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Lay Summary

Experimental searches for rare decay processes seek evidence with elusive event rates
buried under interfering radiation background environment. For these searches, these events
are similar to that of looking for a needle (rare decay event signal) in a haystack (interfering
radiation background). Note that the rare event experiments use highly sensitive detectors
which detect signals from rare events and also from overlapping radiation backgrounds. In
order to distinguish the rare event signals from relatively significant radiation backgrounds
contribution, a comprehensive knowledge of the quantum of radiation background is essen-
tial. Developing dedicated low background measurement setups for accurately investigating
interfering background radiations is crucial for reaching adequate sensitivity levels. The
work presented in this thesis investigates various aspects of low-level but interfering radi-
ation background, the natural radioactivities in rock samples from BWH and Aut regions,
and feasibility studies relevant to environmental radioactivity and rare decay searches.

In order to achieve high sensitivity for investigating low-level ambient and environmental
radioactivity, a low background setup ILM (IIT Ropar Low-background Measurement setup)
is being set up at ground level at the Indian Institute of Technology Ropar in India. In this
thesis, the development of ILM-0, a demonstrator of ILM, is presented. The suitability of the
setup has been investigated by studying various soil and rock samples collected from different
locations in Rupnagar and Aut regions, respectively. Additionally, the work presented in
this thesis has been supported with the relevant Monte Carlo simulation performed using a
GEANT4 package employing configurations of 2/4 HPGe detectors with a relative efficiency
of ~33%. This was done to optimize the source-detectors configuration and to investigate
the rare decay of %°Zr and other exotic decay modes in ''2Sn or 1°6Cd isotopes.

In India, the scientific community is looking for a suitable site to set up an underground
laboratory to perform rare decay experiments in a relatively low or minimal background
radiation environment. Some of the potential sites for an underground laboratory that
are being investigated at present are Bodi West Hills (BWH) and Aut tunnel in Himachal
Pradesh. In order to ascertain natural background radiation levels originating from the
surrounding rocks of the sites, feasibility studies have been initiated by measuring the low
background radiations originating from the rock samples. This thesis presents extensive
radiopurity studies of rock samples collected from the Aut tunnel in Himachal Pradesh and
their comparison with Bodi West Hills (BWH) rock samples. The comparison of radia-
tion background levels suggests that the Aut tunnel region in Himachal Pradesh is equally
suitable as that of Bodi West Hills (BWH), a designated site for the India-based Neutrino
Observatory (INO) in the state of Tamil Nadu for an underground laboratory for rare decay
investigations. To supplement the information from the experiments mentioned above, the
impact of long-lived neutron-induced activities on the Aut and BWH rock samples has been
investigated, as the neutron background can be the limiting factor for the low background
experiments to achieve desirable sensitivity.
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Abstract

Studies of low-level environmental radioactivity and experiments to investigate solar
neutrino, dark matter (DM), double beta decay (DBD), and rare nuclear decays (T, >
10'® years) have minimal event rates, which require stringent background conditions and
thereby makes most of the experimental search challenging. Given the rare nature of the
processes, it is necessary to perform a detailed study of natural background radiation to
investigate the sensitivity of the measurement and plan its reduction for different targeted
experiments. For exploring the background issues related to rare event searches, the devel-
opment of dedicated low background measurement setups is crucial to reaching adequate
sensitivity levels. The present thesis investigates various aspects of radiogenic background
relevant to low-level environmental radioactivity and rare decay searches employing single
or combinations of low background HPGe spectrometers.

A low background setup ILM (IIT Ropar Low-background Measurement setup) above
ground is being set up at II'T Ropar in India for rare decay studies. As of now, ILM-0, a
demonstrator of ILM, has been achieved, which consists of a carbon-loaded HPGe detector.
The low background HPGe detector has been is characterized using point-like vy-ray sources
in a wide energy range of 80-1408 keV at IIT Ropar. A preliminary detector model has
been developed using the GEANT4 simulation package to estimate the photopeak efficiency
of an HPGe detector employed in the setup. The present model shows an average relative
deviation of ~10%, and the experimental setup has shown improved measurement sensitivity
for counting environmental samples and quantifying radionuclides. Investigations of specific
activity and its variation in soil samples from the arable lands in the Ropar district of
Punjab state in India have been carried out.

As a part of this thesis, feasibility studies have been carried out to investigate the single
beta and double beta decay modes in ?9Zr and ''?Sn isotopes, respectively. The physics
simulations have been performed using a GEANT4 simulation package employing 2/4 HPGe
detectors (~33% R.E.) to optimize the source configuration for rare decay experiments. For
the 3 decay of 96Zr, the results suggest that ~70 g of 50% enriched source will yield mass
efficiency of ~12-20 g-% for 568-1091 keV gamma-ray pair in the “Nb decay cascade, com-
parable to the Finch et al. (Nucl. Instrum. Methods A, 806, 70, 2016). The feasibility
study of positron double beta decay modes involving simultaneous emission of 2/4 gamma
rays of 511 keV in 12Sn (EC-B7) and 1%Cd (87") has been performed using a coinci-
dence setup of two HPGe detectors. To estimate the sensitivity to search for T3+ /ECA™
processes in ''2Sn, the ambient background has been measured with moderate Pb shielding
around the coincidence setup of two low background HPGe detectors in the laboratory of
TIFR, Mumbai at the sea level. The coincident detection of the 511 keV pair significantly
improves the background in the region of interest. From background measurements with

~40 g of "Sn, the sensitivity for T@;’m (196Cd) and Tﬁg_ﬁ+ (*12Sn) is estimated to be

~ 101 - 10?2 y for 1 y of measurement time with enriched samples (90%).

Efforts are underway in India to set up an underground laboratory for planning the low
background experiments. In order to support these efforts, the radiopurity studies of rock
samples from the Aut tunnel have been carried out using the TiLES at TIFR, Mumbai. The
findings of the present studies were compared with the Bodi West Hills (BWH) of the Theni
district in Madurai, Tamil Nadu. Compared with BWH rock, the Aut rock appears to have
a lesser amount of 232Th and a somewhat higher amount of 233U. It has been found that the
concentration of “°K in Aut rock was observed to be lower by a factor of ~ 1000 as compared
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to the BWH rock samples. It is noted that the Aut rock trace impurity concentrations were
considerably lower than the respective worldwide average values. Overall, the ambient
gamma-ray background at Aut is expected to be lower than at the BWH site, indicating
the suitability of the site for low background experiments.

In order to assess the impact of the long-lived neutron-induced activities, fast neutron
activation experiments have been carried out on the Aut and BWH rock samples. Irradi-
ations were carried out at BARC-TIFR Pelletron Linac Facility, Mumbai, at two incident
proton energies, 12 and 22 MeV, to cover a broader energy range and compare the yield
of the observed products on neutron energy. Neutron activation studies of Aut rock have
revealed mostly short-lived activity. The fast neutron activation studies of both Aut and
BWH rock samples have indicated the presence of long-lived activities like *Mn (0.8557y)
and #2Na (2.60y). Still, the resultant gamma-ray energies are lower than 1500 keV, and no
significant long-lived contributions at £ >2 MeV were observed. The low energy neutron
flux arising due to spontaneous fission and (a,n) reactions, dominated by 23¥U, is expected
to be around 3 x 107% nem™2s™!, which is similar to other underground laboratories. The
Aut site is expected to have lower ambient gamma-ray background than the BWH, while the
low-energy neutron background is expected to be similar. From the radioactive background
investigations, Aut appears to be a good site for building an underground laboratory for
rare decay studies.

Keywords: Gamma ray spectroscopy; low background radiations; HPGe detector; en-
vironmental radioactivity; background for rare decays; (neutrinoless) double beta decay;
GEANT4 simulation; neutron activation
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Notations and Abbreviations

The list of notations and abbreviations used in this thesis are summarised here.

Symbol

2upB6 Two neutrino double beta decay

Ovps Neutrinoless double beta decay

te Cooldown time after neutron irradiation

t Counting period of the gamma ray spectrum
y-ray Gamma-ray

E, energies of y-ray/v-lines

I, Absolute intensity of a ~-ray

N, Number of counts in the photo-peak

A Decay constant

€y Photo-peak efficiency of the detector for the characteristic y-ray
Iy Half-life of a nucleus

Abbreviations

NDBD Neutrinoless double beta decay

TiLES Tifr Low background Experimental Setup
TIN.TIN The INdia-based TIN detector

MC Monte Carlo

BWH Bodi West Hills

CL Confidence Level

DPP Digital Pulse Processing

FWHM Full Width at Half Maximum

HDPE High Density PolyEthylene

INO India-based Neutrino Observatory
LAMPS Linux Advanced Multi-Parameter System
PSD Pulse Shape Discrimination

ROI Region Of Interest

SIMS secondary ion mass spectroscopy

ICPMS Inductively Coupled Plasma Mass Spectrometry
BARC Bhabha Atomic Research Centre
CAMAC Computer Aided Measurement And Control
DAQ Data Acquisition System

R.E. Relative Efficiency

g.s. ground state

HPGe High Purity Germanium

keV Kilo Electron Volt

MeV Mega Electron Volt

TN purity purity at the level of 99.99999%

PLF Pelletron Linac Facility

TIFR Tata Institute of Fundamental Research
ENDF Evaluated Nuclear Data File
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Chapter 1

Introduction

Background radiations have been ubiquitous since the formation of the earth. Studies on
the natural radioactive background have been ongoing for several decades and have radi-
cally impacted the developments in science & technology [7, 8]. The presence of natural
radionuclides in the environment is usually in very low concentration and is a continuous
source of radiation exposure. The natural radioelements, such as; potassium, uranium, and
thorium, are inhomogeneously distributed. Therefore, determining the quantum of nat-
ural radioactivity in the environment originating from these nuclei and establishing their
distribution patterns has attracted much attention worldwide. Comprehensive research on
traditional environmental radioactivity dealing with radiation monitoring and its risk to
human health is extensively available in literature [9, 10]. Some aspects of environmen-
tal radioactivity deal with very low concentrations, such as; the fallout of nuclear tests,
radioactive waste, radioactive tracers, activation experiments, potable water, marine sam-
ples, etc. [11-15]. There is a continuous need for technological advancements in radiation
background studies that can considerably improve the sensitivity below the level accessible
with commercial equipments [16, 17]. Apart from environmental sciences, some areas of
fundamental physics, such as; nuclear physics, astrophysics, biological sciences, and other
fields of national security, require the measurement of very low-level background radiation.
However, the background radiation measurements and techniques deployed to satisfy ad-
equate sensitivity levels are purpose-dependent and vary in different experiments [17, 18].
The need to achieve high sensitivity has led to the development of low background counting
facilities employing state-of-the-art detection systems [19] for solar neutrino [20], dark mat-
ter (DM) [21], double beta decay (DBD) [22], rare nuclear decays [23] (T, > 10'5 years)
experiments, which have meager event rates and require to measure ultra-low background
radiation levels. The key challenge in such measurements is to use the potential of low back-
ground to unprecedented levels. Before actual data taking, investigation and estimation of
all the individual contributions to the background at these locations are essential to address
the issue of its reduction most effectively.

The following sections discuss different aspects of radiation background and their reduc-
tion techniques. The need for low radioactive background with a particular emphasis on
environmental radioactivity and rare event studies, such as; DBD, positron DBD and for-
bidden single 8 decay searches, are examined. A brief overview of gamma ray background in
various operational underground laboratories, background rate achieved in pioneer experi-
ments, and some of the low background gamma ray facilities is presented regarding low-level
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radioactivity measurements.

1.1 Sources of low background radiations

The most common source of radiation background concerning low-level radioactivity mea-
surements is broadly classified into cosmic radiation, terrestrial radiation emitted from nat-
urally occurring radionuclides, and neutron background. All of these are sources of radiation
background and can significantly influence any sensitive nuclear measurement and, therefore,
necessary to be investigated. This section briefly describes various sources of background
radiations encountered in rare decay nuclear experiments.

1.1.1 Cosmic rays and associated processes

Earth’s atmosphere is continuously bombarded with high-energy primary cosmic rays origi-
nating from the cosmos. The primary interaction of these cosmic rays with the atmosphere
produces a shower of secondary radiations in the form of neutrons and protons of various
energies, which in turn produce a variety of radionuclides through nuclear reactions with
nitrogen, oxygen, and other nuclei present in the atmosphere and other processes. The
secondary cosmic ray particles, such as; muons produced via cosmic ray interactions in
the upper atmosphere, are highly penetrating and thus interact directly with the detector
volume or create secondary particles via hadronic or electromagnetic interactions in sur-
rounding materials. The interaction of cosmic rays may cause delayed events by activation
of detector materials and producing cosmogenic radioactive isotopes such as ''C, 36Co, °Co,
68Ge and ??Na, having a longer half-life and could raise the background levels at the energy
region relevant for rare physics processes [24-26]. The cosmic-muon flux is dominated at
surface laboratories by approximately 1 min~!'cm~=2 [27]. Due to overburden depth, the
deep underground laboratories can suppress the primary cosmic ray flux by several orders
of magnitude. However, muon-induced neutrons are most challenging to mitigate even in
underground laboratories [28].

1.1.2 Natural radioactivity

Natural radioactivity represents one of the main backgrounds in the search for rare decay
processes. Most of the natural background contribution arises from the primordial radionu-
clides of the uranium series (?*®U to 2°°Pb), thorium series (?*Th to 2°Pb), actinium series
(235U to 297Pb) and potassium (“°K) with T/~ 108—10'° years. These naturally occurring
radioisotopes exist at trace levels in the earth’s crust. The predominant isotopes (natural
abundance of more than 99%) with their decay chains are shown in figure 1.1, 1.2. The decay
products of each isotope of these series emit many «, 3, and v rays. Due to the short range
of o and § particles, the dominant background comes from the gamma radiations emitted
from the decay products of natural radioactive chains of 23¥U and 23?Th. For example,
the high energy intense y-ray of 2615 keV from 2°®TI in the 23Th decay chain, 2448 keV
from 2'4Bi (*22Rn progeny) lies above the Q-value for several possible isotopes of DBD.
Another potential background from the 233U decay chain whose progeny 2'4Bi emits ~-rays
at many different energies out to 3184 keV and f electron with an energy up to 3270 keV.
However, the most significant natural contributor to low energy background is Radon gas
which has three short-lived isotopes, namely, 22?Rn (T1/2 = 3.8 d), 220Rn (T2 = 55.6 s),
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Figure 1.1: The decay sequence from 233U to 29°Pb. The 7-ray emitting radionuclides with a
high intensity (>5%) photons from a given decay are also highlighted (in yellow).

29Rn (T, 2 = 3.96 s) produced in the uranium decay series. It is always in underground
tunnels or mines and seeps from rocks, concrete, and detector construction materials [29].
Bremsstrahlung arising from the 233U and ?*2Th « and 3 emitting isotopes and 2!°Pb (T, /2
= 22.3 y) from the environmental ??Rn can contaminate the surface/volume of the detector
and contributes to the background. The contaminated surface can contribute to additional
(3 and v-ray events. Surface alpha background from 2!°Po can be a dominant contributor
to the background for direct DM experiments. Above 2600 keV, most environmental and
material radioactivity from 8 and 7 contributions tend to vanish. However, a remains the
chief source of radioactive background.

1.1.3 Neutron background

Neutrons coming from the spontaneous fission of U and Th in the rock and surrounding
materials significantly contribute to the rare decay experiments. In addition, the « particles
emitted from the decay of intermediate radioisotopes in the U, Th decay chains can react
with lighter nuclei in the rock structures to produce neutrons via (a,n) reactions. The
main worries are the production of muon-induced secondary neutrons of very high energy
up to ~10 GeV. These additional neutrons can be produced via several processes, such
as muons capture in nuclei, muon-induced spallation reactions, and muon-induced hadronic
and electromagnetic showers. Thermalization and capture of neutrons or inelastic scattering
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Figure 1.2: The decay sequence from 232Th to 2°®Pb. The 7-ray emitting radionuclides with a
high intensity (>5%) photons from a given decay are also highlighted (in yellow).

in the materials surrounding the detector produce additional gamma ray background and
act as a potential source of background in DBD decay experiments. Another background
source is the production of cosmogenic radioisotopes in detector or shielding material by
neutron activation during handling, transport, or storage.

1.2 Radiation background reduction techniques

After understanding the primary sources of background and their contributions to the de-
tector counting rates, rejection of the background entangling the expected signal is one of
the primary goals of low background experiments. Studies of various background rejection
techniques are ever-evolving to reduce all potential sources of radioactive background to
the lowest possible level. This section briefly discusses the technical effort and strategies
to minimize background encountered in various experiments and their implication on the
results. It will be helpful in the construction of the background model to prepare the final
design of the experiment. The selection of radiopure materials for detection construction
is crucial for the low background experiments. Although detectors used for these exper-
iments are mostly installed in underground sites, which strongly reduces the cosmic ray
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flux, activation can occur during the manufacturing and transportation of the detectors
to the underground laboratory. The contamination can arise from impurities present in
the raw material or introduced during manufacturing. To reduce the introduction of the
contamination of radioactive isotopes, the production and handling of detector components
should happen underground. Further, minimizing contamination in the detector’s active
volume and the surrounding shield materials is essential. The most common shielding ma-
terials around detector setups are lead, steel, copper, etc. The most relevant contribution
is from the 21°Pb and ?*?Th intrinsic impurities present in the shielding. For example, the
steel cryostat with internal Cu shield used in GERDA [30] is procured from selected low
background austenitic steel; crystals are enclosed in ultra-pure (?**U, 2*2Th <0.3 uBq/Kg)
electroformed Cu in MAJORANA DEMONSTRATOR. (MJD) [31], ancient lead (?!°Pb <
mBq/kg) obtained from a sunk Roman ship is used in CUORE. The best upper limits
obtained with the modern germanium spectrometers for lead are tens of uBq/kg.

The dominating component of the main spectrometer background in the KATRIN exper-
iment is related to o decays in the spectrometer walls, causing neutral particles to propagate
into the spectrometer volume [32]. In a bolometric experiment like CUORE [33], the de-
graded a’s from the surface of TeOs crystals, inert materials facing the crystals and mostly
copper frames form the most pernicious source of background and therefore, requested low
background levels concerning radioactive impurities should be typically below 10713 g/g.
The KamLAND-Zen experiment intended to investigate the neutrinoless double beta decay
(NDBD) in !36Xe using a xenon-loaded liquid scintillator (LS) detector has the huge spher-
ical outer balloon ultra-clean (23¥U: 3.5 x 10718 g/g, 22Th: 5.2 x 10717 g/g) active shield
with negligible external  ray backgrounds [34].

