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This paper deals with the improvements of the linear artificial neural network unfolding ap-
proach aimed at accurately determining the incident neutron spectrum. The effects of the
transfer functions and pre-processing of the simulated pulse height distributions from liquid
scintillation detectors on the artificial neural networks performance have been studied. A
better energy resolution and higher reliability of the linear artificial neural network technique
have been achieved after implementation of the results of this study. The optimized structure
of the network was used to unfold both monoenergetic and continuous neutron energy spec-
tra, such as the spectra of 252Cf and 241 Am-Be sources, traditionally used in the nuclear safe-
guards experiments. We have demonstrated that the artificial neural network energy resolu-
tion of 0.1 MeV is comparable with the one obtained by the reference maximum likelihood
expectation-maximization method which was implemented by using the one step late algo-
rithm. Although the maximum likelihood algorithm provides the unfolded results of higher
accuracy, especially for continuous neutron sources, the artificial neural network approach
with the improved performances is more suitable for fast and robust determination of the
neutron spectra with sufficient accuracy.

Key words. unfolding, neutron spectra, pulse height distribution, MCNP-PoliMi numerical code,
linear ANN, maximum likelihood method

INTRODUCTION

Accurate detection and characterization of nu-
clear materials are of an urgent need in the area of nu-
clear non-proliferation and homeland security [1].
Special nuclear materials, as well as several
radionuclides, many of which are in regular use in in-
dustry, medicine or energy production need to be mon-
itored to avoid risks. Neutron measurements are
widely used for nuclear safeguards applications since
they do not experience the problem of self-shielding
that y-rays exhibit in larger samples. A way of detect-
ing neutrons from samples is by using organic scintil-
lation detector because of its good capability to dis-
criminate neutrons against y-rays by means of pulse
shape. One possible way of a neutron source identifi-
cation is based on an optimized fast pulse-shape dis-
crimination algorithm in a mixed radiation field [2] or
numerical techniques which do not relay on the un-
folding technique [3]. Another possibility of detecting
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and identifying nuclear materials in non-proliferation
and homeland security applications is based on the de-
termination of the energy spectrum of the neutron
source [4]. Neutron spectrometry by unfolding the
light pulse amplitude spectra is appropriate in the field
measurements for safeguards purposes. The neutron
spectrum is a unique characteristic of each neutron
source and therefore it is of high priority for accurate
neutron source identification.

Organic scintillators (liquid and plastic) are used
in many nuclear applications, including identification
and characterization of nuclear materials [5]. Detec-
tion of neutrons in such detector is based on multiple
scatterings on hydrogen and/or carbon, as the main
constituents of the scintillator material. The neutron
deposits a portion of its initial energy in the scattering
collisions and the energy deposited is converted to
scintillation light, which 1is collected by the
photomultiplier tube (PMT) and converted to a mea-
sured pulse. Pulse-height distributions (PHD) from
the detector based on proton recoil are used to unfold
neutron energy spectra.
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Overview of the traditional unfolding RS
techniques (based on least-squares, iterative, and 0.4
Monte Carlo methods) is given in [6, 7], while the al- g -
ternative unfolding technique based on neural net- g '
works is described in [8-10] and the references © 03r
therein. One of objects of our investigation was to 025
achieve a better energy resolution and higher reliabil-
ity of the linear artificial neural network (ANN) tech- S
nique, since very small deviations from the target val- 0.15f
ues can cause uncertainties of the unfolded results. 04l
The improvement of the energy resolution of the linear

005}

ANN leads to better performances of the neutron un-
folding technique. This paper also deals with compar-
ative analysis of the modified ANN technique with the
reference method based on the maximum likelihood
expectation-maximization (MLEM) method with one
step late (OSL) algorithm, having excellent unfolding
performances [11-13].

MONTE CARLO SIMULATION OF THE
DETECTOR RESPONSE MATRIX

The response matrix of the detector should be
available for the unfolding procedures. The detector
response matrix is determined by calculating the pulse
height spectra of incoming neutron with various ener-
gies. Calculation of such response matrices and their
use in unfolding an unknown neutron spectrum has
been investigated to a large extent in the past (see [14]
and the references therein). The response matrix has
been simulated with high-fidelity and accuracy by us-
ing the MCNP-PoliMi numerical code based on the
Monte Carlo method [15]. This code provides a very
accurate simulation of each neutron interaction in a
scintillator material. We used a postprocessing Matlab
code for the analysis of the interactions occurring in
the scintillator material. The measured pulse-height
distributions from neutron sources traditionally used
in nuclear safeguards experiments were compared to
distributions simulated with the MCNP-PoliMi code
and very good agreement was achieved [16].

