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Abstract

Gamma spectra of non-enriched Thorium
Nitrate ThNOj3 salt is studied using an
indigenously developed, low-cost portable
gamma spectrometer, based on CslI scin-
tillator mated to a PIN photodiode. The
results of our study are compared with
commercially available detectors based on
Nal scintillators coupled to PMT detec-
tors, that come with a certain cost and are
bulky. Even though the intensity of various
peaks are relatively less prominent in the
spectrum obtained with the photodiode
detector as compared to the PMT based one
under same experimental conditions, longer
duration for data collection and analysis
using log plots were able to aid in reliable
identification of all the dominant peaks
in the source. The experiment gives good
insights into nuclear radiation processes
and various interactions that take place

within the detectors. Finally, we repeated
the experiment with a sample of Monazite
from the sands of Kerala and confirmed the
presence of Thorium deposits in it, thus
proving the effectiveness of our portable
gamma spectrometer for studying environ-
mental radiation.

1 Introduction

In a previous paper [1], we have discussed
the alpha spectrum of 2!2Bi obtained from
electrolysis of ThNOj3 salt, a non-enriched
source available from chemical suppliers.
The same salt can be used in powder form
to obtain the gammas emmited by it. A low
cost Gamma spectrometer has been devel-
oped by us [2] which uses a Csl scintilla-
tor mated to a PIN photodiode via an index
matching optical grease interface. The de-
sign details are discussed in a separate pa-
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per communicated recently. The electron-
ics developed for our Alpha spectrometer
[3] has been suitably modified, and the soft-
ware CN-Spec has been upgraded to obtain
the required spectral analysis along with
added features for visualising surface plots
The en-
tire design has been prepared for commer-
cial use by CSpark Research (India) [11]
as GammaSpeclK. This work is in contin-

for coincidence experiments [4].

uation with our efforts to developing Nu-
clear physics lab based on PER strategies
for advanced UG experiments[6] using non-
enriched sources and affordable equipment.
In the presentation of this paper, we shall
be focussing on studying gamma spectra of
The first
step before performing the experiment is to

non-enriched Thorium samples.

model the study, and this consists of arriv-
ing at the learning goals by enquiring into
what we wish to accomplish. This is fol-
lowed by understanding the theoretical con-
siderations regarding the Thorium source,
deduced from the experimental evidences
documented in standard databases such as
ENSDF[7].
modeled in terms of possible interactions of

Then, the physical system is

gamma radiation in the detection medium.
All this has been elaborated in the second
section. In the third section, we focus on
the experimental design strategy and model
the measurement apparatus elucidating the
principle of operation, the capabilities of the
detection units and data acquisition. This is
followed by the analysis of spectra and dis-

cussion of various aspects that characterize

them in section 4. Finally, we extend our
study to validate the presence of Thorium
deposits in Monazite found in the sands of
Kerala and draws conclusions.

2 Modeling

In model construction, as a first step, we
need to answer the following simple ques-
tions?

1. Which real world phenomenon do we
wish to study?
Ans: We wish to study the gamma ra-
diation emitted by Monazite sand com-
monly found in beaches of the Indian
peninsula. It is known from litera-
ture, that the radioactive deposits in
the sands contain deposits of Thorium
and trace amounts of Uranium. We
have with us in our laboratory, a non-
enriched source of Thorium in the form
of ThNOs salt, so it will be appropri-
ate to first conduct the experiment on
this source, and later apply the obtained
knowledge to understand the radiation
emitted by the Monazite sand.

2. Which aspects of the real-world system
are included in the model?
Ans:
radioactive series is that of Thorium,

One of the naturally occurring

whose data is well documented in
ENSDE. It goes through a series of
alpha and beta decays during which
the daughter nucleus might be in one of
its excited states that undergoes gamma
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decays. We focus only on obtaining the
energies of these gamma emissions in
our model.

3. What is being ignored?
Ans: We are ignoring the detection of
alpha and beta. Also, we are not in-
terested in the intensities of the gamma
emission that are quoted to be less than
10%, and also energies which are below
100 keV, keeping in mind the capabili-

ties of our gamma spectrometer.

4. What principles are needed to describe
the phenomenon?
Ans:
gamma undergoes during the deposi-

The interaction processes that

tion of its energy within the detector
medium needs to understood. That is,
the principles of compton effect, pair
production and photo-peak are to be
described while analyzing the obtained
spectra.