As an example, for the HPGe detector setup, the GeMPI I1I-spectrometer failed to reach
the sensitivity of GeMPI, which is the most sensitive gamma ray spectrometer available for
routine material screening, due to an anthropogenic activity from 207Bi (T, 12 = 31.55 y)
contamination of few mBq within the cryostat of the detector [35]. The case of the DarkSide-
50 experiment uses Liquid argon (LAr) for direct detection of DM searches. However, the
presence of atmospheric argon produces 3°Ar (T, s2 = 239 y) typically via 40Ar(n,2n)39Ar
reaction with an activity of 1 Bq/Kg [36]. Therefore, reducing ?Ar background and ultra-
pure argon are crucial requirements to improve the sensitivity of WIMP (Weakly Interacting
Massive Particle) dark matter direct detection searches. In the XENONnT experiment for
dark matter searches, an extensive material screening program, cleanliness procedures to
surface contamination of detector, and 222Rn mitigation using novel radon distillation system
is expected to achieve the target activity of 1 uBq/kg [37].

1.2.1 Passive shielding

Several detection systems are surrounded by a low-activity passive shield of lead (5-15 cm)
and copper (5-10 cm) to reduce the external gamma ray background. These systems are
often implemented by passive graded shielding in the order of increasing atomic number
(Z). In MJD, all crystals are enclosed in ultra-pure, electroformed copper cryostats, further
enclosed in a graded passive shielding of Cu and Pb. Outside this bulk, high-Z shielding is a
layer of hydrogenous material (polyethylene and borated polyethylene) as neutron modera-
tor [31]. Careful consideration must be given to the effects of inadequate shielding material
and dimensions, as they can become a source of secondary radioactivity and often prove
very difficult to reduce or eliminate. The cosmic muon interactions become more critical for
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high-Z targets such as Pb and Cu, which can produce secondary particles in the detector
vicinity and the shielding material itself. Therefore, a thicker shield may not be reasonable
and should be optimized to significantly reduce gamma radiation from environmental ra-
dionuclides distributed in the detector surroundings, simultaneously providing an acceptable
number of muon-induced background events. The ultra-pure water or liquid cryogen may
also allow the shielding medium to be a passive shield against external radiation and an
active veto for rejecting cosmic muons and muon-induced particles. Ultra-low background
facilities such as XENONnT, GeMPI, GeTHU, CUORE, etc., are equipped with these types
of shielding.

1.2.2 Active shielding

As mentioned earlier, the above-ground laboratories are dominated by the cosmic ray flux
and the shower of secondary particles generated; hence the low background experiments are
primarily housed in the deep underground site where the cosmic ray muons are significantly
suppressed. A typical overburden or underground depth of 1 km can reduce the muon flux
by six orders of magnitude compared to the sea level. Therefore, the depth of the facility is
vital in determining the types of physics that an experiment can address. Figure 1.3 shows
the depth of various underground sites, along with the Cosmic ray muon flux. The units of
meter water equivalent (m.w.e) is to denote depth.
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Figure 1.3: The expected total muon intensity as a function of depth with new (square), current
(circles) and closed (triangles) underground laboratories. Figure adapted from [1].

Active shields are the additional detectors such as Nal(T1), CsI, BGO, or plastic scin-
tillator, usually placed as the outer shields of the detector setup for active muon veto in
anticoincidence mode. Its purpose is to reduce the detector background induced by the
nuclear interaction of cosmic rays with passive shieldings and primary detectors. Generally,
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ultra-pure water or liquid scintillator tanks serve as Cherenkov’s medium for muon veto and
can act as neutron shields. Apart from a radiopure detector setup, passive shielding, and an
active muon veto, radon protection of the sample chamber is needed to reduce the contribu-
tion of airborne background from a radioactive noble gas ??2Rn, which is a progeny of 238U
(T, 2 = 3.8 d). Various radon abatement techniques are utilized, such as purging boil-off
Ng gas, adsorption-based purification, and various other gas purification methods [38, 39].
XENONNT’s demonstrates a novel radon removal system based on cryogenic distillation
that will reduce the radon concentration by a factor of three lower than its predecessor
XENONIT [37]

1.2.3 Coincidence techniques

Several improvements have been achieved by deploying ultra-pure construction materials
in the cryostat and shielding as a part of essential design criteria for low background spec-
trometers to utilize the full potential of the range of detectors. To achieve the desired
measurement sensitivity, the ideal scenario would be a large quantity of enriched source
mass, high-efficiency detectors with excellent resolution, and almost zero background condi-
tions (see Eq. 1.6). However, in actual experiments, one of the major challenges in low-level
measurement primarily involves reducing background to improve the signal-to-noise ratio
while preserving the high signal detection efficiency. In the case of external-source configu-
ration, maximizing the efficiency using a large detector/source mass may provide the most
significant gain in sensitivity. On the contrary, background increases with an increase in the
size of the detector, or self-absorption increases in the source itself with the source size that
limits the achievable sensitivity. Multidimensional gamma ray spectrometry is a powerful
technique for studying low-level nuclear measurements. Studies of rare event searches using
multiple HPGe detectors operated in coincidence have been extremely useful in diminishing
background from ambient radioactivity and a possible way to increase sensitivity, especially
when activity from other nuclides in the sample dominates and contributes to the high
Compton background [40, 41]. Studying in coincidence allows both the selection of specific
events and the rejection of background, providing a better handle in distinguishing the 33
from other single 8 transitions by detecting their characteristics y-rays [4]. Various event
selection criteria characterize experimental investigations of DBD using TeOs bolometers,
and enhanced signatures from detecting multiple gammas in cascade are extremely clean
and lead to an almost background-free search [42]. MJD uses coincidence techniques and
pulse shape analysis to remove background events with multiple energy deposits [43]. Ref-
erences [44-46] gives a recent review of the searches on alternate modes of DBD employing
coincidence techniques in scintillators or HPGe detectors.

1.2.4 Particle discrimination and tracking

The DBD events are single-site events and are often localized to a region of a few mm.
In contrast, the background events are multi-sited events that are predominantly photon-
induced. Therefore, the difference in the time structure of both signals provides a powerful
discrimination strategy against various radioactive backgrounds. The recent improvement
of pulse shape analysis capability and the development of enriched point-contact Ge detec-
tors has revolutionized the ability to discriminate between backgrounds from v-rays and 83
signals. The GERDA experiment has demonstrated the powerful and effective pulse shape



8 1.2. Radiation background reduction techniques

analysis technique for identifying and removing background events [47]. The double readout
strategy of heat and scintillation light in scintillator bolometers provides the particle dis-
crimination between /v and a backgrounds, which is the primary source of background in
bolometric experiments [48]. The external-source configuration, where the detector and the
DBD source are distinct, offers the possibility of superior tracking and effective background
rejection. For instance, SuperNEMO is a next-generation DBD experiment that uses a
tracking plus calorimetry detection technique which allows full topological reconstruction of
events resulting in powerful background rejection [49]. The gamma radiation detection using
highly segmented position-sensitive germanium detectors like AGATA provides the three-
dimensional position and energy information of individual interactions and implementation
of complete reconstruction process [50].

In recent years, in an effort to set up a future rare event searches experiment, various
types of background measurements have been carried out at underground laboratories. The
measurement of all kinds of backgrounds fully exploits the requirement of ambitious back-
ground budgets for various experiments. In this thesis, the underground laboratories are

Table 1.1: Measured natural gamma ray background in the representative underground labora-
tories worldwide. Fields with (-) indicate that the values are not provided in the listed reference.

Underground depth/ Rock Rock Specific Specific Specific
site overburden type density activity activity activity
~m.w.e. g/em® 28U (Bq/kg) 2%2Th (Bq/kg) “°K (Bq/ke)
[51]Boulby (UK) 2800 halite (-) 0.032 (7) 0.16 (2) 0.036 (3)
mudstone (-) 0.57 (2) 0.95 (3) 0.39 (1)
[52)INO (India) 2890 charnockite  (2.89) 1.2 (1) 14.7 (6) 1064 (68)
[53]Callio (Finland) 4100 pyrite 2.8 83 (7) 48 (5) 1513 (333)
[54]LNGS (Italy) 3800 dolomite 2.7 1.8 (1) 1.5 (1) 26 (2)
[65]LSM (France) 4800 calcschist 2.7 11.8 (6) 10.2 (5) 182 (4)
[56]SURF (US) 4300 Homestake -) 2.7 1.3 297
[57])CJPL (China) 6720 calcite -) 3.95 0.58 4.28

defined as shallow (<500m) and deep (>500m), respectively. As aforementioned 1.1.2, the
most important sources of gamma ray background inside the deep underground laboratories
are decays of primordial radionuclides in parent rock and concrete walls. The overview of
gamma ray background in various operational or proposed low-level shallow/deep under-
ground laboratories searching for rare event experiments are discussed. Table 1.1 gathers
information on natural gamma ray radioactivity from the surrounding rock samples in some
underground laboratories. However, the investigations of the individual contributions to
the background are essential for optimizing future shielding techniques using MC simula-
tions and allowing the effective background reduction in the region of interest [58, 59]. The
current interest is to build state-of-the-art radiation measurement laboratories located at
modest underground depths to explore the full potential present at the shallow depth using
various background reduction strategies as discussed in section 1.2. Some of the pioneer ex-
periments with best-achieved background levels are listed in Table 1.2 As mentioned earlier,
some specific areas of low background physics involve determining low and trace levels of
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Table 1.2: The best background levels (Nyxq) achieved by pioneer neutrinoless double beta
decay (NDBD) and dark matter (DM) experiments.

Experiment Main location Detector Achieved Ny, Reference
Activity (keV~1kg=ly~1)
KamLAND-Zen NDBD  Kamioka (Japan) Scintillator 1.5x1074 [60]
GERDA NDBD  LNGS (Italy) Ge diodes 0.7x1073 [61]
CUORE NDBD  LNGS (Italy) Bolometers 1.4x1072 [62]
EXO0-200 NDBD  WIPP (New Mexico)  LXe TPC 171073 [60]
LUX-ZEPLIN (LZ) DM SURF (South Dakota) LXe TPC ~4x 10~ 63]
DEAP-3600 DM SNOLAB (Sudbury)  LAr TPC ~3x10~* [64]
Darkside-50 DM LNGS (Italy) LAr TPC ~1x1073 [65]
XENONIT DM LNGS (Italy) LXe TPC ~9x 1073 [66]

radioactivity. In such cases, the key point is to achieve very low detection limits. In recent
years, low background physics has emerged as a dedicated branch of radioactive background
studies involving the measurements in surface and underground laboratories specific to the
prerequisite of the experiments. In the following sections, the environmental and rare event
studies covering the overview of ongoing physics interests are discussed.

1.3 Environmental radioactivity studies

The origin of low background physics begins deep underground, mainly within the realm
of fundamental physics of neutrino interactions. However, other than fundamental physics,
many experiments in environmental sciences such as environmental monitoring, waste assay,
medical application, Fukushima fallout, surveillance of nuclear activities, homeland security,
neutron activation analysis, general gamma ray spectroscopy services, benchmarking of other
physical techniques and materials screening are hampered predominantly by background
signals and requires low-level of radioactivity. This kind of experiment can also be conducted
in similar research facilities due to the versatility of the technique.

Gamma ray spectrometry using HPGe detectors is a non-destructive reliable technique
widely applied in qualitative and quantitative analyses of ~-ray emitting isotopes when
dealing with environmental radioactivity. The strengths of environmental gamma ray back-
grounds strongly depend on the surroundings of the detector, namely the content of ra-
dionuclides in the environment (e.g., uranium or thorium in the rock or radon in the air),
rather than the depth of the location. The majority of the radionuclides can be attributed
to primordial long-lived radioactive nuclides, or their decay chains, as indicated in Fig-
ure 1.1, 1.2. The concentration of 23U, 232Th, and “°K in soil, sands, and rocks depend
on the local geology and varies greatly at different levels in each region of the world [9].
The radionuclide concentration in such samples possesses very weak activity and, therefore,
requires low background contribution to reduce the counts in the detector other than the
sample being analyzed. Of particular concern is the long-lived uranium and thorium iso-
topes that emit relatively high-energy photons, which contribute to serious backgrounds,
as mentioned before. In addition, the seasonal, humidity, and temporal variations of the
amount of radon in the air can affect the effective background rates and may produce a
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troublesome background if it reaches the sensitive region of the detector setup. With this
caveat in mind, the purpose of such measurements is to investigate the potentialities by
improving the detection limits of the main spectrometer, realizing and testing dedicated
types of equipment able to deal with demanded sensitivity during construction while paying
particular attention to the requirement to achieve as low as possible background rates at the
lines of progenies in the decay chains of 233U and 23?Th. Environmental measurements are
often costly and time-consuming practices, and the analysis of samples at the environmental
level is a complicated task due to the inherent complexity in the natural decay chains.

Moreover, low-level activity samples are often counted in the close vicinity of a detec-
tor. Accurate determination of radionuclides largely depends on the efficiency calibration
of an HPGe gamma ray detector with volume samples. Due to the limited availability of
reference radionuclides with the same geometry as the sample and simple gamma ray spec-
tra, the Monte Carlo (MC) studies in gamma ray spectroscopy have been reported as a
complementary tool to evaluate the detector response and spectrum prediction for point-
like and voluminous samples within a typical error budget below 10%. These advanced
gamma ray spectrometry methods often have to deal with practical problems of predomi-
nant background peaks, efficiency calibration, monitoring plan design, and data analysis and
processing. Significant improvements have been made in the construction of Ge detectors as
primary spectrometers for gamma ray spectrometry systems operating above the surface or
underground. Dedicated low background spectroscopy systems using large volume Ge de-
tectors have been developed to measure the activities in the level similar to or better than
mBq/Kg sensitivity [67]. The desirability of these low-level measurement systems lies in
their low detection limits and in analyzing smaller samples with improved accuracy within
a shorter period of time.

Keeping in view, the ever-increasing demand for measuring low levels of radioactivity
in the diverse area of research, low-background HPGe counting activities employing HPGe
detectors are hosted in several laboratories with various depths ranging from ground-level
to going deep underground locations. Previously reported low background measurement
systems by other researchers [68] have shown that the selection of large-size HPGe detec-
tors, radiopure materials, boil-off nitrogen gas purging, active shielding at ground-level or
shallow-location or going deep underground location can lead to effective background reduc-
tion in the region of interest. Ultra-low background gamma ray spectrometry is continuously
under development with the goal of reaching envisioned sensitivity. The currently operating
representative ultra low-level Ge-spectrometry performed in the field of monitoring of envi-
ronmental samples to contamination control and material assaying for the usage in physics
experiments are summarized in Table 1.3. The current state-of-the-art level is accomplished
by the most sensitive spectrometer, GeMPI (1 mBq/kg - 10 uBq/kg) especially suited for ex-
traordinarily large sample measurements located in the Low Level Research Facility (LLRF)
in the Gran Sasso underground laboratory at a depth of 3500 m w.e. [67]. Another setup of
the same design with large No-flushed sample chambers and Pb/Cu passive shields, GeMPI
I11, is situated at the same facility but suffers the 29“Bi contamination and therefore, fails
to reach the sensitivity of GeMPI available for routine material screening.

In India, efforts are underway to build a cryogenic bolometer detector, TIN.TIN (The
INdia based TIN detector), for studying NDBD in '24Sn [76]. To facilitate low background
radiopurity measurements and material screening activities in connection with rare event
studies [77] for TIN.TIN, the TiLES (Tifr Low background Experimental Setup) has been
installed at sea level [2]. The integrated background rate in TiLES is the best possible
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Table 1.3: List of the representative laboratories operating underground for low-level environ-
mental radioactivity measurements using low background co-axial germanium spectrometers.
Fields with (-) indicate that the values are not provided in the listed reference.

Name location depth detector Background Main
(Laboratory) m.w.e type rate (d"'kg™!) activity
40-2700 keV

TAEA-MEL  CAVE 35 n, p-type coaxial 1368, 1632 Marine radioactivity
(Monaco) (100%, 170%) [69]

PTB Braunschweig 2100  p-type extended 26784 Reference measurements
(Germany) range (95%) [70] Dosimetry and spectroscopy

Felsenkeller Dresden 110 p-type coaxial 2938 Environmental radioactivity
(Germany) (92%) [14]

OUL Komatsu 270 p-type coaxial 788 Environmental radioactivity
(Japan) (93%) [71]

HADES Mol 500 p-type coaxial 260 Reference measurements
(Belgium) [72]

DLB Dortmund 10 p-type semi coaxial 3641 Material screening and
(Germany) (60%) [73] environmental analytics

PNNL Richland 30 p, n-type coaxial 1848, 3984 International Monitoring
(WA, USA) (112%, 97%) [74]

TiLES TIFR 0 p-type coaxial 17000 Radiopurity studies and
(Mumbai, India) (70%) [75] Material screening*

* for rare decay searches

background level achieved at sea level.

1.4 Studies of Rare events

Rare event searches seek evidence from processes with elusive event rates buried under very
high background levels to detect signals of interest. The standard model (SM) of particle
physics has successfully understood the basic principles of composition of matter-particle
interactions [78]. However, recent studies point towards the missing pieces of the SM. The
physics beyond the SM will be required to explain neutrino oscillations and the existence
of non-zero neutrino mass. The observation of neutrino oscillations has convincingly shown
that neutrinos have a finite mass [79]. However, the oscillation results do not provide
information about the absolute neutrino masses and nature of neutrinos, whether a Dirac
(particle # antiparticle) or a Majorana (particle = antiparticle) character. The Nobel prize-
winning neutrino oscillation experiments caused a renaissance of enthusiasm in pursuing
physics beyond the SM in studying neutrino properties on many fronts. The tritium beta
decay experiment by KATRIN collaboration measures the absolute neutrino mass aiming
for a sensitivity of 0.2 eV/c? at 90% C.L. The desired sensitivity can only be achieved with
a very low background level of 10 mcps in the detector region of interest [32]. The ECHo
experiment determines the effective electron neutrino mass of '%3Ho from the calorimetric
measurement of the electron capture spectrum. The measured background level is about
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8 x 107> d~!pixel ! [80]. Other experiments like DM [21], proton decay [81], NDBD [22],
rare nuclear decays (T /5 ~ 10 — 10%° yr) [23], low energy studies of reactions in nuclear
astrophysics [82] looks for extremely low event rates. Due to the rare nature of these
processes, stringent background conditions are essential to achieve the required sensitivities.