In the response matrix, each row corresponds to
a given neutron energy and each column corresponds
to a given pulse height. The detector response, the
count rates, and the neutron spectrum, are related
through the Fredholm integral equation of the first
kind. The continuous equation can be reduced to the
following discrete form

Nj =Z’?j¢i (1)

where N is the count rate recorded in the /" channel of the
pulse height distribution, @; — the incident neutron
fluence in the /™ energy group, and r;—the corresponding
element of the response matrix. The response matrix of
the detector (5 cm x 5 cm cylindrical NE-213 scintillator)
was calculated by the MCNP-PoliMi numerical code in
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Figure 1. The detector response matrix for neutrons with
energies between 4 MeV and 5 MeV with step of 0.1 MeV

the energy range between 0 and 15 MeV. The detector re-
sponse matrix is related to 150 neutron energy groups of
0.1 MeV width and 256 channels for distributions of
pulse amplitude for each energy bin. Only one part of the
detector response matrix for neutrons in the energy range
between4 MeV and 5 MeV with step of 0.1 MeV is given
in fig. 1.

CHARACTERISTICS OF THE MLEM AND
LINEAR ANN UNFOLDING METHODS

The linear ANN unfolding with
improvement of the energy resolution

The results presented in paper [8] have shown
that the linear ANN technique can be successfully
used for the unfolding of pulse height distributions ob-
tained by the MCNP-PoliMi calculations, or measured
by liquid scintillation detectors. The neural network
constructed with a transfer function £, performs a map-
ping of the detector data, y, to the neutron energy spec-
trum, x, i. e., x = f(y) [17]. One feature of this approach
is that continuous spectra can be expressed as a linear
superposition of known monoenergetic spectra by us-
ing a linear transfer function. The linear network was
trained with a large number of light pulse distributions
(recorded in 256 channels) for a number of different
neutron energies up to 15 MeV (150 energy groups
with 0.1 MeV width).

In the previous work [8] it was demonstrated that
the best results in the identification of unknown neutron
spectra had been achieved with the linear network with
the width of energy group of 0.6 MeV, which repre-
sented a tradeoff between energy resolution and accu-
racy of the unfolding procedure. However, we noticed
that there were deviations between target and calculated
values in the training process that caused some uncer-
tainties in the unfolded monoenergetic and continuous
spectra. In this paper we have shown that taking into ac-



S. Avdi¢, et al.: The Unfolding Effects of Transfer Functions and Processing of ...
Nuclear Technology & Radiation Protection: Year 2010, Vol. 25, No. 2, pp. 93-99 95

count new pre-processing of the input data, i. e. deriva-
tion of the pulse height spectra with amplification
(which was left out in the previous work), the unfolded
results can be obtained with both good properties, :. e.
reduced energy resolution of 0.1 MeV and good agree-
ment with the reference spectral data.

The linear neural network was constructed for
unfolding of neutron energy spectra with 150 output
neurons for 150 energy groups of 0.1 MeV width. O,,
the output of the j output neuron is given as

O, =f(b; +ZW;'/ "X; ) 2)

where f'is the linear transfer function of the neurons,
w;; — the weight connecting the i™ input neuron to ;"
output neuron, b; — a bias, and x; — the input of the i
neuron in input layer.

We have studied the effect of the transfer func-
tion on the linear ANN performance with “purelin”,
“satlin” and “satlins” transfer functions shown in fig.
2. The unfolded neutron peak with energy of 5 MeV
obtained after training process with the transfer func-
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Figure 2. Transfer functions (“purelin”, “satlin” and
“satlins”)
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Figure 3. Neutron peak at 5 MeV obtained by the linear
ANN with various transfer functions

tions mentioned before and with bias and no bias is
presented in fig. 3. It is obvious that satlin transfer
function contributes to the best performances of the
ANN approach in the case of one monoenergetic neu-
tron peak. However, in the case of neutron spectra with
a few neutron peaks of equal probability at energies of
4, 8, and 12 MeV (shown in fig. 4.), the third peak at
energy of 12 MeV disappeared by using satlin transfer
functions. All three peaks have been detected by using
“purelin” and “satlins” transfer function (deviations
between “purelin” and “satlins” unfolding results are
negligible). Intensities of the peaks obtained by
‘purelin’ transfer function are equal up to about 11
MeV but at 12 MeV intensity of the peak is smaller
from the target value of 1 for about 30%.
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Figure 4. Three neutron peaks of equal probabilities
obtained by the linear ANN with various transfer
functions