5. What parameters are needed in the
model?
Ans: If the experiment is being intro-
duced at the UG level, we could just fo-
cus on determining the Q values for al-
pha and beta for the various daughter
nuclei of Thorium and try to make them
appreciate the theoretical reasoning be-
hind the observed series. At PG level,
one could also include the total angu-
lar momentum I and parity pi values in
the data and emphasize on the selection
rules that are resulting in the various

decays being observed.

6. What approximations or idealizations
are made ?
The approximations result from the lim-
itations that are imposed due to the ca-
pabilities of the detector. For example,
the FWHM of the spectrometer natu-
rally dictates the resolution of the gam-
mas that can be observed.

Further, since the gamma spectrum that is
being studied is that of Thorium and we
have already utilised a non-enriched source
of ThNO3 salt for studying alpha spectra[1],
we have extended the experiment to also in-
clude the study of spectra obtained from this
salt using both the gamma spectrometer that
we have developed[2] and the existing one
in the lab based on Nal coupled to PMT. This
would help in comparative analysis. Based
on all of the above considerations, we have
designed the lab specific learning goals as:

1. understanding the nuclear radiation
processes that are resulting in the
gamma emissions of Th,

2. comprehension of the various interac-
tions that are responsible for energy de-
position in the detectors

3. a broad overview of the measurement
processes, and comparative analysis of
spectra obtained from two different
types of detection techniques.

4. application to studying samples that
contribute to environmental radiation
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2.1 Modeling the Source

The source is a non-enriched radioac-

tive sample composed of thorium nitrate
(Th(NOs3).5H,0) in powder form which has
22Th and its various daughter products in
secular equilibrium via decays associated
with alpha and beta emission. De-excitation
of daughter products from these decays are
accompanied by emissions of gamma rays.
Alternatively, we have also used a sample of
Monazite sand obtained from the beaches of
kerala that contains Thorium deposits and
some trace amounts of Uranium as well.
Our focus is on:

1. Identifying the various gammas present
in the two samples.

2. Appreciate the potential of the non-
enriched, naturally radioactive Mon-
azite sand as a safer alternative.

3. Comparing the performances of Csl
mated to PIN photodiode to that of Nal
scintillator attached with a Photo Mul-
tiplier Tube(PMT).

The learners’ goals are to (i) model the
gamma decays theoretically and (ii) obtain
the quantitative predictions of observable
phenomenon, in this case, the gamma ener-
gies that are emitted by Thorium samples.

The first objective is achieved by making
the students observe the level diagrams of
232Th and its entire decay chain from ENSDF
The alpha and beta decays that
the various nuclei undergo are governed by

website.

the respective selection rules. The inten-
sities to the ground and excited states are
given along with the respective HF in case
of alpha and log ft values in case of beta
decays. Whenever a given parent nucleus
decays into one of the excited states of the
daughter, it is followed by gamma emission
so as to reach the ground state. All these
adopted gamma decays from various exper-
iments performed by different groups across
the world are given in the level structure di-
agrams of the nuclei and the students are
asked to choose the levels resulting in gam-
mas which are having intensity greater than
10% for the purpose of study. The resultant
flow diagram is shown in Fig 1.

2.2 Modeling of Physical System

Gamma rays have high penetrating ability
as compared to alpha and beta particles, and
it is not possible to directly measure their
energy with a semiconductor based detec-
tor such as a photodiode. Therefore, typ-
ically a scintillation crystal is used, which
absorbs the gamma ray energy and emits
a proportional number of scintillation pho-
tons whose wavelengths lie in the visible re-
gion. The difference in absorption probabili-
ties for a semiconductor and scintillation de-
tector is very evident in the log plot in
and one can see that a simple silicon
detector has a next to nothing chance of ab-
sorbing gamma rays with energies beyond
200keV.
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Figure 1: The decay chain of 2>2Th highlighting the level structures of daughters that result

in > 10% gamma intensities.
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Figure 2: Absorption probability of gamma
rays in a solid state detector as a function of
their energy with and without scintillator at-
tached. Source:[13]]

2.2.1 Interaction Processes:

Since the gammas do not attenuate appre-
ciably in air, we need to consider only the
interactions that take place within the detec-
tor. The following competing processes de-
tine the interaction of photons with matter,
or in our case, gamma rays with the scintil-
lation crystal:

Photoelectric effect: The incident gamma

ray transfers its entire energy to an elec-
tron in the scintillator which then trav-
els along the scintillator material creat-
ing a number of scintillation photons
proportional to its initial energy.