1.4.1 Double beta decay

Double beta decay (83 or 5~ 37) is a second-order weak process in which a parent nucleus
(A, Z) decays to a daughter nucleus (A, Z + 2), along with the emission of two e~ and
two .. This isobaric transition can occur in neutron-rich nuclei, where 8 decay is either
energy and/or spin forbidden. In 1935, Maria Geoppert-Mayer introduced the possibility of
this nuclear interaction [83] often termed as 2v33 and can be represented by the following
equation:

(A, Z) > (A, Z+2)+2e + 20, (1.1)

This process is allowed within the SM and is expected to occur in many even-even nuclei.
Normal 3 decay (or 2v3(3), conserves the total lepton number and has been experimentally
detected in about 12 nuclides with longest half-lives typically 10'8-10%* yr [44]. In 1937,
Majorana theoretically showed that Fermi’s theory of 5 decay remains unchanged even if
the neutrino was its own antiparticle [84]. In the same year, Racah put forth a 85 decay
sequence [85] where the initial nucleus (A, Z) emits one § particle and goes into a virtual
intermediate state (A, Z £ 1) plus an antineutrino. This antineutrino induces the decay of
this intermediate nucleus with emission of the another 8 particle and itself reabsorbed. In
1939, Furry considered the possibility of a 0v 35 decay following the Racah sequence in which
a parent nucleus (A, Z) decays to a daughter nucleus (A, Z + 2) in a single step, without the
production of antineutrino in the final state. This process is known as neutrinoless double
beta decay and can be written by the following equation as:

(A, Z) = (A, Z+2) + 2~ (1.2)

The neutrinoless double beta decay (0v3/ or NDBD) process violates the total lepton num-
ber by two units (AL = 2) and is not allowed within the SM. It is a novel probe to investigate
lepton number violation (LNV), and matter-antimatter asymmetry, and perhaps the only
practical way to assess the nature of the neutrinos. NDBD has not been observed to date,
with a typical half-life limit of > 10%¢, and possible only if neutrinos are Majorana parti-
cles with non-zero mass. Elliot et al. [86] measured the first direct experimental evidence of
2v33 in ¥2Se using a time projection chamber (TPC). The decay rate (or inverse of half-life)
for 2v33 can be written as:

1

2
T1/Vz

= G*(Qps, 2)|M*|? (1.3)

where G2 is the phase space factor and can be calculated precisely, the Qpp is the Q value
and M?” is the nuclear transition matrix element (NTME) of the transition. For Ovj33
decay, the decay rate is given by:

1

i,

Ui w2, < Mg >
= G| MO P(=—E ) (1.4)

Me
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Figure 1.4: Schematic of energy spectra for the 2v35 and Ov(3 processes.

where G% is phase space factor, M% is the NTME for the decay, < mgg > is the effective
neutrino mass and m, is the electron mass. NDBD mode is sensitive to the neutrino mass
and new specific theoretical scenarios. Moreover, the calculations of NTMEs involve several
assumptions of many-body techniques and nuclear models and thus add to large theoretical
uncertainties. Thus, searches for this type of decay are important for a complete under-
standing of the DBD process. The experimental signature of observation of the NDBD
process is a peak at the Q-value of the decay in the sum energy spectrum of the two emitted
electrons. In case if the peak is observed for Ov33, the half-life T?’/’Q can be obtained from

the relation:
_Im2 Ny Meat

Ov
T1/2 B Nobs w
where N 4 is Avogadro’s number, € is the peak detection efficiency, a is the isotopic abundance
in the sample of the mass M, W is the molar mass of the source, Ny, is the number of events
attributed to Ov58 events, and t is the measurement time. If no signal is detected, then the
sensitivity of an experiment is usually defined as a lower limit on the half-life of Oy and

can be set as:
In2 Njyea Mt
T > 1.6
1/2 ket W \| AE Ny, (1.6)

where k¢, is the number of standard deviations corresponding to a given confidence level,
Nyig is the number of background events normalized to energy unit defined as background
index in the region of interest (kg~'keV~!y~!) and AF is the energy resolution of the
detector. The most sensitive NDBD experiments such as GERDA [61], CUORE [62] and
KamLAND-Zen [87] quote half-life limits in 373~ at the level of Ty, > 10%° — 10% yr,

(1.5)
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corresponding to Majorana neutrino mass limits in the range mgg < 0.04 — 0.3 eV. Current
ongoing projects will probe Majorana neutrino mass in the inverted hierarchy region of
mgg < 0.01 —0.05 eV. The KamLAND-Zen experiment have the best background level of
1.5 x107* kg~! keV~! y=! [60]. Currently, LEGEND [88], a joint collaboration of MJD [89]
and GERDA [61], will probe the half-life sensitivity beyond 10?® yr with a ton scale HPGe
detectors and a background goal of < 1 x 107° kg~! keV~! y~! corresponding to a (0.02 -
0.05) eV Majorana neutrino mass.

As pointed out earlier, for the precise measurement of Ov83 half-lives, the accurate
knowledge of Ov NTME values is essential. The 2v NTME calculations can be verified from
Eq. 1.3 by measuring the decay rates of 2v33 processes in different isotopes. In some model
cases, one can consider the 2v NTME as a test case for the Ov modes. However, for accurate
measurement of effective neutrino mass mgg, it is essential to observe Ov33 decay in different
nuclei. The precise and unambiguous investigations of 2v3/3 decay are equally important
to constrain the different parameters in nuclear models, which can clarify various aspects of
Ovf3f3 decay and to search for several exotic processes such as neutrino self-interactions [90],
right-handed leptonic currents [91], Lorentz and CPT violation [92, 93] and Majoron decay
modes [94, 95], etc. Given the significance and the critical role played by 2v33 decays, they
have been studied in a dozen of DBD nuclei, and the most relevant ongoing experiments
based on low background detectors are well documented in [96].

As discussed, similar to DBD negative decay modes, equivalent positive decay modes
also exist. In the case of proton-rich nuclei, three kinds of DBD+ modes are kinetically
possible such as double positron emission (2031 31), positron emission and electron capture
(2vECB™) and double electron capture (2vECEC), respectively, as shown in following
equations,

(A, Z) = (A, Z —2) + 2T + 2v,, (1.7)
(A, Z)+e” = (A, Z —2)+ et + 2u,, (1.8)
(A, Z)+2e" — (A, Z —2) + 2v,. (1.9)

There are essentially 34 nuclei where positive modes of DBD can be measured. These
processes are strongly disfavoured due to reduced decay energy and available phase space,
which further limits the sensitivity of experiments, thereby more challenging to detect. The
2uBT BT, 2vEC 3T modes provide additional experimental signature of 511 keV v-rays from
positrons annihilation, while 2v EC 3" and 2v EC EC emits characteristic X-rays. The emit-
ted positrons/electrons and gammas can be measured employing coincidence techniques.
The OvECEC process is revisited where the rate of OvECEC can experience a resonant
enhancement in several nuclides when the initial and final states are energetically degenerate
and can approach the sensitivity of the Ov3~ 3~ mode[97]. These appealing features and
continuous advancement in the technology, along with further improvement in the back-
ground levels, have renewed interest in studying these other modes of DBD decay using a
variety of experimental techniques. The achieved sensitivities reported in the most sensitive
experiments for DBD positive modes are modest in the range of Ty /5 > 102! — 1022 yr (see
reviews [45, 46]). These experimental tests can provide important complementary infor-
mation to study the shape of the nucleus and decay modes of other nuclei. They provide
information on the dynamics of the DBD decay by undergoing any of these processes both
to the ground and the excited states. The 2v37 3%, 2vEC 3™ processes have lower decay
probability than 208~ 8~ but their investigations can significantly contribute to the clari-
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fication of OvB3 decay. The collusive information from the study of positive and negative
DBD can constrain the theoretical parameters with high confidence. Therefore, studies on
other decay modes of DBD decay provide supplementary information about the DBD decay
of the parent nuclide and are important from both the experimental and the theoretical
sides. The techniques to study DBD can be broadly classified into two categories:

e Active detectors technique (source = detector) - In this technique, the detector is made
out of the nuclide of interest. Examples of such detectors are High Purity germanium
(HPGe), Cadmium Zinc Telluride (CdZnTe), bolometers (TeO2), scintillators, liquid
noble gas (LXe) detectors, high-pressure gaseous time projection chambers (TPCs),
etc.

e Passive detectors technique (source # detector) - In this technique, the detector and
the source are not the same, and the nuclide of interest is mostly measured by the ~v-ray
emission of enriched sample material using HPGe detectors. The detectors deployed
are generally of larger size.

The listed detection methods are of low background variety and are placed mostly in
underground or shallow/deep laboratories. The primary spectrometers are well shielded by
composite layers of passive and active shielding as discussed in section 1.2. Quite a large
number of 55 decay isotopes have been measured using the above experimental techniques
at existing or similar low background installations. In the present thesis, we are interested
in the external-source approach, which enables the measurements of multiple DBD nuclei
deploying HPGe detectors in single/multi-configuration.

1.4.1.1 Search for positive double beta decay modes (DBD+)

The search for DBD+ is ongoing in several isotopes employing different detector technolo-
gies. The most sensitive experiments give modest limits on these processes in the range of
about Ty/y ~ 102! — 1022 yr (for 4°Ca, 36Ar, %8Ni, 64Zn, ™®Kr, %Ru, 19Cd, '2Sn, 120Te,
124Xe, 126Xe, 130Ba, and '3?Ba). The major direct counting experiments using active and
passive detector approaches in various potential isotopes are discussed here.

e CRESST (Cryogenic Rare Event Search with Superconducting Thermometers) is a
scintillating bolometer based on CaWOQ, crystals and installed in LNGS. The detector
is surrounded by a passive shield of low background copper (14 cm) and lead (20 cm)
thick. The inner shielding assembly is enclosed within a gas-tight radon box that is
continuously purged off with Ny gas. With an exposure of 2 kg.yr, the limit of T /; on
0vECEC decay in W and 4°Ca has been set to > 9.4 x 10'® yr and > 1.4 x 10?2 yr
(at 90% C.L.), respectively.

e COBRA (Cadmium zinc telluride 0-neutrino double-Beta Research Apparatus) Col-
laboration uses semiconductor diodes employing CdZnTe crystals that allow for the
operation at room temperature. These detectors are arranged in four layers of 16, each
with a size of 1 x 1 x 1 em3. They are further surrounded by shielding of ultrapure cop-
per and lead, with an additional layer of borated Polyethelene and an EMI shielding.
The setup is continuously flushed with nitrogen for radon removal. CdZnTe contains
nine double-beta isotopes: %4Zn, "0Zn, 196Cd, 198Cd, 14Cd, 16Cd, 1?°Te, 128Te, and
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130Te, but the sensitivity that is reached for their DBD+ is often not competitive.
The sensitivity for the 2vECBT in '29Te is at the level of > 9.4 x 10" yr (at 90%
C.L.) while, the best limit lower limit of ECA7 is given by CUORE as > 2.9 x 10?? yr
(at 90% C.L.) [98]. This limit is improved by order of magnitude from the existing
limits of CUORICINO and CUORE-0 collaborations.

e CUPID (CUORE Upgrade with Particle Identification) experiment is an upgrade
of CUORE adopting ZnSe crystals using scintillator-bolometric techniques. The first
physics run named CUPID-0 has provided the best limit on Ov33 (ECBT) of ®4Zn as
> 1.2 x 1022 yr (at 90% C.L.).

An interesting case of '°5Cd isotope studied by DAMA and DAMA-INR Kyiv collabora-
tions using '°CdWOy crystal scintillator detector carried out in LNGS. In later stages, to
improve the sensitivity for fT8%, the experiment with °CdWOy scintillation was oper-
ated in coincidence with four HPGe detectors and with two CdAWO, counters. The half-life
limits for different channels and modes of the °°Cd double beta decay is at the level of
Tijp ~ 1020 — 10?2 yr. The AURORA experiment investigates OvECB4+ in °°Cd and
achieved the best limit of 4x10%! yr (at 90% C.L.) using '6CdWOy scintillators [99]. The
sensitivity has reached the range of theoretical reported values for the decay half-life. The
direct observation of 2vECEC in ?*Xe is reported for the first time with the XENON1T
detector utilizing liquid xenon (LXe) and time projection chamber (TPC) experimental tech-
nique [100] at LNGS. It contains ~3 tons of ultrapure liquid xenon (LXe) with 2 tons as the
target material in the active volume of the time projection chamber (TPC). The purpose of
this detector is to look for dark matter, but due to the presence of tonnes of natural xenon,
it is also sensitive to search for NDBD experiments. The recent results measure a half-life
of Tyjp = 2.1 4 0.2(stat) £ 0.1(syst) x 10** yr [101]. The limits on S*B" decay of '**Xe
are obtained using a high-pressure ionization chamber (HPIC) as > 2.0 x 104 yr (2v) and
> 4.2 x 1017 yr (0v), respectively at 68% C.L. [102]. HPGe detectors and low-temperature
bolometers appear to be the most suitable detection techniques for Ov EC EC experiments,
with a sensitivity of Ty, > 10% — 1026 yr [97].

Several DBD+ emitters are studied utilizing low background germanium spectrometers
by passive source techniques. The measurements carried out by the HPGe spectrometers at
the SubTErranean Low-Level Assay (STELLA) facility of LNGS [103] by the DAMA-INR
Kyiv collaboration holds the most stringent limits for mostly all of the isotopes investigated
by this approach. The experimental setups of ultra-low level detector systems with sensitiv-
ity down to the uBq/kg level, which allow detection of many DBD+ transitions up to the
level of 10%! yr [46] in low-scale experiments. Different purification techniques have been
developed to reduce sample contamination. There is a great interest in pursuing new double
beta decay experiments for lanthanide and rare-earth elements.

1.4.1.2 Search for DBD to excited states of daughter nuclei

DBD decay can also occur in excited states other than the ground state, albeit lower decay
rate due to smaller available phase space. The study of DBD decay to excited levels of
the daughter nucleus provides a clear signal via accompanying de-excitation ~-rays with
characteristic energies along with two emissions of electrons/positrons. The detection of
single v-rays and, in cascade, v-rays deploying coincidence techniques can help gain more
information on the nuclear structure, and effective background reduction can be performed.
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The first experimental investigation on 53 decay to the excited levels of "Ge was reported by
E. Fiorini in 1977, studied as a by-product of the main experiment searching for transition to
the ground state [104]. Given the merit of these transitions, many experiments of [86, 105—
108] have been pursued on many potential 3 candidates by improving the experimental
sensitivity and achieved new limits. Reference [106, 109] pointed out the possibility of
detecting the ~-rays produced in the de-excitation of the nuclear levels after a 83 decay
to excited levels of daughter nuclei in three nuclei: 6Zr, %Mo, Nd and corresponding
evaluated half-lives are of the order of (102°—2x102!) yr. The more recent results of deduced
half-lives of 33 decay in 1Mo and '"°Nd and different nuclei are given in [44] while in ?6Zr
only a limit is obtained by Finch et al. [110] (T; /5 > 3.1x 102° yr of 0" - 0f transition). DBD
studies of *Zr (another isotope of Zr) to excited states of %Mo were carried out using a low
background experimental setup TiLES [2] installed in TIFR, Mumbai at sea level in India.
The improvement of the half-life limit T o > 3.4x10Y yr [77] by a factor of ~4 for 0T - 27
transition was observed than the earlier reported value [105]. Another investigation with
a low background setup at the Felsenkeller underground laboratory in Dresden, Germany,
has reported the present best lower limit of 5.2x10Y yr (90% C.L.) [111].

To date, 33 decay of 1?4Sn has not been experimentally observed despite the suitability
with Qgg = 2.23 MeV and natural isotopic abundance of 5.8% for DBD searches. The best
limits obtained for 33 decay of 124Sn to the excited state of ?4Te are ~0.8-1.2x10%! yr [112].
12481 can be made into low-temperature bolometers, and in experiments with such detectors,
measurement accuracy of half-life can reach up to 1-2%. An indigenous effort is underway in
India to build the next-generation NDBD experiment TIN.TIN to search for Ov3f in 24Sn
using a cryogenic bolometer at the India-based Neutrino Observatory (INO) (for details
see [113]). 12Sn is another interesting isotope with natural abundance is 0.97% which can
undergo EC BT and ECEC processes. Searches have been made on 83 and ECEC decay
of M28n to excited states, and the best present lower limits are obtained in the range 10-
10%! yr [114]. Nevertheless, the positive modes in tin isotopes have not been investigated
very well theoretically or experimentally. The Ge based experiments GERDA and MJD
have reached a sensitivity at the level of 10%3-10%* yr for the double beta decay of "°Ge
to excited states of the daughter nucleus. MJD has reported the most stringent limits for
all the S~ 3~ processes to excited levels for both for 2v and Orv modes [115]. CUORE-0
experiment has established the most stringent limit on the decay to the 0] excited state in
130Xe [116]. As mentioned earlier, many experiments have been carried out at the STELLA
facility of LNGS. Some double beta decay processes have been investigated for the first time
at STELLA using ultra-low background HPGe spectrometry. For instance, the search for
ECEC and ECB7* of '¥YD to the ground and excited states of '®*Er were achieved in the
level of 104-10'® yr [117]. The lower half-life limit of another isotope of '62Er to the ground
and excited states of 02Dy were estimated as as 101°-10'® yr [118]. The lower limit for the
half-life for EC EC and EC3% decay of ™ Hf was first measured using ultra-low background
HPGe detector at HADES laboratory on the level of 10'6-10'® yr [119]. However, future
large-scale and sensitive measurements are necessary to establish more reliable and precise
half-life values and effective nuclear matrix elements.

