target data are
larger. A comparison of the unfolded spectrum by
Tikhonov regularization and the reference >*' AmBe
spectrum is given in fig. 10.

With Tikhonov regularization we achieved a
better resolution by encompassing the layers with step
of 0.5 cm but worse energy resolution of 0.5 MeV
compared to the results obtained by the nonlinear
ANN with energy step of 0.2 MeV.

THE UNFOLDING RESULTS FOR THE
DETECTOR WITH Fe SURROUNDING
MATERIAL

In order to investigate the iron as a surrounding
material for a new spectrometer we have examined the
effects of Fe layers on attenuation of monoenergetic neu-
trons and possibility to unfold the neutron energy spec-
tra.
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Figure 9. The unfolded results obtained by the Tikhonov
regularization for a few monoenergetic neutron peaks
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Figure 10. The unfolded spectrum by Tikhonov
regularization compared to the reference ' AmBe
spectrum (without any type of smoothing)

The neutron energy spectra evaluated
by the first order Tikhonov
regularization method

Due to the deviations of the unfolded results
with PE as a light material around the detector for
sources continuous in energy from the reference ones,
we have investigated Fe as a heavier surrounding ma-
terial that can cause a large change in neutron energy
for high energy neutrons.

The unfolding possibilities of a new spectrometer
were investigated by the first order Tikhonov regular-
ization method with the spectrometer response matrix
for monoenergetic neutron sources between 1 MeV and
15 MeV with energy step of 0.5 MeV and 40 PE layers
with a step of 0.5 cm between 0 and 20 cm.

It can be seen in fig. 11. that the unfolded results
obtained by the Tikhonov regularization method for
monoenergetic sources are in very good agreement
with the reference data while figs. 12 and 13 for
sources with continuous energy distributions show
better agreement with the reference spectra compared
to the results obtained for the spectrometer with PE as
a material enclosing the scintillation detector.

For the energy step of 0.5 MeV in the range from
1 MeV to 15 MeV and the Fe step of 1 cmup to 26 cm
we have calculated the response spectrometer matrix.
The unfolded results for the monoenergetic and con-
tinuous sources have been shown in figs. 14 and 15, re-
spectively. It can be seen that very good agreement be-
tween the monoenergetic neutron peaks and reference
data was achieved by using the first order Tikhonov
regularization, while for continuous sources such as
232Cf and *'AmBe, the deviations are somewhat
larger compared to the previous results (given in figs.
12 and 13) but the energy spectra of these sources are
still recognizable and follow the trend of the reference
spectra.
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Figure 11. The unfolded results for a few monoenergetic
neutron peaks obtained by the Tikhonov regularization
method compared to the reference data
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Figure 12. The unfolded spectrum for **Cf source
obtained by the Tikhonov regularization method
compared to the reference data
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Figure 13. The unfolded spectrum for * AmBe source
obtained by the Tikhonov regularization method
compared to the reference spectrum

Figure 14. The unfolded results for a few monoenergetic
neutron peaks obtained by the Tikhonov regularization
method compared to the reference data
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Figure 15. The unfolded spectrum for *Cf and **' AmBe
sources obtained by the Tikhonov regularization method
compared to the reference data

The neutron energy spectra evaluated
by the neural network approach

Since the unfolded results obtained by the
Tikhonov regularization method for the spectrometer
with Fe as a surrounding material have shown that Fe
can be potentially suitable for design of a novel spec-
trometer, we have constructed two different multilayer
feedforward networks with backpropagation algo-
rithm to further investigate the optimal step of enclos-
ing layers. Foran energy step of 0.5 MeV in the energy
range from 1 MeV to 15 MeV, and a step of 1 cmup to
26 cm, we have designed the network with resilient
training algorithm with 30 output nodes (28 energy
groups for monoenergetic sources and 2 continuous
sources such as 2> Cfand *! AmBe). After the trial and
error procedure we have chosen 2 hidden layers with
sigmoid transfer functions consisting of 35 and 30
neurons, respectively, while the number of the input
nodes corresponds to the number of Fe layers. The
training procedure, including the validation and test-
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ing of the performances of the network, was applied.
Among various training algorithms available in
Matlab Neural Network Toolbox [10], for this particu-
lar case with small number of data, the Leven-
berg-Marqoard algorithm has shown the best perfor-
mances. The unfolded results for the test data ran-
domly selected among the monoenergetic sources that
have not been shown to the network before are given in
fig. 16. A comparison of the unfolded spectra for 2°>Cf
and ' AmBe sources obtained by the ANN approach
and the reference data has been shown in fig. 17.

It was demonstrated that it possible to obtain for
a Fe matrix with 40 Fe layers and 28 energy groups
with an energy step of 0.5 MeV from 1 MeVto 15 MeV
and a Fe step of 0.5 cm up to 20 cm, the better agree-
ment between the ANN prediction results and target
data. We have designed the network with resilient
training algorithm with 30 output nodes (28 energy
groups for monoenergetic sources and 2 continuous
sources such as 2*>Cfand **' AmBe) and 2 hidden lay-
ers with sigmoid transfer functions consisting of 38
and 33 neurons, respectively, while the number of in-
put nodes corresponds to the number of Fe layers. The
training, validation, and testing of the network were
performed. The unfolded results for the test data ran-
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Figure 16. The unfolded results for the test data with a Fe
step of 1 cm that have not been presented to the network
before
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Figure 17. The unfolded spectra for **Cf and 1 AmBe
sources obtained by the ANN approach with a Fe step of
1 cm compared to the reference data
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Figure 19. The unfolded spectra of **Cf and **' AmBe
sources obtained by the ANN approach with a Fe step of
0.5 cm compared to the reference data

domly selected among the monoenergetic sources
never presented to the network are given in fig. 18,
while the spectra of the selected sources with the con-
tinuous energy distributions are presented in fig. 19.