Compton scattering: This occurs when the

incident gamma ray interacts with a
free electron and loses some energy in
the recoil process. The energy loss is
characterized by a loss in frequency of
the incident gamma ray since its veloc-

ity must be constant. The resultant scin-
tillation photons produced by the recoil
is also lower than that of the photoelec-
tric process since the scattered gamma
ray still contains a part of its initial en-

ergy.

Pair production: For gamma rays with en-
ergies(E) greater than 1.022MeV which
corresponds to twice the rest mass en-

ergy of an electron, an electron-positron
pair may be created in accordance with
Einstein’s mass-energy relation. The en-
ergy excess is transferred to the pair.
The positron annihilates with the pro-
duction of a pair of 511keV gamma
rays. The net energy deposited can be
one of the following

* Initial Energy of the gamma ray(E).
This implies that both 511 keV
photons deposited their energy in
the scintillator, and the excess en-
ergy also created a proportional
number of scintillation photons.

* One of the photons escaped the
material, resulting in the total de-
posited energy being only E —
511keV. This position in the spec-
trum is called a single escape peak.

* Both the annihilation photons es-
caped the material, resulting in
E — 2 x 511keV being deposited.
This creates what is known as a
double escape peak.
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2.3 Modeling Outcomes

The students at UG level can easily deter-
mine the Q, and Qg values of the nuclei
using Binding energy values obtained from
Semi-Empirical Mass Formula based on the
Liquid Drop Model. This provides the the-
oretical basis as to why the sequence, of as
and Bs in Thorium series, is the way it is.
Qp < 0and Qu >> 0 implies, the nucleus
is B stable and the only mode of decay is
through a. Whenever, Qg > 0, it is the more
preferred mode of decay.

At the PG level, the students can be guided
to observe that most of the 8 decays are pro-
ceeding through parity changing forbidden
transitions to the excited states of the daugh-
ter nuclei. Further, it is seen that for the
transitions to proceed to the ground state of
the daughter, we have AI > 2. An anal-
ysis of the log ft values of B-decays in the
A 221 Actinide region has revealed that the
first forbidden transitions have comparable
values to that of the allowed transitions[12].
The various gammas from the level se-
quence diagrams in Fig.1 are compiled in Ta-
ble 1. Even though all these energies are ex-
pected to be seen, the limitations and inter-
actions of the detection unit places certain
restrictions, which will be discussed later.

3 Experimental Design

There are different ways to design an ex-
periment so as to validate the correctness
of the results. One such design strategy

that is incorporated here, is to obtain the

data through two different techniques and
perform a comparative analysis. Franklin
[17] discusses this as the first epistomolog-
ical strategy which is effective in arriving at
valid results:

A hypothesis receives more confir-
mation from different experiments,
where different measurement instru-
ments are used, than from the repe-
tition of the same experiment,where
the same apparatus is used each
time. This reference to different exper-
iments is due to the fact that the the-
ories that underlie the various appa-
ratus are different; Since the results of
an experiment are strongly related to
the theories underlying the different
apparatus employed, one may regard
the results of performing an experi-
ment using different measurement in-
struments as being obtained from dif-

ferent experiments.

The gammas emitted by the ThNO;
powder are studied using two different de-
tection units. One is the commercially avail-
able Nal(Tl) scintillator coupled to a PMT
and the other is our own indigenously de-
veloped detection unit consisting of CsI(T1)
scintillator mated to a PIN photodiode us-
ing an index matching glue. Here, the meth-
ods for depositing the energy of the scintilla-
tion photons, generated from gammas inci-
dent on the Nal(Tl) or CsI(T1) detectors, are
different and hence the measurement instru-

