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ABSTRACT

Performance of a NaI(Tl) scintillation detector based on the gamma-ray spectroscopy
system is not satisfactory in retaining its original peak (which is delta like function) of
various gamma ray spectrum. The method of achieving precise peak for the various gamma
ray was conducted by converting the observed pulse-height distribution of the NaI(Tl)
detector to a true photon spectrum. This method is obtained experimentally with the help of
an inverse matrix deconvolution method. The method is based on response matrix generated
by the Monte Carlo simulation based on Geant4 package of mono-energy gamma-ray
photon ranging from 0.050 to 2.04 MeV in the interval of 10 keV. The comparison of the
measured and simulated response function was also performed in order to authenticate the
simulation response function. Good agreement was observed around the photo-peak region
of the spectrum, but slight deviation was observed at low energy region especially below 0.2
MeV. The Compton backscattering and Compton continuum counts was significantly
transferred into the corresponding photo-peak and consequently the peak to total(P/T) ratio
was improved. The P/T ratio results obtained after application of the deconvolution method
taken with three calibration sources with gamma-ray’s energies of 81 keV, 303 keV and 356
keV (for 133Ba), 662 keV (for 137Cs), 1173 keV and 1333keV (for 60Co), were improved
from(to) 0.50(0.90), 0.40(0.83), 0.57(0.93), 0.31(0.92), 0.18(0.84) and 0.15(0.83),
respectively.

Keywords: NaI(TI) detectors, Deconvolution/Unfolding, Response function, Gamma-
ray spectrum, Geant4 simulation

INTRODUCTION

The main characters of gamma ray spectra
are associated with the process by which
gamma rays interact with matter.
However, the events with energy less than
full energy occur rather frequently,
resulting from various interactions with
different energy dependences. In gamma
ray spectroscopy, it is necessary to know
the true photon energy spectra of the
NaI(Tl) scintillation detector. Without
application of unfolding methods,

incorrect physical data are obtained from
an analysis of the measured gamma ray
spectra (Arvind et al., 2008). To determine
the correct photon energy spectra from the
recorded pulse height distributions one
need to apply the unfolding technique.

The technique of converting the pulse
height distribution to the true photon’s
spectrum has been studied previously by
several literatures (Hanka, 2020; Kiran et
al., 2016; Morhac and Matousek, 2011).
While the general principles on which the
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technique is based are the same, these
literatures claim varying degrees of
success for different method of approach
(Hanka, 2020; Kiran et al., 2012). The
direct matrix inversion method represents
the most straightforward method (Rahma
and Cho, 2010). The stripping method is
often applied for Germanium detector and
is based on successive subtraction of the
Compton background from higher to lower
channels. The folding iteration method is
based on successive folding of better and
better trial functions (Shustov and Ulin,
2015; Zech, 2013; Bandzuch et al., 1997).

The performance of the NaI(Tl)
scintillation detector based on the gamma-
ray spectroscopy system is not satisfactory
in retaining its original peak (which is
delta like function) of various gamma ray
spectrum. Survey of different literatures
reveals that no work has been reported to
use 200 by 200 direct matrices inversion
method to convert measured mono-
energetic and multi-lines gamma-ray
spectra to retain its original peaks (Shustov
and Ulin, 2015; Minato, 2014; Zech, 2013;
Amandeep et al., 2011; Arvind et al.,
2008). The main purpose of this work
therefore is to use 200 by 200 direct
matrices deconvolution method to unfold
mono-energetic and multi-lines gamma-
ray spectra measured using the NaI(Tl)
scintillation detector so as to retain its
original peak by restoring counts in the
Compton continuum into their
corresponding photo-peaks.

MATERIALS AND METHODS

Experimental Setup and Data
Acquisition System

This study has made use of four identical
cylindrical NaI(TI) ORTEC 905-3 series
detectors. The crystals are optically
coupled to the PMT and encased in a light

tight aluminium case. The face of each
detector had a diameter of about 5.08cm
(“2 inches by 2 inches” crystal size). The
detectors are attached to pre-amplifiers for
maintaining the time constant of the pulse.
The resolution of these detectors is about

7% for 137Cs. They have light decay time
of 230 nanoseconds, which is translated to
a voltage pulse of rise time 0.5
microseconds. Each detector has 3
connectors at their rear, high voltage (HV),
Anode and Dynode, which is damped by a
50-ohms resistor for this experiment
(ORTEC, 2015). Both detectors are
attached to the pre-amplifiers for
maintaining the time constant of the pulse.