The results of this study have shown that with a
finer Fe step of 0.5 cm and a smaller range of Fe en-
closing material up to 20 cm it was possible to obtain
the unfolded results in better agreement with the refer-
ence data compared to the unfolded results obtained
for the Fe step of 1 cm and the maximum thickness of
Fe surrounding material up to 26 cm.

CONCLUSIONS

Among the various materials (PE, Fe, Al, graph-
ite) investigated as surrounding material around the
EJ-309 liquid scintillation detector, the results ob-
tained have shown that the iron has the most promising
spectrometric characteristics since we could unfold
the monoenergetic and continuous sources by using
the first order of Tikhonov regularization and non-lin-
ear neural network as the two independent unfolding
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methods, with good agreement compared to the refer-
ence data. It was demonstrated that the polyethylene,
as a light material, is suitable only for the evaluation of
monoenergetic neutron spectra, while the materials
such as graphite and aluminum do not have character-
istics good enough for spectrometric purposes. For
practical reasons, it is more appropriate to use a lighter
material around the detector. It is predicted in the
frame of the future work to investigate the spectromet-
ric potential of a combination of thin layer of heavier
material and wider layer of lighter material in order to
meet the weight requirements for the spectrometer and
to optimise the spectrometric performances.

Possible advantages of a novel spectrometer
compared to the spectrometry by the EJ-309 without
enclosing material are: much less number of input data
to process and less sensitivity to the noise. In the next
phase of research these possible advantages will be in-
vestigated experimentally.
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NCIIMTUBABE MOI'YRHOCTU MMPOJEKTOBAIBA CHEKTPOMETPA
bP3UX HEYTPOHA BA3UPAHOI' HA OPTAHCKOM CHUHTMIATOPY
CA OKO/IHUM MATEPUJAIUMA

OnmnmcaH je Au3ajH HOBOT CIIEKTPOMETpa Op3UX HEYTPOHA 32 aluiuKanuje y o0JIacTh HyKJIeapHe
curypHocTH. [IM3ajH je 3aCHOBaH je Ha TeYyHOM opraHckoMm cumHTmiIatopy EJ-309 ca martepwmjanmmma
pa3nuuuTUX Ae0buHa KOjU OKPYXKYjy AeTekTop. McnuTruBama cy U3BplieHa ca CUMYJIallMOHIM Hofanuma
KOju ¢y J0oOMjeHr pUMEeHOM HyMmepuukor Koga MCNPX-PoliMi 3acHoBanor Ha Monte Kapno meronn.
N3meby paznuuutux Matepujaia (MoJUeTHICH, TBOXbe, amyMUHHIjyM, TpauT) KOjU Cy UCHUTUBAHU K0
CII0j€BM OKO CUMHTHJIATOPA, HajIepCleKTUBHUja CBOjCTBA 3a €Ballyallijy €eHepreTcKux crekrapa Op3ux
HEyTPOHA Cy MOKa3all NOoNHUeTHIIeH U reoxbe. [la 6u ce gobusna 6oiba Opojauka CTaTHCTHKA 33 CBAKU
EHEepreTcKy OWH, aMIIUTY/[CKA paclofesia UMITyJIca CyYMUPAHa je 3a CBAKU €HEePreTCKU KOPaK Y OIICETY Off
1 no 15 MeV. Pesynraru andonpunra, JOOUjeHU 3a MOHOEHEPTeTCKE HEYTPOHCKE U3BOpe KopulThekheM
TuxoHOBIBEBE peryjapu3aloHe MeTOfe IPBOT pefia U HeMMHeapHe HeypallHe Mpexe, y BeoMa Jo0poj ¢y
CarylacHOCTH ca pedepeHTHUM TNofanuMa, JOK eBaJyUpaHHM CIEeKTPHM 3a HEYTPOHCKE H3BOpe ca
KOHTHHYAJTHOM €HEpPreTCKOM PaclofieIoM ciefie TOK peepeHTHUX crekrapa. [lobujeHu pe3yaTaTu cy
MOTBPAWIN CIHEKTPOMETApCKU TMOTEHIMjal KOju MOXKe OUTH MOOOJbIIAaH KOMOWHAIMjOM Pa3IHUYUTHX
Marepujalia Oko eTeKTopa. Moryhe npegHocT: HOBOT TUIIA CIIEKTPOMETPa YKIbYUYjy Malbu Opoj yl1a3HUX
nofgaTaka 3a oOpagy M Mamwy OCETIbMBOCT Ha IIYM y mnopebemy ca CUUHTUIALMOHUM JAETEKTOpOM Oe3
NONIaTHUX CJIOjeBa.

KwyuHe peuu: HeypOHCKU U3BOP, OPZAHCKU CUUHIIUAAILOD, OKPYICYjyhu maitiepujan, AHphoaOuHz
mettiooa, MCNPX_PoliMi ko0