1.4.1.3 Search for hindered single beta decay

Long-lived nuclei (T4 /2 > 100 yr) which decay through single o or 8 decay very often create

significant backgrounds in studies of rare events like double beta decay, solar neutrinos or
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dark matter [23, 120]. Renewed interest in investigations of rare 8 decays has gained much
attention very recently due to the steady improvement in experimental techniques and more
sensitive measurements. The forbidden beta decay of ¥"Re (T 2 = 4.12% 10'° yr) and elec-
tron capture decay of 1%3Ho (T, /2 = 4570 yr) both with low Q-value ~2.5 keV are competi-
tive isotopes planned to be studied by MARE experiment with cryogenic microcalorimeters
to measure the electron neutrino mass with sub-eV sensitivity [121]. Recently, 5 decay of
5Tn to the first excited state of 1°Sn is observed with lowest Qg (~155 eV) value known
among the observed 3 decay to-date [122]. The more precise half-life was obtained as T /2 =
4.340.5x10%0 yr using ultra-low HPGe gamma ray spectrometer at the HADES underground
laboratory [123]. Another similar 3 decay of 1'3Cd isotope is highly forbidden (fourth-fold)
and studied with CdWOy crystal scintillator in LNGS as T/, = 8.04£0.05 x 10%5 yr [124].
This is the most precise and the longest observed § decay to date.

Out of 35 DBD isotopes, only two cases of %Zr and *®Ca are energetically allowed for
single 8 decay but are strongly suppressed due to large spin forbiddenness and hence are
long-lived radionuclides. The best experimental limit for **Ca single 8 decay is T, /2 >
2.5x10%° yr using low background HPGe spectrometer and enriched external source [125].
This observed limit is very close to the theoretically estimated values. However, 85 decay
to 4®Ti is faster and already observed with T, 2 = 6.4x 10 yr [126]. The half-life of single
3 decay of %Zr was first established to be > 1.4 x 10'® yr by Norman et al. [105]. In 1994,
Arpesella et al. [108] achieved improved limit of > 3.9 x 10* yr and the best lower limit
for %7Zr to date. After more than two decades, a study conducted by Finch et al. [4] has
produced a limit of Ty /5 > 2.4x10' yr for %Zr. In addition, this is the first experimental
search to distinguish between the two decay modes of single 5 and the 85 decay deploying
coincidence techniques, but with a slightly less stringent limit than the value given by
Arpesella et al. [108]. Therefore, detecting single y-rays or a set of y-rays for the number of
investigated transitions could provide more information about the decay modes and hence
have higher discovery potential for the studied nuclei. In addition, synergies of DBD physics
with rare 8 decays are found and require a continued search in the future with large enriched
source mass and advanced background reduction techniques.

1.5 Present work

This thesis investigates various low background aspects to explore the improvement in detec-
tion sensitivity employing multi-dimensional spectrometers and performing low-level mea-
surements to understand the radiogenic backgrounds, particularly using high purity germa-
nium (HPGe) detectors in connection with rare decay measurements. The characterization
of a low background HPGe detector setup and a suite of experimental measurements per-
formed using point-like y-ray sources in a wide energy range of 80-1408 keV are discussed
in the present work. A preliminary detector model has been developed using the GEANT4
simulation package to estimate the photopeak efficiency of an HPGe detector employed in
the setup. Investigations of specific activity and its variation in soil samples from the arable
lands in the Ropar district of Punjab state in India have been carried out using ILM-0,
a demonstrator of low background setup ILM (IIT Ropar Low-background Measurement
setup) being developed at IIT Ropar for rare decay studies.

The present interest of chapter 3 is to carry out the feasibility study of an experiment
to investigate the single beta and double beta decay modes in “°Zr and '2Sn isotopes,
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respectively. In order to perform the feasibility studies of rare decays, a set of MC sim-
ulations with a 2/4 HPGe detector setup employing the coincidence technique for source
optimization, along with the data analysis of the detection efficiencies within the framework
of GEANT4 [127] and ROOT [128] are presented. An attempt to study the feasibility of
the %6Zr B decay through Mo v-ray cascade using a low background setup of four detec-
tors has been performed. Developing detectors operating in time coincidence is a possible
way to increase the sensitivity and specificity in low background gamma ray spectroscopy.
Therefore, to estimate the sensitivity to search for 5+ 5+ /ECB* processes in 112Sn, the am-
bient background has been measured with moderate Pb shielding around the coincidence
setup of two low background HPGe detectors in the laboratory of TTFR, Mumbai at the sea
level. The experimental details and data analysis procedures are discussed in the following
chapter.

Efforts are underway to set up an underground laboratory for planning the low back-
ground experiments in India. The ambient radiation background level in rock samples
collected from the Aut site in the eastern Pir Panjal range of the Himalayas, India, has
been investigated. Findings of the present studies were compared with the Bodi West Hills
(BWH) of the Theni district in Madurai, Tamil Nadu [52, 129]. In order to assess the impact
of the long-lived neutron-induced activities, fast neutron activation experiments have been
carried out on the Aut and BWH rock samples. Irradiations were carried out at BARC-
TIFR Pelletron Linac Facility, Mumbai [5] at two incident proton energies, 12 and 22 MeV,
to cover a broader energy range and compare the yield of the observed products on neutron
energy.
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Chapter 2

Low Background Radiation
Measurement Setups

Low background gamma ray spectrometry employing HPGe detectors is a sensitive tool for
measuring low radioactivity levels in environmental applications, material screening, and
experimental searches for rare decay experiments. A low background measurement setup
has been developed at IIT Ropar in Punjab, India, to measure trace natural radioactive
elements, with a particular interest in studying radioactivity in soil from different locations
of Punjab state. The performance and characterization of low background cryocooled HPGe
detector (~33%) have been investigated. A preliminary detector model has been developed
using Monte Carlo simulations to determine the detector’s response over a wide energy range.
The minimum detectable levels of the spectrometer are determined for the environmental soil
matrices. The present setup provides improved detection limits of low-level environmental
samples and is adequate for environmental radioactivity measurements. The preliminary
results of the primordial radionuclide traces at the agricultural test site of Katli village have
been investigated. In addition, other low background experimental setups installed at Tata
Institute of Fundamental Research (TIFR), Mumbai utilized for measurements reported in
this thesis, are also discussed.

2.1 Introduction

The radioactive background at sea level laboratories is dominated by cosmic rays and cos-
mic ray-induced interactions, primordial radioactivity in the material around the detector
setup. As discussed in chapter 1, environmental radioactivity originating from the natu-
ral decay chains of 233U, 232Th, and “°K are long-lived (T /2 ~10% - 10'° y) and present
in trace amounts at different levels in the earth crust. The gamma ray background from
these naturally occurring radionuclides is a significant source of radiation exposure for sea-
level laboratories. It is important to assess the background radioactivity as measurements
at the environmental level deal with low radioactivity concentration over a wide energy
range and involve inherent complexity due to typical interference of natural radionuclides,
thereby complicating the measurements. In addition, the gamma ray flux is subject to
variation, possibly due to experiment location in the laboratory /site, seasonal fluctuations,
the radon concentration near the experimental setup, or unknown systematic uncertainties.
Background statistical fluctuations can influence the assessment of peak identification, peak
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area calculations, energy resolution, confined intervals, and detection limits. For reliable
estimation of the radioactive impurities in weak samples, it is necessary to identify and
minimize the background to improve the minimum detection limits of the spectrometer. As
stated before, the radiopure cryostat with selectively refined detector construction materi-
als and applying passive shielding allows for lower minimum detectable activity and high
sample throughput for a specific counting time, which is highly desirable in low background
counting applications. Therefore, low background HPGe gamma ray spectrometers play an
increasingly important role in investigating trace radioactive element detection [2, 19, 52].

Some areas in Punjab have shown somewhat higher natural radioactivity as compared
to the other districts. Although many studies of environmental radioactivity have been
reported from different cities of Punjab, very few investigations have been conducted in
the Ropar region. In order to study the natural radioactivity levels from different agricul-
tural lands in the Ropar district, a low background measurement setup ILM-0 (IIT Ropar
Low-background Measurement setup) was developed and installed in the above-ground lab-
oratory at the Indian Institute of Technology Ropar. This setup intends to study radiation
background and radio-purity assessment to conduct low-level environmental radioactivity
experiments.

The present chapter describes the characterization of a low background carbon fiber
HPGe detector (~33%). A suite of experimental measurements has been performed using
point-like gamma ray sources to characterize a low background cryocooled HPGe detector
over a wide energy range from 80.9-1408 keV. The performance specifications are success-
fully tested against the values provided by the manufacturer, such as energy resolution,
peak shape, peak-to-Compton ratio (P/C), full energy peak efficiency (FEPE), and figure
of merit (FoM). Mono-energetic sources are used for the close scanning of germanium crystal
along its parallel and perpendicular axis to test the homogeneity of the detector response
over the crystal surface and the possible effect of a weak electrical field. Monte Carlo (MC)
simulations using GEANT4 [127] software have been performed in order to estimate the
full energy peak efficiency of an HPGe detector. From the literature, it has been observed
that the MC simulated efficiencies are often >10% higher than the measured values, which
can be attributed to various factors such as a thicker dead layer, uncertain crystal dimen-
sions, and a weak electrical field [2, 130, 131]. The MC detector model was then optimized
by adjusting detector parameters to reproduce experimental efficiency within acceptable
uncertainty. The present study focuses on the potential of ILM-0 for environmental stud-
ies. Therefore, the ambient gamma ray background and its further reduction using passive
shielding around the detector are investigated. The sensitivity of the setup is studied in soil
samples from the agricultural test site of Ropar district in Punjab, India. Specific activities
and trace impurity concentrations from the primordial radionuclides have been estimated.
Additionally, characteristics of other low background experimental setups TiLES [2] and
CRADLE [132] installed at sea level in Tata Institute of Fundamental Research (TIFR),
Mumbai for radiation background studies related to rare decay searches are also discussed.

2.2 1ILM-0

The experimental setup (ILM-0) comprises of p-type co-axial HPGe detector, ORTEC makes
(GEM30P4-83-RB) with a measured relative efficiency of 33%. The schematic of the setup
is shown in Figure 2.1. The detector crystal (62 mm x 46 mm) is mounted inside a low
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background cryostat of carbon fiber (carbon-composite). The top of the crystal face is 5 mm
beneath a 0.9 mm thick carbon fiber entrance window suitable for measurements as low as
10 keV. The rear end of the detector is attached to the ~150 mm long vertical cold finger
connected to the transfer hose of an electro-mechanical cooler (Ortec X-Cooler III) for cool-
ing the detector crystal to liquid nitrogen (LNg) temperature. The typical cooldown time
required by the electro-mechanical cooler is found to be 10-16 hrs. The detector assembly is
supported with additional online UPS to protect during utility power failure. This setup is
suitable for the underground laboratory by eliminating the need to transport liquid nitrogen.
The detector is coupled with the pulse processing electronics and data acquisition system,

Pb

o)

Cryocooler

SS Table

Figure 2.1: Schematic cross-section of the experimental setup of ILM-0 (IIT Ropar Low Back-
ground Measurement setup). The setup is mounted on thick stainless steel (SS) table 1 m above
the ground.

including a NIM-based high voltage power supply, spectroscopic amplifier, and multichan-
nel analyzer procured from Ortec. The multichannel analyzer records the data using the
emulator software Maestro. A list of relevant technical details, along with the associated
electronics, are summarized in Table 2.1. It should be mentioned that the shaping time
of 6 us was found to be optimum to minimize the noise. Data have been acquired for at

Table 2.1: Detector specifications used in the measurement setup.

Model GEM30P4-83-RB
Manufacturer Ortec

In service since 2017

Capsule type Pop top

HV Bias 2900V

Input polarity +ve

DAQ Analog

Shaping time 6 us

Geometry Closed end
Cryostat type Vertical dipstick

Cryostat diameter 75 mm
Cryostat height 165 mm

least 10,000 counts for characterization measurements to reduce the statistical error to as
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low as 1%. Detector dead time has been monitored throughout the measurement and found
to be less than 1%. No significant worsening of energy resolution and shift in energy was
observed at different times of long counting measurements. The data of the background
spectrum was recorded in a timestamp of 24 h. The raw data is then converted and ana-
lyzed using LAMPS [133] software. Each photopeak is fitted to the sum of Gaussian and
second-order polynomial for a background to extract the net photopeak area. The scanning
of the detector has been carried out using a set of standard sealed disk-type gamma sources
of the active diameter of ~6 mm and thickness of ~1 mm with absolute strength of gamma
sources <95 kBq within 5% uncertainty. These sources cover a gamma ray energy range
from 80.9 keV to 1408 keV, as shown in Table 2.2. Nuclear data such as half-lives and
the emission probabilities of the isotopes are obtained from the chart of the radionuclides
database of the National Nuclear Data Center [3]. To reduce the scattering effects during
the measurements, the detector was placed on the scanning table with adequate clearance
around it. The placement of the source was maintained as consistent and repeatable as
possible. Specific care has been taken to ensure that the same set of sources is used and
that the detector remains in the exact location during the testing and characterization of
the setup.

2.2.1 Spectroscopic performance of the detector

The HPGe detector is surrounded by moderate passive shielding with lead bricks of dimen-
sions 22.9¢m x 7.6cm x 5.1cm and mounted on a custom-made stainless steel table, as shown
in Figure 2.1. In this arrangement, the detector with a preamplifier is entirely shielded with
adequate space for mounting voluminous sources generally used in environmental radioac-
tivity measurements. It should be mentioned that different shapes and configurations of
the lead shields were also considered before the final implementation of bricks geometry.
The accuracy of the measurements depends profoundly on the performance and stability
of the detector and associated electronics. Different characteristics of the HPGe detector,
such as energy calibration and resolution, peak shape and peak-to-Compton ratio (P/C),
full energy peak efficiency (FEPE), and figure of merit (FoM) are determined as a function
of gamma ray energies against the warranted values provided by the manufacturer. The
radioactive gamma sources used in the scanning of the detector are given in Table 2.2. For
the present HPGe detector, GEM30P4-83-RB, a relative efficiency check at 1332.5keV from
%0Co has been measured according to standard test procedures of IEEE [134]. The photo-
peak efficiency of the HPGe detector at 1332.5keV gamma line is given by the ratio of the
total counts in the 1332.5keV peak to the total number of source disintegration during the
elapsed time. The time is corrected by the dead time of the amplifier and analyzer. The
ratio of the photopeak efficiency of the HPGe detector has been calculated to the efficiency
of a 3 x 3 Nal (T1) scintillation detector at 25 cm from the endcap face. This ratio presented
in percentage is given as the relative efficiency of the detector. The relative efficiency of
the detector was found to be 33(0.3)% in the laboratory test, which is 6% lower than the
measured value provided by the manufacturer.

Energy linearity and resolution

The HPGe detector has been calibrated using different standard gamma sources and shown
in Figure 2.3 (a). The line through the data points represents a fitting function of type Y
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Table 2.2: Radioactive gamma ray sources used in the present work.

Sources Gamma Decay Half- Branching
Energy mode life Ratio
(keV) (%)
109¢cd  88.0 EC 461.4d 3.64
5Co 122.1 B~ 271.7d  85.60
136.5 B~ 10.68
133Ba 80.9 EC 105y 32.90
276.4 7.160
302.9 18.34
356.0 62.05
383.9 8.940
2Na 511.0 BT 2.6y 180.7
1274.5 99.94
137Cg 661.7 B 30.1y 85.10

54\Mn 834.5 EC 312.2d  99.98
6571 1115.5 EC 243.9d  50.04

50Co 1173.2 3~ 1925.3d  99.85
1332.5 99.98
52Fy 1217 EC 135y 28.53
244.7 EC 7.550
344.4 B~ 26.60
411.1 B~ 2.240
444.0 EC 0.298
779.0 B~ 12.93
867.4 EC 4.230
964.0 EC 14.51
1085.8 EC 10.11
1089.7 B~ 1.734
11121  EC 13.67
1213.0 EC 1.415
1299.1 B~ 1.633
1408.0 EC 20.87

= a + bX, where a = 0.45 £+ 0.03 and b = 0.38185 + 1.59279 x10~°. As can be noticed
from this figure, a good linear relationship with the channel number can be observed. The
statistical correlation coefficient is found to be 1 for each measured data point with the
detector. The energy resolution measures the width (FWHM) of a single energy peak at
a specific energy, usually expressed in keV for germanium detectors. It may be pointed
out that the typical energy resolution of Nal and HPGe detectors are found to be 50keV
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Figure 2.2: Energy calibration and resolution of the HPGe detector are shown in (a) and (b),
respectively. The solid line through the data points is the best fit.

and 1.5keV at 1332.5keV, respectively [135]. Hence, HPGe is preferred over Nal detectors
for high-resolution gamma ray spectroscopy, even though the Nal is likely to have greater
counting efficiency. Generally, the energy resolution of a detector is expressed as the ratio
of FWHM to the gamma ray energy. The distribution of energy resolution with different
gamma rays is shown in Figure 2.3 (b) and fitted to an empirical three-parameter function
of type,

A

The best-fit values to the fitted parameters A, B, and C are 0.43 £ 0.03, 0.90 & 0.01 and
6.42229 x107* 4 3.43594 x107°, where A and B are in keV. The typical energy resolution
of this detector at 1332.5keV is 1.72 keV and found to be similar to another LNy based
HPGe detector of similar relative efficiency present in the laboratory. No worsening of the
energy resolution has been observed over the running period of about five years. A typical
gamma ray spectra obtained at the distance of 10 cm using *?Eu, *"Co, and %°Co is shown
in Figure 2.3.

Peak shape

To check for the worsening of the tail for a specific detector with time is determined by the
peak shape. In standard solid detectors, peak shapes play an important role by carrying
information regarding increasing demands for reduced minimum detectable activity as it
is limited by the extent of the interference of the peaks with each other and peak shape
discrimination system (PSD) [50]. The total system resolution was measured following
ANSI/IEEE standards [134, 136]. In addition to the FWHM taken at each peak, the full
width at one-fifth maximum (FW.2M), full width at one-tenth maximum (FW.1M), and full
width at one-fiftieth maximum (FW.02M) were also recorded. The resolution in uncalibrated
spectra was also computed manually using the interpolation method using the formula given

below.
AE

FWHM = — —
Co - C1+1 %

N, (2.2)
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Figure 2.3: Typical gamma ray spectra of (a) *?Eu (red), (b) °"Co (blue) and (c) %°Co (green)
at a distance of 10 cm from the top detector face.

where AE is the energy difference between two peaks, known as a conversion factor, C; and
Cs are the peak positions in terms of a channel. One in the denominator is the uncertainty
in channel count. N, is the width of the selected peak regarding the channel number. A
similar approach was adopted to calculate FW.2M, FW.1M, and FW.02M using expres-
sions obtained by linear interpolation. These values lie close to recorded results, indicating
excellent accuracy of the acquisition software for peak deconvolution.