ments differ in their principle of operation
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Parent | Process | Daughter IZ,T IL?* — I; I, / Iﬁ HF/ logft | E, (keV)
Z2Th |« 228 Ra 0t |2t =0t [21.7 |09 63.8
ZBRa | B 228 Ac 0" |1~ —1%]20 6.2 135
27 =07 299 |74 968.9
A | B 28 Th 3t |2t —»2f 911.2
3= —»2t | 116 |84 338.2
1~ — 0" | 04 10.7 215.9
228 T, o 224 p 4 ot
%0 88 2t 0" 260 |09 84.4
24Ra | w 220Rn 0t |2t - 0" |51 1.1 240.9
2P | B 212Bi 0f |0 —1" [8.1 |52 238.6
37— 4% | 11 70 452.9
22Bi |« 20871 1= |57 =4 |17 280 288.2
4T — 57 1699 | 130 39.8
5- =3 |21 1.7%10° | 570
212p, o 208 pp 18+
8 82 3= =0t |10 | 7510 | 2610
5-—5 | 242 |54 510.8
28T | B 298 pb 5+ |57 — 3~ 583.2
3= =07 |491 |56 2614.5

Table 1: The I values for the parent and those of the excited states of the daughter and that

of the final state to which the transition takes place are indicated.

in producing the final output voltage corre-
sponding to the same gamma energies.

3.0.1 Principle of operation:

In case of the photomultiplier tube(PMT),
the scintillation photons eject a proportional
number of electrons from the photocathode
of the PMT, which then accelerate towards
an adjacent dynode which is maintained at a
higher potential. The electrons thus ejected
are higher in number due to the energy
gained whilst accelerating through the po-
tential, and are now directed towards a sec-
ond dynode which is maintained at an even

higher potential. This sequence of events
through multiple dynodes results in an am-
plification of the initial incident photopulse,
and a proportional voltage spike is created
at the output of the PMT.

On the other hand, the semiconductor pho-
todiode’s PN junction is connected in re-
verse bias mode so as to create a depletion
region that acts as an ionization medium to
convert their energy into electron-hole pairs
which move towards the electrodes due to
the applied electric field. The charge thus
generated is proportional to the energy of
the incident gamma ray.
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The length of the scintillator decides the
photopeak efficiency. In other words,
a longer scintillator tube results in more
gamma rays depositing their entire energy
in the crystal, and contribute to the photo-
peak rather than the Compton edge. The
size of our CsI(T1) detector is 10mm x 10mm
with a thickness of 8mm as compared to the
Nal(T1l) detector available in the lab that has

approximately 5 times larger dimensions.

3.1 Modeling the Measurement
Apparatus:

The PMT from Ortec includes a preampli-
fier, and its output was input to a shaping
amplifier stage by CAEN(N968)[15]. The
shaper output of 3uS rise time was pro-
cessed using a 4K USB Multi Channel
Analyzer developed by us[16], and the
spectrum was acquired using our CNSpec
Software. The PMT needs a bias voltage,
which is typically in the range of 550 to
1100 V. A bias voltage of 730Volts was
maintained for the PMT used here, so as to
obtain the 1332 keV peak from ®Co to be
somewhat nearer to the half way mark in
the 4K channels. For calibration, spectrum
from °°Co was taken, and the 1332keV peak
was located at channel 1824.86. Then a
second spectrum was acquired from !3Cs,
and the 662keV peak was located at channel
931.79. These two datapoints were used to
create a straight line calibration polynomial.
Since these two chosen peaks are far apart,
errors in slope calculation arising due to
small variations in the gaussian fitting

based centroid estimation are minimized.
‘GammaSpec-1K’ gamma spectrometer
setup, that can measure gamma energies
upto 3 MeV developed by us (is shown
in Figure [3). The various stages of signal
processing electronics are shown as an inset.
The compact detector unit, consisting of the
Csl scintillator mated to PIN photodiode
and the associated electronics, is the just
the size of a smart phone (with about 4
times the thickness). It is powered by the
USB of a laptop. Data from the 1K MCA is
acquired via same USB cable and the spec-
trum builds dynamically in our software
‘CNSpec” written in the Python language
with FOSS tools[4]. Gaussian curve fitting,
log plots, sum of events and other analysis
and report requirements are incorporated
into the software.