It was demonstrated in ref. [9] that differentiation
of neutron response functions led to a highly peaked
function so that the unfolding problem became approxi-
mately linearly separable problem. In this paper the ef-
fect of the way of pre-processing of the input data on the
ANN unfolding results has been investigated with pulse
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Figure 5. Three neutron peaks of equal probabilities
obtained by pre-processing the training data in two ways
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height distribution for neutron spectra with three peaks.
Figure 5 shows the unfolded results obtained after apply-
ing the simple derivation of the pulse height spectra and
amplification of the input data derivations, i. e., after
making larger the first difference between neighbouring
pulse height channels. It is obvious from fig. 5 that the
latter method of pre-processing of the input data contrib-
utes to the improvement of the linear ANN performances
taking into account less oscillations and more accurate
intensities of the peaks.

After implementation the results of the study
mentioned above, we have constructed the optimized
network with a better energy resolution of 0.1 MeV,
which is comparable to the energy resolution obtained
by using the MLEM method, explained below. Opti-
mization of the network for unfolding both
monoenergetic and continuos spectra was performed
by using “purelin” transfer function and enlarging first
differences of the input pulse height distributions.

Unfolding by the MLEM method
with OSL algorithm

Maximum likelihood method is a popular statis-
tical method used to make inferences about parameters
of the underlying probability distribution of a given
data set. The method increases the likelihood that the
neutron spectrum estimate will generate the measured
data until an absolute maximum during each iteration.
Neutron spectrum is constrained to remain positive in
each iteration. The MLEM [11] algorithm takes into
account the Poisson nature of the noise in the ampli-
tude distribution data. This features of MLEM algo-
rithm lead to the neutron spectra that are not noise.
However, neutron spectrum reconstruction is slow, es-
pecially when accurate response matrices are used.

A possible way to model the Poisson nature of
the measurements is to treat the data as stochastic vari-
ables and not as exact measures. This is the usual case
in unfolding for a Poisson distribution, without mak-
ing any a priori assumptions about neutron spectrum
distribution. The log likelihood function is

[ J
InP =) —Zrl-jxj +y;In Zrl-jxj —In(y; 1) |(3)
=1 j=1 j=1

where y; are binned count rates, x; — the incident neu-
tron fluence in the i energy group, and r;— the corre-
sponding element of the response matrix. The MLEM
is used to find non-negative values of each x;.

The MLEM has a drawback that it generates
noisy neutron energy spectra when the iterations pro-
ceed. This sort of over-fitting can be avoided if the iter-
ations are stopped before the convergence. This ap-
proach suffers from a noise-bias trade-off. If the
convergence is reached, the solution is too noisy. On
the other hand, if a small number of iterations are used,

the solution is less noisy, but the quantitative level of
solution values are biased towards the initial solution.

The solution is required not to fit with the data as
well as possible, but also be consistent with additional
criteria in order to make an ill-posed reconstruction
problemto a well-posed one. The objective function to
be maximized is not the likelihood (eq. 3) buta posteri-
ori probability density function (PDF).

The prior is described by the Gibbs distribution
P(x) cexp[—fU(x)] [12], the penalty term, where3 is
a scalar weighting parameter, and U(x) — the energy
function.

One of the Bayesian formulations, OSL algo-
rithm, uses a current estimate x¥ when calculating the
value of the derivative of the energy function U [13].
The OSL update can be solved as

xl‘? 1

k+1 Jj Vi
Xk = — D7 ’
oU(x,J) iZ L
Sy +p LT S
i=1 535] =1
j=Lo..,J (4)
where U (x, j) is energy function chosen as
Ux,j)= 2 wv(x; —x;) (5)
beN;

where wy, is the weight of energy bin b in the neigh-
bourhood of energy bin j and parameter 3 expresses the
confidence of the prior. The Gibbs distribution and en-
ergy are mathematical constructs and they are not re-
lated to real physical quantities. In our investigations
we used a well-known choice of quadratic prior v(r) =
#*. The regularization parameter 3 controls the degree to
which the models of the prior are accentuated, and
keeps constant during the iterations. An appropriate
value for parameter § should be empirically selected.
For 3 =0, the OSL is reduced to the usual MLEM algo-
rithm.