Peak-to-Compton ratio

The peak-to-Compton ratio has been measured from the same gamma line, 1332.5keV,
which has been used for the resolution measurement obtained from %°Co source. The peak-
to-Compton ratio, as described in the ANSI/IEEE standards [134, 136] can be determined
as the ratio of highest peak count at 1332.5keV to the average counts per channel between
1040keV to 1096 keV. It may be noted that the region from 1040 keV-1096 keV is a part of
the Compton plateau, excluding the edge. This ratio is an analogy to the signal-to-noise
ratio. Higher peak-to-Compton values are achieved with better values of energy resolution.
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The loss in peak-to-Compton ratio might be attributed to worsened energy resolution of the
detection system [137]. Absorber material in the vicinity, i.e., the detector itself, source,
presence of °K from the concrete wall, and flooring, may increase the Compton background.
Typical values of the peak-to-Compton ratio for gamma line 1332.5keV ranges from about
40:1 for a 10% relative efficiency detector (small) to over 90:1 for some very large detectors
[135]. The value of this ratio was measured at various axial distances. The mean value of
the peak-to-Compton ratio was found to be 62:1, following the manufacturer data.

Full energy peak efficiency

The efficiency calibration of a spectrometer is of great importance in analyzing radionuclides
of interest. Physical parameters such as the crystal volume and shape, source dimensions,
gamma ray absorption cross-section, attenuation layers in front of the detector, and the
distance and position from the source to the detector, determine the efficiency of the de-
tector [130, 138]. Full energy peak efficiency (FEPE), also known as absolute photopeak
efficiency, is defined as the ratio of the number of photopeak counts detected to the total
number emitted by the source and can be determined according to the following equation:

N,

A, xL, xt (2:3)

Efficiency =

Where N, is the net photopeak area (background subtracted), A, is the present activity of
source (Bq), I, is the gamma ray emission probability, and t is the time elapsed (taking into
account the analyzer counting losses). Figure 2.4 shows the efficiency measurements for all
the considered gamma ray energies at a distance of 25 cm. The quoted errors may be due
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Figure 2.4: Efficiency calibration curve of the HPGe detector at source to detector distance of
25 cm.

to the number of counts in the photopeak (statistical) and source activities (systematic).
As shown in Figure 2.4, the solid line through the data points represents the best fit to the
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data. The efficiency curve is fitted using an inverse square fitting function,

B C

e=A+ E + ) (2.4)
where € is the photopeak efficiency, and E is the gamma ray energy. The best-fit values
to the fitted parameters A, B, and C are found to be 1.01263 x107° + 1.23209 x10~°,
0.5 + 0.01 and -30 £+ 1. The fitting function yields good approximations over different
energy ranges and for different crystal sizes. As can be noticed from the figure, some fluc-
tuations in the data points are primarily due to variations in peak shape and low count
rates. The HPGe detector has a closed-end coaxial configuration of p-type material and a
thick attenuation layer at the detector entrance contact. Correspondingly, the detector’s
efficiency was found to be less for low energy gamma rays below 80.9keV as clearly visible
in Figure 2.5. The efficiency curve shows a rapid increase from 80.9keV of 133Ba source,
peaks at 121.8keV of ?Eu, and sharply decreases as a result of an increase in gamma ray
energy. This implies that the efficiency is maximum at low energy and decreases exponen-
tially at higher emitted gamma rays consistent with similar detectors by Ortec [139]. The
efficiency curve demonstrates the excellent performance of the measurements and analysis
applied in this work. Measurement of photopeak efficiencies using the above radioactive
sources can help better estimate the detector’s active volume and surrounding materials. A
detection model is developed using photopeak efficiency measurements with various gamma
ray sources described in later sections.

Figure of merit

Striving for large detectors of high efficiency is driven by the fact that one can achieve lower
detection limits in low-level measurements. The larger crystals’ size has a higher background
and a more significant coincidence-summing effect. Thus, the thinner detectors with higher
resolution are an alternate choice to achieve low detection limits with high resolution. The
detector’s Figure of merit (FoM) is obtained from the measured resolution, the peak-to-
Compton ratio, and relative efficiency, all at 1332.5keV [134]. The detector with the largest
FoM will have the highest sensitivity (or lowest detection limit) for detecting gamma rays
of given energy in the presence of higher energy. In low-level measurements, the FoM is
defined as,

peak-to-Compton ratio

(2.5)

FoM = Relative efficiency x \/ -
energy resolution

The fact that the FWHM is in the denominator implies that reducing the FWHM will
improve FoM, and increasing the peak-to-Compton (P/C) ratios will enhance FoM. The
FoM values are most helpful in comparing sensitivity measurements using calibration spectra
rather than background spectra. This is because the FoM calculation requires peak areas
with a high count rate to ensure that the statistical error is small. Generally, the FoM
allows a comparison of two detectors from the point of view of their detection limit for one
nuclide in the presence of one or more higher-energy nuclides. The FoM for the present
HPGe detector was found to be 1.79 for 1332.5 keV.
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2.2.2 Characterization of the detector

Radiography with X-rays is used to determine the detector structure and its dimensions.
However, an active volume may differ depending upon the electric field configuration inside
the crystal [130, 131]. In the present work, radiography was not possible, and hence mono-
energetic gamma ray sources were used to scan the crystal in the energy range of 88—
1332.5 keV. In order to characterize the detector geometry, three types of scans, namely,
1) Distance scan, 2) Radial scan, and 3) Lateral scan, has been performed around the
detector. The scanning schemes of the detector are demonstrated in Figure 2.5. The radial
and lateral scans were carried out using °"Co, °Co, ¥7Cs, **Mn, %Zn and '%°Cd gamma
sources, see Table 2.2 for the reference energies. The radial scan was performed by moving
the source parallel to the top detector face at a distance of 10 mm from the carbon fiber
(C-window) endcap in the position steps of 5mm and covered a range of +6.5cm w.r.t.
the center of the detector. For the lateral scan, the gamma source was moved parallel
to its cylindrical axis at a distance of 10 mm from the side face of the detector in 5 mm
steps and covered a range of -2cm to 6.cm again w.r.t. the top face of the detector (C-
window). The distance scan was performed with point-like sources at a regular interval
from 5cm to 30cm along the detector’s symmetry axis away from the C-window of the
detector. Typical uncertainty in the positioning of the source in all scans is estimated to be
<Imm. Given relatively low source strengths, no pileup effects have been observed in the
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Figure 2.5: A cross-sectional view of the detector with scanning directions indicated.

spectra. Errors associated with the photopeak efficiency were computed, including statistical
and systematic errors. Typical errors obtained in the present work were estimated to be
~0.2% in radial/lateral scans for E, = 88keV, ~0.5% for £, = 122.1keV, ~0.4% for E, =
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661.7keV and ~0.1% for E, = 1115.5keV. It should be noted that the statistical errors are
mainly due to the difference in strengths of various sources and energy-dependent variation
in detection efficiency. Similarly, for the axial distances, scan errors in the experiment were
~0.1%. Measurements were also performed with multi-gamma sources such as %°Co, 1%2Eu
and '33Ba at z > 10cm to ensure that the coincidence summing is negligible.

Scan along the detector surface

The detector’s diameter and thickness define the sensitivity. The low-energy gamma rays
are sensitive to outer absorbers or dead layers. In contrast, high-energy gamma rays can
probe the detector size, while the diameter affects the resolution and the efficiency at a
particular detector to source distance. The detector response to different point source
placements along the top surface of the detector has been tested. The photopeak efficiency
peaks at the center 0 mm and decreases on both sides as we move away. At the center, it
drops from 10.75% to 1.94% where the maximum is observed for 122.1keV and minimum
in 1115.5keV. It falls off quickly at £40mm onward in lower energies than high energy
gammas. This may be due to the non-uniformity of the electric field at the corners of the
crystal or the non-uniformity of dead layers. This effect is more pronounced in low energies
due to less penetration in the crystal. The data was taken at high energy with 1115.5keV,
where the measurements are not strongly affected by dead layers and surrounding materials.
An apparent radial symmetry can be observed between the left and right-hand side of the
crystal w.r.t its center in all the plots shown in Figure 2.6. It should be mentioned that the
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Figure 2.6: Efficiency as a function of radial distance at z = 10 mm along the top face of the
detector for various gamma ray energies.
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highest efficiency is observed at the exact 0 mm of the scan, which highlights the positional
accuracy of the measurement. Near the radial extensions probability of Compton scattering
starts dominating the photoelectric absorption because of the edge effects.

Scan along the symmetry axis

To look for an efficiency behavior along crystal length, Figure 2.7 shows efficiency curves as a
function of lateral distance moved by the sources. If the manufacturer’s data is to be trusted,
the crystal volume is confined within the copper holder with a crystal length of 46 mm. In
figure 2.7, photopeak efficiency starts to increase more quickly between 5-10 mm than at
0 mm; this is because the face of the crystal starts 5—6 mm away from the endcap face of the
detector. At 30 mm, efficiency varies from 4.24% to 1.09% where the maximum is observed
at 122.1keV and minimum efficiency is in 1115.5keV. The efficiency peaks around 30 mm,
somewhere middle of the crystal length, and decreases afterward. The efficiency decrease
from the highest value at 30 mm is steeper in lower energies, whereas a somewhat gradual
fall is observed for higher energies as expected. The percentage decrease in efficiency is more
from 50-55 mm than approaching higher distances, according to the manufacturer’s stated
crystal length. It is to be noticed that the slope to the left of 0 mm is more prominent at
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Figure 2.7: Efficiency as a function of lateral distance at » = 10 mm along the symmetry axis
of the detector for various gamma ray energies.

lower energies than the corresponding right side, and this marks the presence of a borehole
in this coaxial detector geometry. The radial and lateral scans show that efficiency in lateral
dimensions is reduced by nearly half compared to the front of the crystal. Therefore, the
most suitable source mounting should be done in front of the detector crystal to maximize



Chapter 2. Low Background Radiation Measurement Setups 33

the overall efficiency. The general nature of the efficiency scans shows the uniformity in the
crystal structure and orientation. However, more tests are needed with collimated sources
to find the near-exact length of the crystal and the diameter of the crystal.

A distance scan was performed to test the volume effect by choosing different axial
distances when performing the measurement. The obtained efficiency range changes from
0.53% to 2.97% where the maximum was achieved for energy 122.1keV and minimum ef-
ficiency is for 1115.5keV at the closest measured distance. The curve obtained from the
distance test is proportional to 1/r?, which is expected by an isotropic source as a distance
function. The detector response obtained from measurements can be seen in Figure 2.8.
The detector model has been constructed using MC simulations in the GEANT4 framework
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Figure 2.8: Efficiency as a function of axial distance at z = 5 — 30 cm from the top face of the
detector for various gamma ray energies.

to extract the photopeak efficiencies. The goodness of simulated results to experimental
data is obtained by best-fit values of detector parameters using the below equation:

R.D. = Semp — Csim (2.6)
€sim

where €., represents the measured photopeak efficiency and e, is the corresponding sim-
ulated photopeak efficiency for a gamma ray of given energy (E,). As mentioned, large
discrepancies (10-30%) have been reported in the simulation and experimental data using
manufacturer-supplied parameters. The discrepancies calculated in the present study with
nominal parameters for E,=122.1-1115.5 keV using a distance scan (d) of 5-30 cm, resulted
in a significantly large relative deviation (R.D.) of ~27(3)%. Therefore, the MC model
has been preliminary optimized by minimizing R.D. to reproduce the experimental data.
The initial estimate of the germanium crystal’s radius and length were obtained by com-
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paring measured and simulated values at nominal parameters using a %°Co source data at
z = 25 cm. The detector parameters were optimized to match measured photopeak efficiency
data 6erp(E'y)- The parameters list with dimensions is summarized in Table 2.3. Simulated
photopeak efficiencies, €gim(E+), using optimized model agree with €cyp(E+) within ~10%
uncertainty. The simulated results were analyzed in ROOT framework [128].

Table 2.3: Optimized dimensions of HPGe detector.

Parameter Manufacturer  Optimized
Dimensions  Dimensions
Crystal Radius (R) 31 29(1)
Crystal length (L) 46 42.9(3)
Hole radius (h,)* 5.55 5.55
Hole depth (h;)* 33.7 33.7
Top dead layer (t4)® - 1.2
Side dead layer (ts)® 0.7 1.7
Front gap (g) 4 9(1)
Front carbon fiber* 0.9 0.9
side carbon fiber* 1.6 1.6
Cu cup thickness* 0.8 0.8

*unaltered in simulations, ®similar to Table 2.8

2.2.3 Radiopurity assessment of soil samples

The ambient background in the laboratory has been measured using an HPGe detector
without any shielding at different times since its installation to check for possible changes
in the background due to incoming and outgoing materials (for impurity control), daily
variations of radon concentration, and aperiodic variations of cosmic rays intensity. From
a typical gamma ray background spectrum recorded for 24 h, about 120 gamma lines were
identified, emitted from the uranium and thorium decay chains in the room environment
around the detector. The most prominent peak of 1460.8 keV is emitted from °K radionu-
clide present in the building materials such as concrete walls and flooring. The integral
background from energy range of 40 keV to 2700keV is 5.9 x 10° /kg/hr with a total count
rate of 116 counts/sec. Long background measurements were also performed to observe the
day-wise variation in the overall background and estimate the statistical fluctuation in the
prominent gamma peaks. Most of the variations were attributed to radon dynamics in the
laboratory, while the background count rate over the energy region of 40-2700keV is found
to be similar. The spectrometer exhibits good gain stability and negligible calibration drifts
(<1 keV) over a long duration of measurements. As a result of lead shielding, the overall
background has been significantly reduced from 116 to 2counts/sec in the energy range
of 40-2700keV. The background rate for 1460.8 keV (“°K) and 2614.5 keV (2°8T1) lines
is 634 and 443 counts/day, respectively. Typical one-day background gamma ray spectra,
without and with lead shield, are shown in Figure 2.9. Lead shielding effectively reduces
most of the gamma rays from entering the active volume of the detector crystal. At the
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Figure 2.9: Improvement in ILM-0 background with and without Pb shield (t = 1d).

same time, the reduction ratio of the integration of the count rate depends on the gamma
ray energy. The background reduction achieved has been compared with unshielded data
for major peaks and various energy ranges. The photopeak intensity reduction of major
gamma lines visible in unshielded and shielded setups are given in Table 2.4. For 238U, the
activity levels are reduced to 0.5% for 2'Bi and 2'4Pb. In case of 232Th, the ratios fluctuate
between 0.2% and 2.5% for 2°°T1 and 0.6% for 2?2 Ac. Photopeaks of ¥7Cs and %°Co are
not visible in the shielded spectra. The 4°K ratio is 1%, and the annihilation peak drops to
20% of its original value without shielding. This procedure allowed diminishing detection
limits of many isotopes of interest to be considered for environmental radioactivity. Ambi-
ent background in the shielded setup has been counted for a duration of 49d over a span
of 3 months. It should be mentioned that the stability of the energy scale was monitored
with background gamma rays such as 1460.8 and 2614.5keV where calibration with stan-
dard sources was only sometimes convenient due to heavy passive shielding. The gamma
lines from anthropogenic contamination of 37Cs and °Co were found below detection lim-
its. In aboveground low-level gamma spectrometry systems, some peaks associated with
the activation of germanium and fast neutron scattering in the shielding material occur in
the background spectrum. For example, 139.7keV gamma line comes via neutron-induced
process *Ge(n,y)™Ge. Two peaks at 569.7keV and 1063.3keV from scattering reaction
(n,n’) on lead were observed. Another gamma ray at 803.3keV is clearly detectable and
corresponds to the de-excitation of 2°Pb* which can result from the decay of 2'°Po or from
fast neutron scattering on lead.

An important characteristic to measure the quality of a spectrum in the gamma spec-
trometric measurements is the Minimum Detectable Activity (Ap) that defines the least
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Table 2.4: Observed activity with and without Pb shield along with the reduction factor.

Element Energy Without Shield (X) With Shield (Y) Reduction factor

(keV) (counts/day) (counts/day) Y/X(%)
212pp 238.6 37812(147) 127(47) 0.34(3)
214pp 295.3 16937(266) 86(54) 0.51(20)
214pp 351.9 31365(329) 219(25) 0.70(8)
208T1/Ann. 5110 14956(903) 3039(110) 20.32(12)
208 583.2 21159(286) 54(23) 0.25(8)
214pB;j 609.3 32746(349) 170(23) 0.52(7)
137Cs 661.7 858(98) - -
214pBi 806.4 1084(139) - -
28 Ac 835.6 1356(133) - -
28A¢ 911.2 16609(232) 94(28) 0.57(12)
214Bi 1120.3 9411(208) 106(21) 1.13(10)
50Co 1173.2 654(130) - -
50Co 1332.5 464(87) —~ —~
0K 1460.8 61137(834) 700(37) 1.14(4)
214pBi 1764.5 8916(154) 199(33) 2.23(21)
2087 2614.5 19101(400) 469(31) 2.64(8)

amount of activity in the sample to quantify the radiation level slightly above the un-
avoidable background. Shorter measurement times and higher background radiation levels
would increase the Ap and reduce the sensitivity of all detectors. The detector efficiency
significantly affects the detection levels. In addition to the detection efficiency, amount of
sample, measurement time, and photon emission probability, the Ap in gamma spectrome-
try depends on the background level at a specific energy. These background events mainly
come from three primary reasons: the sample itself, the Compton continuum, and natural
radioactivity. The Ap in Bq/kg at a given gamma ray energy is calculated by the Curie
method [140] and given by:

S L xmxe xt

Ap (2.7)
Where Np = 2.7 + 4.65 op is minimum detectable counts and opg is the standard deviation
in the background counts, I, is the branching ratio of the gamma ray, ¢, is the photopeak
detection efficiency computed using GEANT4 simulation, m is the mass of the sample and
t is the counting time. In order to determine the detection limit of ILM-0 for low activity
measurements, Ap in soil matrices were computed from the minimum detectable counts
(Np) using the Eq. 2.7. Ap is calculated for several radionuclides often encountered in the
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environmental samples from which the most dominating ones are shown in Table 2.5.