For convenience, all detectors were named
with letter D1, D2, D3 and D4. Each
detector was made to view the radioactive
source such that each detector’s face was 5
cm away from the source as shown in
Figure 1. All detectors were positively
powered by a quad high-voltage power
supply NIM module model RPH-012.
Detector signals from each detector were
passed through a linear split module,
which had two outputs for each channel.
From each channel, one signal was fed to
the Analogue-to-Digital Converter (ADC;
RPC-022 16ch CS) and the other signal
was sent to the Leading-Edge
Discriminating (LED) module. For each
channel, one discriminated signal was fed
into the coincidence unit, which was
responsible for sending signals to the gate
generator (KN1500) for triggering the
event. The other discriminated signal from
the same channel was delayed using a
logic delay unit before being fed to the
Time-to-Digital Converter (TDC;
KC3781A). Trigger logic OR provide
event triggering condition (Kumwenda,
2018). Figure 1 describes the complete
data read out electronics deployed during
experiment.
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Figure 1: The electronic data readout circuit deployed for this experiment

THE DETECTOR RESPONSE
FUNCTION

Direct Matrix Inversion Unfolding
Method

The measured spectrum in physical
experiment are usually distorted and
transformed by different detector effects,
such as finite resolution, limited
acceptance, efficiency variations,
perturbations produced by the electronic
device, etc. To reproduce true photon
spectrum from the measured distributions
it is necessary to take into accounts these
effects by means of the response function
(Benitez et al., 2008). Normally the
response functions are obtained by
response matrix. From the basic
mathematical relationship, the measured
spectrum can be given as follows;

……………….. (1)

Where is the original or true energy
distribution of the gamma rays emitted by
the source and is the response
function of the detector.

The task is to obtain the true gamma ray
spectrum given the measured energy
spectrum. Thus, the desired photon
spectrum is calculated from the

matrix equation as follows;

……………..…. (2)

Where is the inverse of the
response matrix.

The pulse height distributions from various
mono-energetic gamma ray spectra were
obtained from the Monte Carlo simulation
based on the Geant4 package using “2
inches by 2 inches” NaI(Tl) scintillation
detector. During simulation, the dimensions
of the “2 inches by 2 inches” NaI(TI)
scintillation detector were adapted from the
manufacturer technical specifications. The
geometry was modelled with the
corresponding scintillation crystal with a
case of 0.2 mm of aluminium. The space
between the aluminium case and the crystal
was filled with air (Cinel et al., 2016). A
glass window of 5 mm between the crystal
and the PMT was also considered in this
simulation, and the photomultiplier tube
was modelled as a filled with air in the
aluminium cylinder (Kumar et al., 2009). A
0.5 mm thick aluminium housing, separated
from the crystal by a very thin air gap,
protects the photo-detector. The air
thickness between the aluminium and the
crystal as well as aluminium and the
photomultiplier are 0.2 mm and 0.25 mm
respectively (Cinel et al., 2016; Kumar et
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al., 2009). For systematic study the
measured and simulated data were taken at
the same number of events 1.4 x 106 for all
chosen energies.

Simulation of Response Function

In this study, the Monte Carlo method
based on the Geant4 package codes was
used for formation of response matrix. For
the formation of the response matrix, one
might need more than 100 spectra
depending on the dimension of the problem
one dealing with, which is very time
consuming and complicated work (Benitez
et al., 2008). To minimize the workload in
making the response matrix, this study
simulated 200 γ-ray’s spectra ranging from
0.050 to 2.04 MeV with an interval of 10

keV as represented in Figure 2 in 2D. Z-
axis of the 2D spectrum shows the peak to
total ratios which gives the diagonal
elements of the response matrix. The peak
at 200 keV is due to the Compton
backscattering due to the random direction
of the gamma photons during simulation.
The other peaks in y-axis are single and
double escape peaks when the gamma
photons reach a threshold of 1.02 MeV
(Kumwenda, 2018).To acquire trustworthy
results, the simulated response function
must be determined with the same
conditions as an actual experiment as
shown in Figure 4. For the accuracy of the
deconvolution method defined in equation
(1), the response function R(E, E0) should

have many energy points (Benitez et al.,
2008).