The source is to be placed in front of the
8mm hole behind which the detector is
housed. The detector’s peak sensitivity is
around 540nm[13] and hence it is covered
by an Aluminium foil of 20 microns thick, so
as to block any stray visible spectrum light
which was not generated by the scintillator.
The instrument is factory calibrated using
%0Co which has two sharp peaks at 1173 keV
and 1332 keV. For this unit, the centroid
channel for the 1.33MeV peak was calcu-
lated using gaussian fitting to be 503, and
the corresponding calibration polynomial
isy = % * x. The FWHM of this peak is
found to be 80 KeV. It is observed that at
the lower end of the spectrum, spurious
events are getting recorded due to the noise
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Figure 3: Photograph of the Gamma Spectrometer connected to a laptop showing the spec-

trum obtained. The shaper output is seen on the oscilloscope next to it, and the electronic

circuit block diagram is shown as an inset.

fluctuations, in the absence of a signal. In
order to reject this, the first 58 channels, that
correspond to gamma energies upto 154keV,
are not considered while acquiring spectra.

3.2 Data Acquisition

In the first iteration, the experiment is per-
formed by simply placing approximately
20gm of Thorium Nitrate powder in front
of a 2” Nal scintillator attached to a PMT
detector manufactured by Ortec. The data
was acquired for a period of 2 hours, and
the obtained spectrum is shown in Figure {4
Again, 20gm of Thorium Nitrate powder is
placed in front of the GammaSpec-1K detec-
tor window. The data is acquired for a pe-
riod of 3.5 hours with a 1K MCA, and the
spectrum is shown in Figure 5l Since this
spectrometer uses a 1K MCA, it will record

higher counts per bin as compared to a 4K
MCA with the same input range. This is be-
cause the 4K MCA has four times as many
channels into which the total incident events
can be distributed.

4 Analysis and Discussion

4.1 Determination of Energies in the
Spectrum:

Due to the large number of gamma rays
with distinct energies emitted by 22Th
and its daughters, multiple photopeaks are
formed in the spectrum, with most of them
being superimposed on the Compton scat-
tered events of gammas with higher ener-
gies than them. The width of each photo-
peak is smeared across a few channels in the
spectrum due to the limitations of the de-
tector, and the centroid channel represents
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Figure 4: The Gamma spectrum of ThNO3; powder obtained with a commercial PMT from
Bicron with 2” Nal scintillator and a 4K MCA.

Expected (in keV) | 238.6 | 338.3 | 511 | 583 | 911 968.9 2614.5
2” Nal(tl) +
PMT

10mm CsI(T1)+
Photodiode

230.4 | 331.9 | 506.5 | 579.7 | 913.95 | Unclear | 2602.2

235.6 | 339.0 | 508.5 | 580 | 913.6 | 966.6* 2607.2

Table 2: Comparison of peak centroids obtained from 20gm ThNO3 sample from the two
different detectors used. *Peak appears as a shoulder peak, and has been identified manu-

ally.
7000 5 \12PD 235.6 keV (238.6) |
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6000 . 4 20871 580 keV(583) |
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Figure 5: The Gamma spectrum of ThNO3 powder obtained with GammaSpec1K spectrom-
eter with Csl scintillator having volume 10mm * 10mm * 8mm.
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the actual peak position. Multiplying the
centroid channel with the calibration poly-
nomial gives us the energy associated with
the peak. In order to extract the centroids
which resemble a pseudo-gaussian shape, a
mathematical least square minimization can
be carried out on the channels containing
the peak to identify the centroid. However,
since this approach fails for small peaks rid-
ing on large Compton plateaus such as the
511 keV peak in Figurep| occasionally peak
centers must be identified manually by esti-
mating the channel spread of the photopeak.
The energies obtained in both the spectra are
tabulated in Table 2. We note that most of
the energies expected from Table 1 are miss-
ing in the actual obtained spectrum. This is
tirstly due to the non-enriched source we are
using, the energies due to transitions from
I, and Ig less than 5% do not emit enough
gammas to be observed within the acqui-
sition time. Further restrictions come due
to the limitations of the detector units and
the interaction processes within the detector
medium which are discussed below:

4.1.1 Limitations of the detector unit

¢ All the energies less than 154 KeV shall
be suppressed, corresponding to the 58
channel noise threshold we have set.
That is, the gammas with energies that
are not highlighted in the last column in
Table 1 are to be ignored.