Table 2.5: Estimated sensitivity of the setup.

Parent Daughter  Energy Np Ap
radionuclide radionuclide (keV) (counts/day) (Bq/kg)
88U 24pp 238.6 81 5
232Th 212pp 295.3 66 1

0K 1460.8 129 53

Sub-surface soil samples (30 cm depth) were collected randomly from the agricultural test
site of the Ropar region. The type of soil is clay loam with a composition listed in table 2.6.
Samples were oven dried (110°C), fine powered, and then sieved through a 150 pum mesh.
Each sample was packed and sealed in a cylindrical polypropylene container of ~3.5 cm dia.
and ~2.2 cm high and stored for stabilization. The smaller sample geometries are desirable
over voluminous sample geometries because the attenuation of gamma rays within the sam-
ple matrix is negligible. A total of 10 soil samples, average mass (m)~20 g, were counted
in compact geometry for 24 hours. The mean soil density (p), as packed in the container,
is ~1.3 g/cm?® with an overall variation of ~10%. In close counting geometry, coincident

Table 2.6: Typical clay loam composition of Ropar district taken from [6].

Compound Mass fraction | Compound Mass fraction
SiO4 0.5890 K>O 0.0325
Al,O4 0.1625 NagO 0.0235
FesO3 0.1340 MgO 0.0135
CaO 0.0360 TiOq 0.0090

summing affects the observed photopeak yield [52]. The present analysis considered gamma
rays with no summing to estimate activities. €4, were obtained with the optimized model
for 10° events uniformly distributed within the sample and the same counting geometry kept
during the measurement. To enhance the detection efficiency, the samples were mounted
in the front of the detector face and confined within 60% of the radial extensions to avoid
edge effects. The effect of the elemental composition and sample density were taken into
account. The estimated variation in €y, is about 1% due to 10% density variation in the
sample. The €, (E4) for gamma rays 238.6, 295.3 and 1460.8 keV are 6.66(9)%, 5.41(7)%
and 1.31(1)%, respectively. Figure 2.10 compares typical one-day spectra of background
and soil samples.

Most of the gamma rays were visible from the uranium and thorium decay chains, but
only a few could be considered for trace impurity analysis, particularly with lower statis-
tical error (<5%) and higher intensity. Some of the gamma rays are mixed from different
radionuclides - for instance, the observed gamma line at 242.6keV has a contribution from
24P in 238U decay chain (242.0keV) and #?4Ra in 232Th decay chain (241.9keV), similarly
for 351.9keV (2'Pb, 211Bi), 185.9keV (??°Ra, ?*°U), etc. Hence, only those gamma rays
which could be unambiguously assigned to a particular nuclide were considered in further
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Figure 2.10: A typical gamma ray spectra of soil sample (red line) and ambient background
(blue line) (t=1 d). The gamma rays of interest are indicated (*) in the spectra.

analysis. Nuclides in natural radioactive decay chains were considered to be in secular equi-
librium, and the gamma lines emitted with negligible coincidence summing were chosen as
mentioned above. The specific activities were estimated from the measured photopeak yield
after background correction, defined as activity per unit mass A, corresponding to a given
transition of the radionuclide was determined using.

Ny (2.8)

A:
I, xmxe, xt

Y

Where N, is the net observed counts in the photopeak after correcting for the ambient back-
ground. The observed specific activity of primordial radionuclides estimated for 22U, 232Th,
and “OK ranged between 32 — 67, 66 — 107, 590 — 860 with a mean specific activity of 50, 85
and 670 Bq/kg, respectively. The measured activity of 233U and ?32Th showed a consistent
distribution of primordial radionuclides among all the soil samples, while a somewhat large
scatter is observed in 4°K data. To extract the trace impurity concentrations of the parent
radionuclides (?*Th and 2%U), the atomic fraction At of the trace radioimpurity in the
soil sample was computed using

A, xM

Ap =22
T )\XNA

(2.9)
Where M is the molar mass (in g/mole), A is the decay constant (in s7!), and Ny is
Avogadro’s number. Correspondingly, the observed trace impurity content of 233U, 232Th
and ‘9K were estimated to be 4.0(8), 21(3) and 2.5(3) ppm, repsectively. The estimation
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of the elemental concentration of potassium was found to be higher, which can be due to
extraneous factors like the use of potassium-based fertilizers and chemicals.
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Figure 2.11: Observed specific activity in soil samples.
2.3 TiLES

The TiLES consists of a ~ 70% R.E. coaxial p-type high-purity Germanium (HPGe) detector
(Ortec, Model no GEM75-95-LB-C-HJ) in a passive shielding of 10cm thick low activity
Pb (< 0.3Bq/kg of 2!°Pb) and 5cm oxygen-free high thermal conductivity Cu, inside. The
setup is enclosed in a Radon exclusion box with continuous dry nitrogen (Ng) flushing at
an over-pressure of ~8 mbar. It is further surrounded by plastic scintillators for cosmic
muon veto (see Figure 2.12). TiLES data acquisition system is based on a CAEN N6724
digitizer (14-bit, 100 MS/s). The energy calibration was done with standard gamma ray
sources, and the resolution was measured to be 2.6 keV at 1408 keV. The efficiency of
TiLES was measured using »?Eu gamma, ray source and calculated using Eq. 2.3 as shown
in Figure 2.13. The optimized geometry of TiLES [2] has been utilized to simulate the
detector response. Figure 2.14 shows significant improvement in measured background
spectra with the presence of mainly 232Th, 4°K radioactivity and impurities such as 137Cs,
80Co. The background spectra were reduced by ~50% in the region of 200-3000 keV by
adding three plastic scintillators to the setup. TiLES was further upgraded with one more
plastic scintillator and ~9 mm thick perspex box surrounding the HPGe detector for Ng
flushing, which have shown a reduction in the background level by ~39% in the energy range
of 40-2700 keV [75]. The photopeaks of 1460.8 keV and 2614.5 keV were not affected after
the shield upgrade. The integrated background rate over the energy range of 40-2700 keV
is 1.7 x 10* d7'kg~! and the sensitivity achieved for 23?Th and “°K are 1 mBq/g and
2 mBq/g, respectively. The detailed performance of TiLES and the effective Monte Carlo
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Figure 2.12: A schematic diagram of TiLES cross-sectional view surrounded with inner Cu
shields (5 cm) and outer Pb shields (10 cm) enclosed in a perspex box and muon veto. The
integral cryostat system is also shown.

model is reported in reference [2]. The setup has been extensively used to qualify and screen
radio-pure materials for the TINTIN bolometer. TiLES background rate is the best possible
achieved background at sea level.

Table 2.7: Optimized dimensions of TiLES.

Parameter Optimized
Dimensions
(mm)
Crystal Radius (R) 37.6(3)
Crystal length (L) 54.0(9)
Hole radius (h;) 7.5(6)
Hole depth (Ly) 44(1)
Top dead layer (tq) 1.04(2)
Side dead layer (ts) 1.26(2)
Bottom dead layer (tp) 9(1)
Front gap (g) 5.0(7)
Front carbon fiber 0.9
side carbon fiber 1.8

Cu cup thickness 0.8
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Figure 2.14: Improvement in TiLES background with passive shielding of ultra-pure Cu and Pb
(t = 1d) adapted from [2]

2.4 CRADLE (D1-D2)

Another low background setup, CRADLE, is installed at sea level in TIFR, Mumbai. CRA-
DLE consists of low background cryocooled p-type coaxial HPGe detectors (Ortec, model
no GEM30P4-83-RB) similar to the IIT Ropar detector. The D1-D2 coincidence setup has
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been made of two identical CRADLE detectors. The detectors have ~33% R.E. and a car-
bon fiber housing with a thin 0.9 mm entrance window. The D1-D2 detectors are mounted
in a compact geometry to maximize counting efficiency, facing each other at a distance of
about 2.5 cm, surrounded by two layers of passive shielding with 5cm thick low activity
lead (< 0.3 Bq/kg of 21%Pb) inside and 5 cm thick (< 21 Bq/kg of 219Pb) outside, see Fig-
ure 2.17. Additionally, it has a provision for an annular anti-Compton shield and an active
muon veto. Data were acquired using a CAEN DT6724 digitizer (14-bit, 100 MS/s) and
recorded separately (time stamp and energy) for each detector on an event-by-event basis.
The detector resolution was measured to be ~3 keV at 1332.5 keV. The efficiency of CRA-
DLE was obtained using »?Eu gamma ray source and calculated using Eq. 2.3 as shown in
see Figure 2.15. The reduction of integral background achieved in single CRADLE detec-
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Figure 2.15: CRADLE efficiency curve at 10 cm.

tor D1 was 4.3 x 103 /kg/hr in the energy range of 40keV to 2700keV. The gamma rays
in the ambient background due to annihilation radiation at 511 keV, 37Cs at 661.6 keV,
40K, at 1460.8 keV and 208T1 at 2614.5 keV can be clearly seen in Figure 2.16. It has been
extensively utilized for low background measurements and radiopurity assessment of mate-
rials for rare decay studies. The detailed measurements were carried out with detector D1
using mono-energetic point+extended sources, and an optimized geometrical model of the
detector was obtained [132]. As both D1 and D2 are expected to be identical, the optimized
geometry of D1 was adopted to simulate the photopeak efficiency of both the detectors (D1
and D2) as given in Table 2.8. The v — = coincidence spectra were generated using C++
based offline analysis in ROOT within the coincidence time window of + 1 us. The ambient
background measured for a period of 27 days in the close counting geometry is shown in
Figure 2.18. It is worth mentioning that the simultaneous detection of two gamma rays in
the D1-D2 setup has significantly reduced the majority of radiation background compared
to TiLES. Correlated positron annihilation gamma lines and high energy background lines
of 1460.8 and 2614.5 keV are visible from the Compton scattered photons creating double
triggers in both the detectors and appearing as a diagonal line. It should be mentioned that
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Figure 2.16: Improvement in CRADLE background with and without two layers of ultra-pure
and moderate Pb shield (t = 0.5d).

Table 2.8: Optimized dimensions of CRADLE.

Parameter Optimized
Dimensions
(mm)
Crystal Radius (R) 27.7(5)
Crystal length (L) 55.0(5)
Hole radius (h;) 4.35
Hole depth (hy) 45.6
Top dead layer (tq) 1.2(1)
Side dead layer (ts) 1.7(2)
Bottom dead layer (tp) 4.7(5)
Front gap (g) 7(1)
Front carbon fiber 0.9
side carbon fiber 1.6
Cu cup thickness 3.0

~v —~ coincidence counting is profitable only if a radionuclide of interest undergoes a gamma
cascade. Therefore, this setup has been utilized in 7 — v coincidence measurements for
various environmental matrices and feasibility studies related to rare decay investigations,
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Figure 2.17: A low background D1-D2 coincidence setup. The schematic shows the cross-
sectional view of two cryocooled HPGe detectors covered by the lead shielding arrangement.

as discussed in the next chapter.
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Figure 2.18: Ambient coincident background using D1-D2 setup (t=27 d).

2.5 Summary

A moderately shielded low background counting facility has been set up at IIT Ropar to
study environmental radioactivity. The trace concentration of radioactive elements has
been estimated in 10 soil samples from the agricultural test site of Katli village in Ropar
with ILM-0. The studied site has mean specific activity of 50, 85, and 670 Bq/kg for
2387, 232Th, and “°K, respectively. While 238U and 232Th activities among the samples
are consistent within overall uncertainty, °K shows a somewhat more significant variation.
However, for any conclusive evidence of radiation levels, more samples must be studied from
different districts of Punjab. Efforts are underway to augment the setup with low-activity
lead shields and plastic veto detectors to improve the sensitivity for studies relevant to rare
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decay searches. The characteristics of low background setups TiLES and CRADLE (D1-D2)
used in this thesis are discussed.
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2.5. Summary




Chapter 3

Simulation for Rare Decay Studies
Employing Gamma Coincidences

The study of neutrinoless double beta decay has attracted much attention as it can provide
valuable information about the neutrino’s mass and nature. Double beta decay (DBD) is
also interesting in nuclear physics. DBD has been observed in about a dozen nuclei; on the
contrary, highly forbidden rare beta decays and positron double beta decays (8131 /EC3T)
continue to be elusive. These rare decays have recently gained interest to study in in-
creasingly low background conditions. An attempt to study the feasibility of rare decays
searches for single 3 decay of “°Zr and B3 /ECS™ in 1°6Cd/!112Sn was carried out by using
low background high purity Ge (HPGe) detectors (~33% R.E.) employing the coincidence
technique.

3.1 Introduction

Recent neutrino oscillation experiments have boosted the worldwide interest in the search
for neutrinoless double beta decay (NDBD) with increased sensitivity [22]. The neutrinoless
double beta decay provides a unique probe to study the mass and nature of the neutrino.
Investigation of rare single 8 decays, particularly the study of rare and highly forbidden beta
decays, is also an active research topic. The single 8 decay provides one of the most direct
tests for theoretical models describing the underlying mechanism of neutrinoless 33 decays.
In addition, the study of rare single 5 decays is particularly interesting for nuclides which
create a significant background in the rare event searches [23, 120]. The nucleus “Zr is one
of the two double 8 decay (DBD) candidates, where single 8 decay is spin forbidden. Hence,
single 8 decay and B3 decay modes are feasible with a comparable half-life. Generally, if
Qpp is sufficiently large, then the DBD to excited states are feasible and can be studied
via de-exciting gamma rays [108, 109]. For %Zr, Qg is 3.35 MeV and DBD to excited
states of Mo has been studied with the current best limit of Ty >3.1X% 1020 yr at 90%
confidence level (C.L.) [110]. For the 8 decay in %°Zr, the Qg is relatively small (164keV)
and is dominated by the decay to the 51 excited state of the daughter nucleus °Nb at
44.2keV. The theoretically estimated half-life of this transition is T/ = 2.4 x 1020 yr [141].
The daughter nucleus "Nb further 8 decays to “*Mo with a half-life of 23.35h (almost
instantaneously compared to the parent decay). In the case of “Nb, similar to %Zr, the
B decay to excited states of “®Mo is more probable because of spin and can be studied by
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de-exciting gamma rays. There have been some attempts to measure the half-life for 96Zr
B decay [4, 105, 108, 109, 142, 143]. Although Mayer et al. [143] geochemically reported
the most recent limit of Ty /5 > 6.2 x 109 yr for the single 3 decay of “6Zr, the best limit
established from the direct experiment is T/, > 3.8 X 10 yr at 90% confidence level [108].
One of the major challenges in a rare 8 decay study is to improve the sensitivity, which
primarily involves the reduction of background to improve the signal-to-noise ratio. Also, the
natural isotopic abundance of %Zr is rather small (2.8%). Recently, an improved lower limit
for Ty /5 of DBD of 97r to excited states of Mo has been reported using low background
setup TiLES [2, 77].

To date, S~ 5~ decays have the largest expected rates and are described as the most
promising mode of DBD. 33 in some of the nuclei can undergo 5737, ECST, ECEC pro-
cesses and are mostly hindered due to lower effective Q-value [46]. The search for positive
decay modes 83T /ECS™ continues to be elusive and poses a great experimental challenge.
However, investigations of other modes of 538 could help in the exact calculations of the
nuclear dynamics of the nuclei undergoing 85 decay due to their different decay topologies.
An important experimental signature of the decay modes involving positrons like EC3' and
BT BT is the simultaneous emission of pair(s) of 511keV gamma rays. Hence, the coincident
detection of 511keV gamma rays can significantly improve the measurement sensitivity.
However, since 511keV gamma rays can also originate from many other processes, it is
important to understand and discriminate against the background originating from trace
impurities in the source, detector, and surrounding materials and from cosmic muon-induced
reactions.

The present work has developed a multi-detector setup using Monte Carlo simulations
in GEANT4. A feasibility study of the ?9Zr B decay through Mo gamma-ray cascade
using a low background setup of four detectors is carried out employing the coincidence
technique for background reduction. The results are compared with coincidence measure-
ments of Finch et al. [4] with a two-detector setup. Another feasibility study was carried
out to estimate the sensitivity of the half-life measurement for positron DBD modes using a
coincidence setup. Simulations are performed to optimize the source-detector configuration
to maximize the mass efficiency product (Me.). Background measurements are carried out
using a coincidence setup of two high-purity Ge (HPGe) detectors (~33%) with moderate
lead shielding. Both ambient background and background with natural tin ("*'Sn) sample
of mass ~40g were measured. The background in the coincidence setup, especially in the
region of interest around 511 keV is compared with that from the low background counting
setup TiLES [2]. The sensitivity for T} /o measurement of ECA* in ''2Sn and g+ 571 in 196Cd
is estimated using the measured background and simulated coincidence efficiency. Measures
for improvement in the background are also discussed.

3.2 Proposed rare decay studies through gamma cascade

For single 3 decay in %°Zr, it can be seen from Figure 3.1 that the most probable channel
of B decay populates 51 state of “®Mo, leading to a cascade of gamma rays. There are 3
prominent cascades of three gamma rays each, listed in Table 3.1. As multiple gamma rays
are emitted in a given cascade, it is possible to employ the coincidence technique. In the case
of positron DBD, the experimental signature of the decay modes involving positrons like
EC-ST and 8137 is the simultaneous emission of pair(s) of 511 keV gamma rays produced
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by annihilation. Hence, the following three cases are considered for the present study:

o %zp 2oy 96Ny 2oy 96y, (5%) in "*Zr matrix.

e EC-B7 in !'28n - it generates 2 gamma-rays of 511keV (1 correlated pair from same
vertex in the "*Sn matrix).

e ptpt in 106Cd - it generates 4 gamma-rays of 511keV (2 correlated pair from same
vertex in the "*Cd matrix).

962r40
0+ —— 00
= 164 keV
R ft ——————————————146.1
5* 44.2
6+ 0.0
Cl C2 C3
*Nb,, 5" Tsess, [a600, Je103, 2128
58.5% }26.6% [11.1%
Q, = 3187 keV 3 3000 1978.5
T,=2335h 4+ 10914 1869.6
4+ 1628.2
849.9
0+ 1148.1
2+ 778.2
1778.2
0* 0.0
96Mo42

Figure 3.1: A schematic representation of 3 decay in %Zr and “°Nb (energy values are in
keV) [3].

Table 3.1: The decay cascade in Mo with corresponding branching ratios f;, [3] of the first
gamma ray in the cascade.