Figure 2: The matrix response function from the simulated mono-energetic gamma rays
using NaI(Tl) scintillation detector

When a photon with energy is radiated
there is a certain chance of being fully or
partially detected. The probability that a
photon of energy is detected with
energy E is given by the response matrix

(Rahma and Cho, 2010). The
response matrix gives the probability that a
photon is detected. In order to obtain
response matrix it is important to

calculate Peak-to-Total ratio (P/T) (Rahma
and Cho, 2010; Almaz and Cengiz, 2007).
Figure 3 shows example of the calculated
P/T ratios curve, which gives the diagonal
elements of the response matrix. The
response function was arranged as a row to
form 200 by 200 response matrix. The
obtained response matrix was inverted
using ROOT V.5.4 program.



Mwingereza J. Kumwenda

Tanzania Journal of Engineering and Technology (Tanz. J. Engrg. Technol.), Vol. 39 (No. 2), Dec. 2020 108

Figure 3: Example of peak to total ratios curve, which gives the diagonal
elements of the response matrix

Deconvolution Procedures

In principle deconvolution methods can be
divided into two groups specifically, direct
and iterative. This study, presents brief
description of the direct matrix inversion
unfolding algorithm. The response
matrices were arranged as a row and
column to form N by N upper triangular
response matrix. The obtained upper
triangular matrices were inverted
using TMatrix class ( ) in
the ROOT software. To obtain vector

, the measured spectrum was
integrated in 10 keV energy intervals. The
multiplication of matrices and column
vector gives another column matrix ,

which is the true gamma-ray spectrum of
the detector. The acquired column vector
was filled in the histogram for plotting true
energy spectrum from the measured
spectrum.

Furthermore, the correctness of the
response matrix was checked by
multiplying R and R-1 and we have found
that all elements along the diagonal are
unity while in the inverse matrix all
elements above the diagonal are negative
numbers. These are physically justifiable.
When measured spectrum (column vector
M) is multiplied by the inverted matrix R-1

due to photons of a given energy the
number of photons fall entirely in the
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channel corresponding to the given energy
in the true spectrum (column vector T).
Since the diagonal elements are positive
the above statement can be true only if all
elements above the diagonal are negative
(Subrahmanyam and Ammiraju, 1964).

RESULTS AND DISCUSSIONS

Validation of Experiment and
Simulation

The accuracy of the response function is
verified by the comparison with
experimental measurements. Therefore,
the comparison of the measured and
simulated spectra done using radioactive
standard gamma source of 137Cs as

displayed in Figure 4. It is clear from
Figure 4 that, there is a good agreement
between the simulated and measured
spectra around the photo-peak region but
slight deviation is observed below 200
keV. The simulated and measured shows a
peak at around 200keV that is caused by
Compton backscattering. It is also
observed that the simulated spectra show
lower counts between Compton edge and
photo-peak that might be caused by single
Gaussian function for broadening. This
study presents the results and discussions
of the detector D1 only because the other
three detectors (D2, D3 and D4) used for
systematic uncertainty study and show
similar results as D1.

Figure 4: Comparison of the experiment and the simulation for the standard
radioactive source 137Cs with gamma ray energy of 662keV

Deconvolution of Mono-Energetic
Source

The measured and deconvoluted gamma
ray spectra are overlaid in Figure 5. By
means of the direct matrix inversion
unfolding method, the backscattered peak
and Compton continuum are significantly

eliminated from the measured spectra into
the corresponding photo-peak. To quantify
the efficiency of the deconvolution
technique the P/T ratio after applying
direct matrix inversion unfolding method
was calculated and was increased to 0.92
from 0.31 (0.61 increment) for 137Cs
radioactive source. Therefore, the number
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of counts in the photo-peak region
increased approximately by factor of 0.61

after deconvolution.