* The energies within the range of the
FWHM, which is about 80-100KeV, can-

not be resolved and shall appear at
The re-
sultant gammas to be expected, should

their weighted mean value.

form photopeaks in the spectrum at
238.6keV, 338.2, 481.9, 576.6, 940, and
2614.5 keVs.

4.1.2 Interations with the detector

medium:

¢ Compton scattering produces a contin-
uous range of energies below each of
the expected energies.

¢ The gammas with energy greater than

1022 keV could result in pair produc-

tion. In case of our ThNO3; sample,
the daughter product 28T/ is respon-
sible for the emission of gamma rays
with 2614 keV energy which is capa-
ble of pair-production. The deposition
of this energy resulting in pair produc-
tion, and high chance of both annihila-
tion photons escaping due to small de-
tector volume, could result in a peak at
2612-1022=1590 keV, which is referred
to as Double Escape Peak (DEP). Sin-
gle escape event could result in 2614-
511=2103 keV peak.

4.2 Efficiency Calculations for
Comparision:

In order to make a comparison between the
two detectors, we estimate the normalized
efficiency. Even though the times of ac-
quisition are not the same, the number of
counts(Ng) for the low energy peak at 238
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keV, medium energy peaks at 913 and 966
keV, and the largest energy peak at 2614.5
keV within the intervals that were chosen
(see Table 3) about their photopeak width
are determined. The total events N for the
whole spectrum is also determined. The
ratio % indicates a normalized efficiency
which can be used to compare the differ-
ent detectors as long as the source is the
same. However, since Ng includes Comp-
ton events from high energy peaks if any,
the ratio may be overestimated and is only
a reliable indicator for the highest energy
peak, which in our case is 2614.5 keV. It is
observed that the PMT based detector has
an order of magnitude better normalized ef-
ticiency as compared to our spectrometer for
this peak. The reduced overall efficiency of
the smaller volume scintillator can be com-
pensated by using longer acquisition time
intervals. Since gamma interaction lengths
are a function of energy, the smaller volume
scintillator also shows a lower normalized
efficiency ratio for the 2614keV gamma rays
compared with the 238.6keV gamma rays.

5 Applications and Conclusions

5.1 Spectra of Monazite sample
obtained using Csl Scintillator mated
to PIN photodiode:

A 1gm Monazite sample procured from the
sands of Kerala, and glued using Araldite
epoxy on a 1” planchette was placed in front
of the GammaSpeclK spectrometer, and the
data acquired over a period of 14 hours is

shown in Figure [ol All the expected peaks
are identified and marked in the spectrum.
It matches the one for ThNOj salt obtained
in the lab, completely validating the utility
of our spectrometer for environmental radi-

ation monitoring.

5.2 Conclusions

We find that even though the volume of the
scintillator used in our detector is around
130 times less than a standard 2” Nal scin-
tillator, it is still usable for isotope iden-
An added advantage is that
high voltages are not required since our

tification.

scintillator is mated with a photodiode in-
stead of a PMT. The large volume scintil-
lator however, has better photopeak effi-
ciency, and lower Compton scattering, re-
sulting in clearer peak formation. The ca-
pability to identify all the relevant peaks in
Monazite sample makes our low cost, com-
pact, portable USB powered Gamma Spec-
trometer an ideal choice for online radiation

mapping of large geographical locations.
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Detector Total Counts | Energy(keV) | Energy Interval(keV) | Ng %
2” Nal(Tl) 230.4 194.71-265.22 1079108 | 0.159
With 6768879 913.95+968.9 | 840-1030 5443016 | 0.08
PMT 2602.2 2516.83 - 2689.34 73771 0.01
10*10*8mm 235.6 201.26 - 270.11 856272 | 0.293
CsI(T1) with | 2914071 913.6+966.6 | 840 - 1030 122310 | 0.04
Photodiode 2607.2 2521.05-2693.18 2521.05 | 0.0024
Table 3: Determination of normalized efficiency for various energy peaks
2800 212p}y 238keV [Monazite sand sample from Kanyakumari|
2600 4 L *Ac 338keV
2400 708 = _JZ %8T1 583keV
2200 53 12 28Ac 930keV,
"o00 "”” S o5 2egme]
1800 = Tl 2614keV
21600 W g
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Figure 6: The Gamma spectrum of Monazite sample from the sands of Kerala. The peaks

match those obtained from the Thorium Nitrate powder
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