Cascade No. Decay Sequence fy Y1 Y2 Y3
%  (keV) (keV) (keV)
C1 50 =47 =28 —0f 515 5689 1091.3 778.2
C2 50— 335 — 25 —0f 18.8 460.0 1200.0 778.2

C3 50 — 4 — 25 — 045 11.3 810.8 849.9 778.2
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3.3 Simulation studies

3.3.1 4HPGeSim

A simulation program has been developed using the GEANT4 (v10.05) [127]. A momentum-
correlated pair of 511keV, or two randomly oriented gamma rays from a chosen cascade (C1,
C2, or C3) are generated from a given vertex uniformly distributed within the source and
detected in the HPGe detectors. A setup with 4 identical HPGe detectors, with a relative
efficiency of about 33%, arranged in a plane, is considered in the present study. The di-
mensions of source plates (and consequently source mass) and their positioning w.r.t the
detectors are varied to find the optimum configuration to yield the maximum mass efficiency
(Me,) - the product of the source mass and the coincidence photopeak efficiency. The mod-
ular architecture of the GEANT4 toolkit allows the user to build customized applications,
including all the functionalities, such as geometry, the particles, and all their interactions
with matter. A simulation code for GEANT4-based simulation has some basic structure,
including detector and source geometry, particle generator, physics list, stepping/event ac-
tion, and data structure. Figure 3.2 shows a detector configuration comprising two HPGe
detectors for front source mounting (D1, D4) and for side source mounting (D1, D2). The
geometry of HPGe detectors is taken to be similar to that of the CRADLE detector at
TIFR [132] and relevant parameters are listed in Table 2. The source plates are considered

mounting

Y Side source |
A | . |
: I mounting |
|| |
| |
L I
D2 |
D3 il |
Vo A :
-8 - | R idy
r————_—_— = —————— _—_——— — — — —
| |
| D4 ' D1
I ﬁ){ :
|
I ---d-----T
: Front source e ——————————
l

Figure 3.2: A schematic of 4 detectors setup showing front source mounting (D1, D4) and side
source mounting (D1, D2). The coordinate frame is shown for reference.

to be either box or cylinder-shaped. The sources of "*Sn or "*Zr are implemented from
the predefined material database of GEANT4 without any specific isotopic composition.
The effect of isotopic enrichment is taken care of by appropriately scaling the number of
events generated with the desired fraction while retaining the natural material properties
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of the source. Thus, throughout the text “x% enrichment” refers to the isotopic faction
of interest to be ~x%. The different geometrical parameters, such as detector dimensions,
the separation between the detector and source plates, source material, source dimensions,
the shape of the source plates, etc., can be changed through configuration card files. This
facilitates the easy control to switch ON/OFF any detectors or sources and the choice of the
source material without altering the main code. The number of generated gamma rays and
their energies are also available as input parameters in the cards. These configuration card
files are implemented in the simulation code using libconfig++ libraries. The simulation
code directory contains the set of config files in which the commands can be modified to
change the geometrical parameters within some bounds.
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Figure 3.3: Primary particle distribution of two correlated 511 keV gamma-rays generated at
the same vertex. The panels (a)-(c) show linear momenta (keV/c) correlation, (d)-(f) show
position (mm) correlation, and (g)-(h) show angular correlation.

As mentioned, the gamma rays are generated from vertices uniformly distributed over the
source’s entire volume in the given geometry. Two modes are employed in the simulations,
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Figure 3.4: same as Figure 3.3, for two randomly generated gamma-rays of Ey = 568, 1091 keV.

namely:

e same vertex, with equal and opposite momentum, Ey = 511keV (for pair production
from positron annihilation),

e same vertex, no angular correlation, Evy corresponding to specific transitions (see Ta-
ble 3.1, for Mo Cascade)

The program and the detector geometry in the program have been verified for both
configurations mentioned above. Typical examples of momentum, position, and angular
correlation for different gamma ray pairs are shown in Figure 3.3 and Figure 3.4. It is
evident from the figures that annihilation gamma rays show an expected correlation in
position and momentum, while no momentum correlation is observed for gamma rays of
the “Mo decay cascade. For the simulation in GEANT4, the interactions of the particles
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and the generation of the secondary particles need to be specified. In the present study, the
default electromagnetic interactions have been incorporated [144].

In the GEANT4 framework, the energy deposited by the particle at each step can be
tracked. After each event, the energy deposited in each detector element is collected and
stored. The total energy deposited in each detector (Egep) is folded by a Gaussian function
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Figure 3.5: Detected energy spectra for two correlated 511 keV gamma-rays generated at the
same point :(a) the incident energy spectrum, (b) two-dimensional spectrum of the detected
energy in detector D1 and detector D4, (c) and (d) show the singles energy spectra in D1 and
D4, respectively.

to account for the detector resolution, and the energy detected (Eg.) is obtained. The
resolution R(E), defined as FWHM/E, given by Eqn. 3.1, is incorporated in the present

analysis.
3.43

~ pril

It should be mentioned this function gives an approximate description of the measured res-
olution data of the CRADLE detector in the energy range of 121-1408keV, with CAEN

R(E)

(3.1)
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Figure 3.6: same as Figure 3.5 for two randomly generated gamma rays of Ey = 568, 1091 keV.

N6724 digitizer. The histograms of incident energy (E;,.) and energy detected in the detec-
tors (Eget) are shown in Figure 3.5 and Figure 3.6. It should be mentioned that the summing
contributions from backscattered /incident gamma rays are negligible in both cases. The sim-
ulation output is stored in Trees and Histograms in a ROOT file. The parameters stored are
event number, momenta, and vertices of the gamma rays generated, the energy detected in
each detector (Eget—p1, Edet—pa, etc.). All the data is stored in a single ROOT Tree [128],
which can be used for further analysis.

3.3.2 Analysis of simulation data

An offline analysis program is developed in the ROOT framework to extract photopeak
efficiencies in singles and coincidence spectra. In singles spectra, the photopeak is fitted by
a sum of Gaussian peaks with a quadratic background. The fit region window is chosen to
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be +4keV. The efficiency € is computed as
¢i = Ni/Nyen (3:2)

Where N; is the area under the Gaussian fitted peak after the background correction in
the detector i and Nyey, is the total generated events. The coincidence counts (Neoine) in
the region of interest are extracted from the two-dimensional correlation plots of detected
energy E; vs E; (e.g. see Figure 3.5 (b) and Figure 3.6 (b)). The energy spectrum E; (E;)
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Figure 3.7: Typical projections of 2D spectra of D1-D4 detectors: panels (a) and (b) refer to
positron DBD (E, = 511 keV), while (c) and (d) refer to %°Zr 3 decay (E, = 1091 keV). Panels
(a) and (c) show the peak and chance gates in energy spectra in D4, and corresponding energy
spectra in D1 are shown in panels (b) and (d), respectively.

is projected for a suitable gate covering the photopeak region in E; (E;). The gate widths
are chosen to be £4keV, as in the case of singles spectra. The chance contribution to the
coincidence photopeak is also estimated with an appropriate gate, as shown in Figure 3.7.
(Note: the gate chosen from the left side somewhat overestimates the background.) The
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net coincidence counts N.;; is obtained after proper background and chance correction.
The coincidence efficiency for D1-D4 and D1-D2 configurations as shown in Figure 3.2 are
computed as

€cij = Nc,ij/Ngena (33)

Further, considering v; —v; (i.e., v; in D4 and «; in D1) and v; — 7; (i.e., 7; in D4 and ~;
in D1) combinations, total coincidence efficiency is defined as

€c = €cij + €cji (3.4)

In the rare decay experiment, the quantity of interest is the net expected event rate, which
is often quoted in terms of Me. product. The Me,. product is defined as

Me. = f My e, (3.5)

Where M is the total mass of the source, f is a fraction of the isotope of interest, and . is
the total coincidence efficiency in the given setup. It should be noted that with increasing
thickness, the attenuation of emitted gamma rays within the source becomes increasingly
important. Hence, the source geometry must be optimized to maximize the net event rate.

3.4 Mass efficiency optimization

Initially, Me. is optimized for a two detector setup D1-D4 and D1-D2 for front and side
source geometry, respectively (see Figure 3.2). For the front source, the thickness ¢ of the
source varies, keeping the cross-sectional area of (I x w) constant. The €. is computed for
different configurations involving the constant and variable distance between the detectors
(di4). For the side source, thickness ¢ and width w vary, keeping [ constant. Distance
between detectors dio is fixed at t + 10 mm. The effect of variation of [ is also investigated
separately.

3.4.1 Me, optimization for “°Zr 5 decay

Simulation studies have been performed in ?Zr 3 decay for source optimization of "*Zr foils.
Amongst all 3 possible 7 — v combinations in the most dominant cascade C1 (see Fig. 3.1),
568-1091 keV pair is expected to give a cleaner identification of the decayed branch. Hence
the source geometry optimization has been done for this pair. The Me. together with the
coincidence efficiency and singles efficiency for 568-1091 keV gamma pair are plotted in the
Figures 3.8 to 3.9 for front and side sources.

It is seen from Figure 3.8 that the optimum thickness for the front source is about 10 mm.
In Figure 3.9, it is observed that both singles and coincidence efficiencies show minimal
variation with the source width. Consequently, Me,. indicates a continuous gradual increase.
To understand this, the source strip of given thickness can be segmented into smaller pixels
of 25mm x 2.5mm along the length (Z-axis) and width (X-axis) (see Figure 3.2), where
each cell can be approximated as a point source. The €(Z) can be obtained from €(X, Z)
by summing over all pixels along X and are shown in Figure 3.10 (a) and (b) for 568 and
1091 keV. As expected, the efficiency peaks around the detector center. The singles efficiency
is nearly constant for w = 5-20 mm and decreases for larger widths.
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Figure 3.8: Simulated Me, for coincident detection of 568 and 1091 keV gamma-rays gener-
ated in Zr sample (55 mm x 55 mm X t mm), mounted between the front faces of detectors
D1 and D4: (a) as a function ¢ for fixed di4 = 80 mm, (b) as a function ¢ with di4 = t+10
mm and (c) as a function of dy4 for fixed t = 10 mm. Each panel’s top, middle, and bottom
subpanels show Me,, €., and €;(e4), respectively.
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Figure 3.9: Simulated Me, for coincident detection of 568, 1091 keV gamma-rays generated
in Zr sample (55 mm x w mm X t mm) mounted between detectors sides, as a function of
source width (w) for different thickness: a) t = 5mm, b) t = 10mm, ¢) t = 15mm and d)
t = 20mm. Subpanels have a similar convention as in Figure 3.8.

In Figure 3.10, the percent change in integral under each curve from w = 5-40mm is
about 4% whereas from w = 5-70 mm it is about 11%. This percent change in the integral
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obtained from the Figure 3.10 is reflected in the singles efficiency data of Figure 3.9. From
both these figures (Figure 3.9 and Figure 3.10), it is evident that increasing the width
beyond w ~ 30mm does not result in a significant gain in Me. and hence w,; is taken to

be 30mm. The effect of variation in the length of the source is checked in coarse steps
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Figure 3.10: The simulated photopeak efficiency €(Z) for different source widths for (a)
Ev = 568 and (b) Ey = 1091 keV. The source is positioned in side mounting as shown in

Figure 3.2.
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Figure 3.11: Same as Figure 3.9 for the Zr sample (55 mm x w mm X t mm) a) w = 20 mm
and b) w = 30 mm

and results are shown in Table 3.2. The variation of Me, with length (I) in the range 40 to
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55 mm shows a linear trend and hence the optimal source length (l,y¢) is taken to be 55 mm
same as the crystal length.

Table 3.2: The Me, for different [ of the source for 568-1091 keV gamma-rays.

Source t w l M Me,
Position

(mm)  (mm) (mm) (g) (&%)

front 10 55 55 196.9 11.65
10 40 40 104.2 7.77
side 10 30 55 1074  3.50

10 30 40 78.1 291

The Me. for the other two gamma-ray pairs in the C1 cascade, namely, 778-1091 and
568-778keV as a function of source thickness are plotted in Figures 3.12 to 3.13 for front
and side sources, respectively. For 778-1091keV pair, as energy is higher, the optimal
thickness is somewhat higher than 10 mm. Although the highest Me, is observed for the
568-778 keV pair, the background in the relevant region will be a crucial factor in the actual
experiment. Results for the coincidence efficiencies €1 (side-to-side detectors) and €14 (face-
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Figure 3.12: Simulated Me,. for coincident detection of gamma-rays generated in Zr sample
(55 mm x 55 mm x t mm), mounted between the front faces of detectors D1 and D4, as a
function ¢ with dj4 = t+10mm : a) 778-1091 keV and b) 568-778 keV. The top and bottom
subpanels show Me. and €., respectively.

to-face detectors) and corresponding Me, in Zr matrix with different enrichment factors are
summarized in Table 3.3. As expected for the given source mass, the side configuration
yields lower efficiency (half) compared to the optimal front configuration. The optimal
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Figure 3.13: Simulated Me,. for coincident detection of gamma-rays generated in Zr sample
(55 mm x w mm x t mm) mounted between detector sides at w = 30 mm: a) 778-1091 keV
and b) 568-778 keV. Subpanels have a similar convention as in Figure 3.12.

side source dimensions for all 3 pairs of C1 cascade are: l,,; = 55 mm, Wy = 30 mm and
topt = 10mm. Among the three possible gamma-ray pairs in the C1 cascade, the best Me,
values are obtained for 568-778 keV pair. Thus, the optimal source dimensions for 2 detector
setup are 55 mmx55 mmx10mm and 55 mmx30 mmx 10 mm for the front and side source,
respectively. The four detector setup uses these optimum source dimensions to estimate the
sensitivity for %Zr 8 decay.

Table 3.3: Summary of the source optimization for °Zr - total mass of the Zr source (M),
coincidence efficiency e, effective mass My of 96Zr (with ~2.8% natural abundance) and cor-
responding effective mass efficiency Mie,., effective mass My of 96z (with ~50% enrichment)
and Maye,. are listed.

Source Evy Optimum size M € M; Mje. My Mse,
position  (keV)  (t mm xwmm x 1l mm) (g) (%) (g) (%) (g) (g%)
front 568, 1091 10 X 55 x 55 196.9 0.05918 5.5 0.326 98.5 5.82
side 10 x 30 x 55 107.4 0.03262 3.0 0.098 53.7 1.75
front 778, 1091 10 X 55 x 55 196.9 0.04766 5.5 0.263 98.5 4.69
side 10 x 30 x 55 107.4 0.02580 3.0 0.078 53.7 1.38
front 568, 778 10 X 55 x 55 196.9 0.07418 5.5 0.409 98.5 7.30
side 10 x 30 x 55 107.4 0.04092 3.0 0.123 53.7 2.19




62 3.4. Mass efficiency optimization

3.4.1.1 Comparison of optimal M¢. with earlier measurements

To compare the present MeZ" with the earlier measurement of Finch et al. [4], Me, is es-

timated for 568-1091keV gamma ray pair for the reference source-detector geometry. The
source-detector geometry in the reference work has been constructed in GEANT4, as shown
in Figure 3.14. It consists of two coaxial HPGe detectors mounted face-to-face at a distance
of 12mm. The crystal size ~83mm (dia) x 50mm and 2.54mm thick front magnesium
window are taken from the reference [145]. All other parameters are generated assuming
construction similar to the CRADLE, i.e., the separation between crystal and container,
dead layers, etc. Simulations are also done assuming ~ 0.9 mm carbon front window. A

Figure 3.14: The detector-source geometry described in Finch et al. [4].

cylindrical source of mass ~ 36.8 g with ~50% enrichment and ~ 60 mm diax2mm size is
considered, giving M, ~18g of 9*Zr similar to that of [4]. The coincidence efficiencies of
568 and 1091 keV gamma-ray pair for the reference geometry [4] and the present set (D1-
D4) are compared. As can be seen from Table 3.4, a significantly large quantity of the Zr
source will be needed to achieve Me, similar to earlier measurements with the present set of
detectors. The coincidence efficiencies of a hypothetical point source are also simulated for
comparison. It should be mentioned that the measured best reported limit so far on T/,
of 96Zr employed about 19 g of ZrOy powder with 57.3% enrichment for singles gamma ray
measurement, resulting in Me of ~ 37 g-% [108]. The loss in the coincidence efficiency due to

Table 3.4: A Comparison of Me, (568,1091 keV) for D1-D4 and Ref. [4] setup, (f = 50 %).

Crystal Size Front window Source Size d €c M  Me.
(mm) (mm) % (g) (g%)
88 mm (dia) x50 mm 2.54 60 mm (dia)x2 mm 12 0.65 18 12
55 mm (dia)x55 mm 0.90 55 mmx55 mmx2 mm 12 0.12 20 2

the small crystal size in the present geometry (as discussed in the previous section) can be
partially recovered by employing four HPGe detectors. It is also expected that higher gran-
ularity will help in background improvement. The proposed source-detector configuration
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is shown in Figure 3.2. The total mass is configured in four sources - S1+S2 (front sources)
and S3+S4 (side sources) for the four detector setup. Initially, the respective optimum
source dimensions obtained in the two detector geometry for the front (55 mmx55mm) and
side sources (55 mmx30 mm) are employed, and sources are positioned symmetrically w.r.t
detector crystal for better solid angle coverage. Simulations are done for two different thick-
nesses, namely, t = 5mm and t = 10mm with inter detector gap (d) of 7mm and 12 mm,
respectively. It may be noted that reducing thickness ¢ from 10 mm to 5 mm, permits di4
= 7mm, which yields ~60% gain in e.. Thus, even though there is a mass decrease of
50 %, only ~20% decrease is observed in the total Me.. The four detector configurations
with t = 5mm for front and side sources will result in 70% higher Me, (see Table 3.3), but
still, considerably large mass ~ 152 g of °Zr will be needed. Hence, further mass optimiza-
tion needs to be considered. As mentioned earlier, the dominant contribution comes from
sources in the front. So in the first step, only front sources S1 and S2 are employed, and the
cross-sectional area of the source (I X w) is varied, maintaining ty) = 5mm and d = 7mm to
obtain the optimal front source mass (My). In the second step, a fraction of Ms (30-60 %)
is distributed as side sources S3 and S4. Similar to the first case, ¢y and d are kept as 5 mm
and 7mm, respectively, and (I x w) is varied, keeping M fixed (I < crystal length, to avoid
edge effects). The estimated net Me, in zirconium matrix with ~ 50% enrichment are listed
in Table 3.5. It can be seen that initially the Me, values increase rapidly with I, w (~20 %),

Table 3.5: Summary of the mass optimization in 4 detector geometry with only front sources
(I x w x t) for 568-1091 keV gamma-rays, assuming ~ 50% enrichment.