Figure 5: (a) Measured energy spectrum of 137Cs (overlaid as green histogram) and (b)
The deconvoluted (overlaid as black histogram) using matrix inversion method

Deconvolution of Multi-Lines Sources

Multi-line sources, 133Ba and 60Co were
also used to confirm the trustworthiness of

the deconvolution software. 133Ba
disintegrates by electron capture into two

main 133Cs*excited levels of 437 keV
(85.4%) and of 383 keV (14.5%). It

follows then 133Cs decays to its stable
ground state by emitting gamma rays of

several energies as shown in the decay

scheme of 133Ba displayed in Figure 6
(Be et al., 2008). The measured spectrum
Figure 7(a) shows that 81 keV line
populates much more than the 356 keV

line, according to 133Ba decay scheme
356 keV line has higher emission
probability than 81 keV line. By the
application of unfolding matrix, 356 keV

gamma line of 133Ba shows higher
emission probability as expected.
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Figure 6: The decay scheme of 133Ba, showing the several gamma lines. The gamma
peaks observed from the experiment are 81 keV, 303 keV and 356 keV

Figure 7: (a) The measured energy spectrum of 133Ba (blue histogram) and (b) The
deconvoluted spectrum (black histogram) using matrix inversion method

60Co decays to 60Ni via beta minus
emission. The decay is initially to nuclear

excited state of 60Ni*from which it emits
either one or two gamma rays to reach a

ground state of the 60Ni isotope (Be et al.,

2008).The creation of 60Ni by the beta

minus emission of 60Co is described by
the decay scheme in Figure 8. It is known

that 60Co has two gamma lines with
almost the same probability of emission as
shown in the decay scheme. However, as
shown in Figure 9(a), 1.333 MeV line was
measured to populate much less than the

lower line. Deconvolution for 60Co decay
resulted in the almost same probability of
emission as expected, as shown in Figure 9
(b).
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Figure 8: The decay scheme of 60Co, showing the two gamma lines (1.172 MeV and
1.333 MeV) which has almost the same probability of emission.

Figure 9: (a) The measured energy spectrum of 60Co and 137Cs (blue histogram) and
(b) The unfolded spectrum (black histogram) using matrix inversion method.

Based on the unfolding results, the peak to
total ratios (P/T) for three calibration
radioactive gamma-ray’s sources were
calculated. The P/T ratio results obtained
after application of the deconvolution
method taken with three calibration
sources with gamma-ray’s energies of 81
keV, 303 keV and 356 keV (for 133Ba),
662 keV (for 137Cs), 1173 keV and 1333

keV (for 60Co), were improved from(to)
0.50(0.90), 0.40(0.83), 0.57(0.93),
0.31(0.92), 0.18(0.84) and 0.15(0.83),
respectively as shown in Figure 10. It
should be noted also that the P/T ratio are
almost one order of magnitude different
between the maximum and the minimum.
Moreover, it can be observed that the P/T
ratios for all energy peak points were
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improved after unfolding and the
maximum increment P/T ratio appear at
1.333 MeV. It is also interesting to note

that the calculated P/T ratios in this work
is significantly improved compared to the
one reported by Rahma and Cho (2010).
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Figure 10: Peak-to-Total ratios before and after unfolding of three calibration
radioactive sources

CONCLUSIONS

The main theme of this study, was to use
200 by 200 direct matrix inversion
methods to convert measured gamma-ray
spectrum using the NaI(Tl) scintillation
detector into the photo-peak by restoring
counts from the Compton backscattering
and Compton continuum into their
corresponding photo-peak. The Monte
Carlo simulation based on the Geant4
package was conducted to study the
response function of the NaI(Tl)
scintillation detector and also for the
formation of the 200 by 200 response
matrices. The Compton backscattering and
Compton continuum counts was
significantly transferred into the

corresponding photo-peak and
consequently the peak to total ratio was
improved. The P/T ratio results obtained
after application of the deconvolution
method taken with three calibration
sources with gamma-ray’s energies of 81
keV, 303 keV and 356 keV (for 133Ba),
662 keV (for 137Cs), 1173 keV and
1333keV (for 60Co), were improved
from(to) 0.50(0.90), 0.40(0.83),
0.57(0.93), 0.31(0.92), 0.18(0.84) and
0.15(0.83), respectively. Furthermore,
energy resolution for 662 keV peaks of
137Cs improved to 3.5% (from 7.4%). The
unfolding results also show that the
spectrum retains its original shape which is
delta like function. Also, by implementing
inverse matrix unfolding algorithm the
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results show a more precise identification
of the spectrum as well as removal of
electronics fluctuations in the measured
spectrum. In conclusion, the unfolding
method was successfully studied and best
suited for the analysis of mono-energetic
and multi-lines gamma ray spectra.
Therefore, small peak can be identified
and analyzed that would otherwise be lost
in the background. As an extension of this
study, comparison between direct matrix
inversion method and iterative method is
needed for systematic uncertainty study.
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