THE RESULTS OF UNFOLDING BY
THE OSL AND LINEAR ANN

Monoenergetic neutron sources

The responses of the OSL and ANN to the input
data are shown in fig. 6. We investigated three neutron
peaks of equal probability with energies of4 MeV, 8 MeV,
and 12 MeV. It can be seen that the MLEM method with
OSL exactly predicts energy of sharply unfolded neutron
peaks with energy resolution of 0.1 MeV, but the intensi-
ties of the peaks are not equal. The peak at 4 MeV is cor-
rectly estimated, but the peak at 8 MeV is about 80% of the
reference peak by its intensity, and the intensity of the peak
at 12 MeV is 85% of the reference peak intensity. It can be
noticed that the peaks obtained by the OSL are slightly
narrower compared to the ones obtained by the linear
ANN.
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Figure 6. The unfolded spectra from the simulated data
with three neutron peaks

The linear ANN method identifies the peaks with
energies of 4 MeV, 8 MeV, and 12 MeV with the energy
resolution comparable with the energy resolution obtained
by the maximum likelihood method. It is obvious that the
energies of the neutron peaks have been correctly identi-
fied, however, their intensities deviate somewhat from the
target values, but still less compared to the peak intensities
obtained by the MLEM method with OSL algorithm.
Maximum deviation of about 25% was detected for the
third peak at 12 MeV, while the intensities of the first two
peaks achieved the target values. On the other hand, the
linear ANN results show more oscillations than the
MLEM unfolded results. It can be expected that applica-
tion of an appropriate smoothing procedure can reduce the
ANN oscillations.

It can be noticed that both unfolding approaches
correctly identify energies of neutron peaks, while their
intensities deviate somewhat from the reference data.

Continuos neutron sources

The MLEM method and linear ANN have been
also applied to continuous spectra, such as the spectra
of the 22Cf and 2*' AmBe neutron sources, tradition-
ally used in the nuclear safeguards experiments. The
results of the unfolding of the simulated pulse height
distributions from the 252Cf neutron source, obtained
by the linear neural network, trained only with the sim-
ulated monoenergetic neutron sources, are shown in
fig. 7. A fairly good agreement can be seen between
252Cf neutron source spectrum obtained by the linear
ANN and the reference spectrum. The results obtained
by the reference OSL algorithm are also presented in
fig. 7. In can be noticed that the best agreement with
the reference data is obtained by the MLEM with OSL
method. The ANN approach still provides the un-
folded neutron spectra with sufficient accuracy, al-
though the linear ANN unfolded results show larger
deviations from the reference spectrum compared to
the OSL results.

Neutron energy [MeV]

Figure 7. Unfolded spectra of **’Cf source from the
simulated data by using the MLEM with OSL and linear
ANN compared with the reference data
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Figure 8. Unfolded spectra of the **' AmBe source from
the simulated data by using the MLEM with OSL and
linear ANN compared with the reference data

Figure 8 shows the reference spectrum and the
unfolded spectrum of the >*' AmBe neutron source
from the simulated data. Very good agreement be-
tween the MLEM with OSL results and the reference
spectral data can be noticed, whereas the results ob-
tained by the linear ANN show slightly higher devia-
tions from the reference spectrum.

CONCLUSIONS

This paper deals with the fast and robust unfold-
ing method based on the linear ANN approach with
improved characteristics for evaluation of neutron en-
ergy spectra obtained by the organic scintillation de-
tector. We have considered the application of linear
ANNS in neutron spectrometry with the aim of opti-
mizing a network that could be used for the identifica-
tion of both monoenergetic and continuous energy
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spectra. By using the principle of superposition, con-
tinuous spectra can be expressed as linear combina-
tions of monoenergetic spectra so that the unfolding of
continuous spectra can be performed using a network
that is trained only with monoenergetic spectra.

Implementation of the results regarding the ef-
fects of transfer functions as well as pre-processing of
the input data has provided construction of the net-
work with the optimized unfolding performances.
Thus, the linear ANN with “purelin” transfer function
and with amplification of the pulse height derivatives
was used to unfold both monoenergetic and continu-
ous neutron spectra.

It was demonstrated that the linear ANN ap-
proach can be efficiently used for the unfolding of
pulse height distributions obtained by the
MCNP-PoliMi simulation of incident neutron interac-
tions with liquid scintillation materials for either
monoenergetic or continuous neutron sources. The
MLEM method with OSL algorithm has been chosen
as a reference unfolding method, because of its excel-
lent unfolding performances. Analysis of the results
has shown that the MLEM with OSL method provides
the unfolded results with very good energy resolution
and with correctly identified neutron energies for
monoenergetic neutron peaks as well as for continuos
neutron spectra. On the other hand, a drawback of the
MLEM method is that neutron spectrum reconstruc-
tion is slow since the great number of iterations is re-
quired, especially when accurate response matrices
are used. The ANN technique with the improved per-
formances is more suitable for fast and robust determi-
nation of the neutron spectra with good energy resolu-
tion and sufficient accuracy. The modified ANN
approach represents a trade-off between accuracy and
time consumption in unfolding procedure.

Recently it has been suggested [18] that the ana-
lytical method developed supplies a fast and
computationally simple method for generating such
training sets. It is planned in the next stage of research
to compare the results obtained by analytical and nu-
merical training data.
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Cenaga ABJIU'R, IIpeapar MAPUHKOBUWh, beho IEXJIMBAHOBUh

AHO®OJNIUHI' EOEKTU NNPEHOCHE ®YHKIINJE U OBPANE
AMIININTYACKE PACIHOIEJE UMITYJICA

Y oBoM pajy je pazMaTpaHo NoOoJbIIake NepPOpPMaHCH JUHEAPHE HEYpAIHE MpeXe Y IUIbY
IoCTH3amka TavyHUje eBajyaldje yImajgHOT HEYTPOHCKOT CIeKTpa. VcnmuTuBaHU cy e(eKTH MPEeHOCHHUX
¢yakuuja u obpajie CHMYJIMpPaHUX AMIUTUTYACKUX pacHofielia MUMITYJIca W3 TEYHOT COUHTHIAIMOHOT
JeTeKTopa Ha mepgopMaHce KOHCTpyucaHe nuHeapHe wmpexe. [locturmyra je 6oiba eHepreTcka
pe3onyuuja U Beha moy3gaHOCT HeypajdHe Mpexke IMOcCiIe UMIJIEMEHTAalMje pe3yliTaTa WCIUTUBAbA.
OntrMm30BaHa CTPYKTypa Mpeske je KopuirheHa 3a aH(OIIMHT MOHOCHEPTETCKMX W KOHTHHYAITHUX
HEYTPOHCKHMX €HEPreTCKUX CIEKTapa, Kao wTo cy cnektpu 22Cf u **'Am-Be wusBopa, koju ce
TpafiuIIMOHAIHO KOPHUCTE y EKCIEpUMEHTHMA HyKJIeapHe CUTYPHOCTH. Y OBOM pajly je MoKas3aHo fia je
IIOCTUTHYTa €HepreTrcka pesodyuuja jauHeapHe Mpexe of 0.1 MeV ynopenusBa ca €HEpPreTcKoM
pe30ynnjoM Koja je TodujeHa mpuMeHoM pedepeHTHOT aH(OINHT METO/ja KOju je 6a3upaH Ha TPUMEHN
MeToJla MaKCUMAaJIHE BEpOJocTOjHOCTH, a nMIuieMenTupan Kopucrehn OCJI anropuram. Mana meropa
MaKCHMaJHEe BEpOAOCTOjHOCTH o006e30ebyje Behy TauHocT pesdynTaTa aH(ONAMHra ca CIOPOM
PEKOHCTPYKIMjOM HEYTPOHCKOT CHEKTpPa, MOCEOHO y CIy4ajy KOHTHHYaJHHX HEYTPOHCKHUX H3BOPA,
JiMHEeapHa HeypajHa Mpea ca moOoJpIllaHMM mepdgopMmMaHcaMa je TOoropHmja 3a Op3y W poOycTHY
eBaJTyalujy HEyTPOHCKOT CIIEKTpa ca IOBOJbHOM TadHOIIhYy.

Kmwyune peuu: anghoa0unz, HeyimpoHCcKU CUeKTapl, AMIAUTILYOCKA PAciioOend Umiiyacd,
MCNP-PoliMi nymepunku ko0, auneapHa 8eutiliayka HeyPaaHa mpexcd, Meitiooa
MAKCUMANHE 8ePOOOCIUOJHOCTIL