Source size €c M  Me.
I xwxbh

(mm®) (%) (8) (%)

35%35 0.260 40 104
40x40 0.243 52 126
45x45 0.226 66 14.9
90x50 0.213 81 17.3
95xHd 0.197 98 194

but beyond 50x50 increase is not significant (~12%). The source size of lopr = 40 mm, W
= 40 mm, with effective mass (M) of 52 g (~ 3M,.¢) yields Me. similar to earlier coincidence
measurement (see Table 3.3). It should be mentioned that Me, is also computed for the
disk shape source, but the observed values of Me. are smaller than those for the cuboidal
source geometry for the given mass.

In the second case, additional side sources comprising approximately 30%, 40% and
60% fraction of the optimal front source mass (i.e., My ~ 52g) were employed. The source
length [ was constrained to be smaller than the crystal length (55 mm) to avoid edge effects
of the crystal. The estimated net Me, in zirconium matrix with ~50% enrichment are
given in Table 3.6. It can be seen that Me. is not very sensitive to [ and w in the range
of [ = 25-35mm and w = 18-25mm. In this case, too, for My > 0.3M}, no significant
gain is observed in Me.. Thus, the proposed optimal side source dimensions are : [l =
30mm, wep; = 20mm, to,; = 5mm with a total mass equal to 40% of M. The optimal
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Table 3.6: Summary of the mass optimization in 4 detector geometry with side sources (I xw x5,
Mass M) for 568-1091 keV gamma-rays, for a different fraction 2%~ M, /M (=52g), assuming
~ 50% enrichment.

Source size x Mg M €c Me,.

Ixwxb %
(mm?) &) (g (%) (%)
50x10 30 16 68 0.208 17.1
25%20 0.211 174
40x15 40 19 71 0.206 17.6
30x20 19 71 0.209 17.8
25x25 20 72 0.209 18.0
35%x18 20 72 0.209 18.0
50x20 60 32 84 0.192 189
45x22 32 84 0.192 18.9

configuration for t = 5mm is obtained as M.rs ~72g) with M, ~ 40% of M. The cross-
sectional dimensions (lopt, Wopt) are 40 mmx40 mm for the front source and 30 mmx20 mm
for the side source. Figure 3.2 shows source and detector configuration. The Me.(v1,72) in
Zr matrix with ~ 50% enrichment are estimated for different gamma ray pairs in C1 cascade
for the above optimal source configuration, and results are given in Table 3.7. With respect
to Me. (568-1091), Me. (568-778) is about 30% higher, while Me, (778-1091) is about 20%
lower. Although higher granularity in the four detector setup is expected to improve the
background and reduce the pileup, these effects cannot be quantified at this stage.

Table 3.7: Me.(71,72) in optimal source configuration (M. ss ~72g) in 4 detector geometry.

Ey (keV) €. (%) Me. (g-%)

068, 1091  0.216 15.4
968, 778 0.279 20.0
778,1091 0.172 12.3

3.4.2 Me, optimization (ECA3") in ''2Sn

The Me, (with f = 1) and coincidence efficiency for a pair of 511keV gamma-rays are
plotted in Figures 3.15 to 3.17. It can be seen that the optimum thickness is ~ 10 mm for
both front and side sources. It can be seen that the optimum thickness is ~ 10mm for
both front and side sources. The estimated net Me. in the tin matrix for different isotopic
enrichment (i.e., for different f) are listed in Table 3.8. The simulation results with tin
showed that 55 mmx55 mm source of 10 mm thickness yields maximum Me.. The net Me,
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is estimated in the tin matrix for different isotopic enrichment (i.e., for different f), and it
was found that very good Me, can be achieved with about 50% enriched '2Sn.

Table 3.8: Summary of the source optimization for 12Sn - total mass of the Sn source (M),
coincidence efficiency (e.), effective mass My of 112Sn (with ~0.97% natural abundance) and
corresponding effective mass efficiency Mie,, effective mass My of 112Sn (with ~50% enrich-
ment) and Mae, are listed.

Source Optimum size M €. M; Mie. My Mse,.
position (t mm xwmm xIlmm) (g) (%) (g) (g% (g (e-%)
front 10 x 55 x 55 221.1 031 2.1 065 110.5 34.2
side 10 x 30 x 55 120.6 0.30 1.1 033 60.3 18.0

3.4.3 Me, optimization (873") in 1%°Cd

For 3% decay mode, the simulations were extended to two pairs of 511keV for "*Cd
foils. Results for the coincidence efficiencies and corresponding Me, in the Zr matrix with
different enrichment factors are summarized in Table 3.9.

Table 3.9: Summary of the source optimization for 1°Cd - total mass of the Cd source (M),
coincidence efficiency (e.), effective mass My of 1'2Sn (with ~ 1.25% natural abundance) and
corresponding effective mass efficiency Mje,, effective mass My of 1%Cd (with ~50% enrich-
ment) and Mae,. are listed.

Source Optimum size M €. My Mie. M, Mse,.
position (t mm x wmm xlmm) (g) (%) (g) (%) (g (&%)
front 10 x 55 x 55 261.4 0.53 3.3 1.7 130.7  69.3
side 10 x 30 x 55 142.6 0.49 1.8 0.9 71.3 34.7

3.5 Background estimation studies for EC5* /574"

A feasibility study for estimating the sensitivity of 3T EC/BT 3T decay by simultaneous
emission of 2/4 511keV gamma rays with two HPGe detectors has been carried out. In
such rare decay search experiments, the mass efficiency product (Me.) needs to be maxi-
mized. The coincident detection efficiency (e.) of 511 keV gamma rays were simulated using
GEANT4. Hence, the source size and mounting geometry were optimized for the present
detector setup. The background measurements in coincidence were carried out using a D1-
D2 setup with two identical low background cryo-cooled HPGe detectors installed at TIFR,
Mumbai (for details, see Chapter 2). The coincident background is estimated at sea level
with moderate Pb shielding.
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Figure 3.15: Simulated Me, for coincident detection of two correlated 511 keV gamma-rays
generated in Sn sample (55 mm x 55 mm X t mm), mounted between the front faces of
detectors D1 and D4: (a) as a function ¢ for fixed di4 = 80 mm, (b) as a function ¢ with dj4
= t+10mm and (c) as a function of dy4 for fixed ¢ = 10mm. The top, middle and bottom
subpanels in each panel show Me,, €., and €;(e4), respectively.
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Figure 3.16: Simulated Me, for coincident detection of two correlated 511 keV gamma-rays
generated in Sn sample (55 mm x w mm x t mm) mounted between detectors sides, as a
function of source width (w) for different thicknesses: a) t = 5mm, b) t = 10mm, ¢) t =
15mm and d) t = 20mm. The top, middle and bottom subpanels in each panel show Me,, €.,
and € (e2), respectively.
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Figure 3.17: Same as Figure 3.16 for the Sn sample (55 mm x w mm x t mm) a) w = 30 mm
and b) w = 35mm

3.5.1 Measurement details

Data were acquired using a CAEN DT6724 digitizer (14-bit, 100 MS/s) and recorded sepa-
rately (time stamp and energy) for each detector on an event-by-event basis. The coincident
spectra were generated using offline analysis. The dead time was monitored with a stan-
dard 10 Hz pulser and was found to be negligible (< 0.1 %). The resolution of the detector
was ~3keV at 1332keV. The ambient background was recorded for ~ 27d, at different
times over the period of about 10 months. No measurable drifts were observed in the data.
The "*Sn sample of mass 38.8990 g, in the form of granules (7N purity, Alfa aesar) with
an approximate overall size 30 mm x 39mm x 6.5mm, was counted in close geometry for
t = 77.8d. Figure 3.18 shows a typical 2-dimensional plot of Ep; vs Eps for the coincidence
background. Correlated 511keV lines and high energy background lines (1460, 2615 keV)
are clearly visible. The coincidence efficiency (e.) of D1-D2 detectors for "#Sn and "**Cd
foils was obtained using a GEANT4 simulation program. A total of 106 events of 2 (1) cor-
related pairs of 511keV gamma rays were generated at a given vertex for 737 (EC-7).
Details of the simulation and source optimization procedure are discussed earlier. It was
found that 55 mmx55mm source of 10 mm thickness yields maximum Me.. However, with
a bmm thick source, the detectors can be moved closer (d= 7mm) and consequently de-
crease in Me, is only ~20% even if M is reduced by 50%. This is preferable as the inherent
background scales with the mass of the source. Moreover, for the given mass of the source,
simulated values of €. for side configuration yield lower efficiency (~ half) as compared to
the front source. Hence, the optimal source geometry is chosen to be 55 mm x 55 mm x5 mm
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Figure 3.18: Coincident energy spectra of D1-D2 coincidence setup with natural tin sample
(t =77.8d).

foil sandwiched between the front faces of detectors, with separation between detectors d =
7mm. The simulated values of €. are given in Table 3.10. Hence, the optimal source ge-
ometry is chosen to be 55 mm x 55 mm x 5 mm foil sandwiched between the front faces of
detectors, with separation between detectors d= 7mm. Further, for 37 EC decay mode,
the simulations with optimized source size and similar mounting geometry were adopted
using a correlated pair of 511keV gamma rays for "*Sn foils.

3.5.2 Analysis and results

The coincidence was performed using offline C++ based algorithms developed in ROOT [128].
The coincidence time window was set to £ 1 us to ensure that all coincident events were
collected and the output was written in a ROOT Tree. The data were analyzed using
LAMPS [133]. Figure 3.19 compares the ambient background of D1 in singles and coinci-
dence. It is evident that the coincidence yields significant improvement in the background.
In fact, only 511keV peak survives in the background, albeit with much reduced intensity.
The sum energy spectrum (Egy,, = Ep1+Ep2) is also shown for comparison. It can be seen
that while high energy gamma rays like 1460 keV (*°K) and 2615keV (2°T1, originating
from 232Th) are visible in sum energy, the overall background is reduced by order of mag-
nitude. For both ambient background and "*Sn sample, analysis to extract counts in the
region of interest (ROI) near 511keV was done in an identical manner. The chance correc-
tion from the time spectrum was found to be negligible. The coincident 511-511 keV events
were suitably corrected for underlying Compton chance coincidence. The prompt gated D1
spectrum was generated for the photopeak region (511 4+ 5keV) in D2, while the chance
gated spectrum was generated from 5keV window on the left and right of the photopeak
in D2. The observed counts in the ROI for ambient background (i.e., without the sample)
are 3 + 1cts/d, which is equivalent to 1271 + 297 cts/y. It should be mentioned that the
observed singles count rate for 511keV gamma ray in low background setup TiLES [2], is
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Figure 3.19: A comparison of the ambient background in D1 - singles and coincidence with D2
(i.e. Ep2 >0). Sum energy spectrum Eg,,,, = Ep1+Epo, scaled by an arbitrary factor of 0.05 for
better visibility, is also shown for comparison. All spectra have been time normalized to t=7d.

680 + 20 cts/d, which clearly emphasizes improvement with coincident detection. However,
higher statistics will be required to study 1022 - 1022keV correlations. In the presence of
natSn (~40g), the background in the ROI was enhanced to 1919 + 211cts/y, giving the
excess of 2 & 1cts/(keV.g.y) with "®Sn. In the absence of a positive signal, based on the
present background, a lower limit on the half-life can be estimated using Eq. 3.6.

In2 Ng €. a Mt
T, .
V27 W key, \| Ny AE (3.6)

where N4 is Avogadro’s number, €. is the coincidence detection efficiency of a gamma ray, a
is the isotopic abundance of the sample, W is the molar mass of the sample, M is the sample
mass, t is the time of measurement (in y), Ny is the background index (in cts/(keV.g.y)),
AF is the energy window defining the signal region of D1-D2 setup and k¢y, is the number
of standard deviations corresponding to a given confidence interval (C.L.). If one considers
only the background from the source, Ny, is estimated to be 2 & 1cts/(keV.g.y) from the
tin data. As mentioned in the previous section, the €. is obtained from simulations for
an optimal source geometry (55mm x 55mm x 5mm). Using the simulated e., the T
sensitivity of the present D1-D2 coincidence setup for EC-8% in '2Sn and 4% in 16Cd
has been estimated for different enrichment fractions and listed in Table 3.10. The ambient
background has contributions from trace radioactive impurities, natural radioactive chains,
and cosmic muons as well as muon-induced reactions. The external background can be
minimized with suitable shielding. A moderate rock cover of ~500m would suppress the
muon flux by ~ 4 orders of magnitude [146]. Thus, the inherent background from the source
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Table 3.10: The projected sensitivity for the half-life (T, /5) of the present D1-D2 coincidence
setup for 112Sn (EC-B%) and 19Cd (31 3%) for tgeta = ly. The isotopic abundance (a), total
mass (Mp) and coincidence efficiency (e.) are also listed.

Source a €¢ Mo Ty (68% C.L.) Ty (90% C.L.)
(%) (%) (g) ) (v)

106cd 50 1.04 130 5.5%x10 3.4x1019
10604 90  1.04 130 1.0x1020 6.2x1019
H2gy 50 0.64 110 2.9%x101? 1.8x10
H2gy 90 0.64 110 5.4%x10% 3.3x101?

(trace impurities, neutron-induced reactions) will be a limiting factor; hence, the same has
been used in the present estimation. Nevertheless, it is important to reduce the overall
background. The use of larger detectors with an annular anti-compton shield would also
improve the coincidence efficiency and reduce background [4]. In the present setup, it is
proposed to augment the shielding by adding an active veto for muon and increasing passive
shield thickness.

The present best limits for TF/ZW (196Cd) and Tﬁgfﬁ+ (1128n) are 2.3 x 102!y [147]

and 9.7 x 1019y [114], respectively. From Table 3.10, it can be seen that an improvement in
the background index by about a factor of 5 will be suitable to yield an improved limit for
128y, while for 1%Cd further measures to improve the signal to noise ratio are essential.

3.6 Summary

The feasibility studies of rare decays like positron double beta decay modes for 1'2Sn (EC-
pH)/196Cd (81 81) and %°Zr B decay is presented. A simulation program has been developed
using the GEANT4 tool to optimize Me, using a coincidence setup of 2/4 HPGe detectors
with extended sources in close counting geometry. The optimization of Me,. for 5 decay
measurement in %Zr is done for four HPGe detectors (~ 33% relative efficiency each) setup
with extended sources in a close geometry for 568-1091keV gamma ray pair in the “*Nb
decay cascade. It is shown that for %°Zr 5 decay, even in a four detector configuration,
a significantly larger source mass is required to achieve the reported sensitivity. Present
simulations for a four detector setup show the optimal source configuration to be 5mm
thick foils with a cross-sectional area of 40 mm x40 mm for front sources and 30 mm x20 mm
for side sources. This corresponds to about 72g of effective mass with 50% enrichment
and can yield Me. of ~12-20g-% for different gamma ray pairs, which is slightly better
than the coincidence measurement reported earlier. The coincident detection efficiency of
511keV gamma rays for source foil sandwiched between the detectors has been estimated
using GEANT4. The source of size 55 mm x 55mm x 5mm (thickness) was found to be
optimal for 2 pairs of 511 keV gamma rays. The ambient background of the 2 detector setup
with moderate Pb shielding is measured in coincidence mode at sea level. The coincident
detection of 511keV pair significantly improves the background in the region of interest.

From background measurements with ~40g of "%Sn, the sensitivity for T@;’B B (16Cq)
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gt
and Tﬁg A (1128n) are estimated to be ~ 1012 - 1020y for 1y of measurement time with
enriched samples. Thus, coincidence measurements with the present two HPGe detector

setup at moderate depth can be used to probe EC-*/ 3147.



Chapter 4

Radiopurity Studies of Aut and
BWH Rock Samples

Significant efforts are underway in India to set up an underground laboratory for rare
event studies like double beta decay, dark matter, etc. In order to plan low background
experiments, understanding the radiogenic backgrounds at the site from the surrounding
rock is one of the crucial factors. The natural gamma ray background of a rock sample
from the potential laboratory site in the Aut region of Himachal Pradesh (India) has been
measured using the TIFR low background experimental setup (TiLES). The radiopurity of
the Aut rocks was investigated and compared to the samples from BWH (Bodi West Hill),
Tamil Nadu (India), the current designated site for the India-based Neutrino Observatory.
The radioactivity levels of these rocks from the measured spectra of the natural gamma-ray
background are presented.

4.1 Introduction

Recently, experimental investigations of physics beyond the standard model, such as neu-
trino oscillations, neutrinoless double beta decay (NDBD), dark matter search, etc., have
attracted much attention worldwide [22, 148, 149]. These studies for rare events demand
stringent background levels. The ultimate background levels (Npx,) achieved in the region
of interest are 4.0 x 107*keV~'kg~!y~! for KamLAND-Zen NDBD experiment [150] and
8.5 x 1072 keVee 'kg~ly~! for XENONIT dark matter experiment [66]. It is important to
note that minimizing the ambient background is a crucial aspect of rare event studies. Some
of the significant sources of the background radiation are cosmic rays, long-lived primor-
dial radionuclides (77 /5 ~ 108 - 10'%y), cosmogenic radionuclides (T} /2 ~ days - years) and
neutron-induced activity produced in and around the detector [22]. In order to suppress
the cosmic muon background (by about 5 - 6 orders of magnitude), these experiments are
located in underground laboratories, typically with a rock overburden of more than 500 m.
In an underground laboratory, the ambient gamma and neutron background at the site and
the background arising from penetrating (high energy) cosmic muons can be the limiting
factors for the sensitivity of the experiment.

The gamma-ray background originates from natural radioactivity due to trace elements
like 4K, 232Th, 2352380 in the rock, and the neutron-induced activities of the constituents
of the rock. The concentrations of these trace elements, and subsequently the associated
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gamma/neutron backgrounds, are known to exhibit geographical variation depending on
local geological conditions. Amongst the natural gamma ray background, high energy
y-rays (E>2MeV) produced in the natural radioactivity chains of 238U and 232Th e.g.
2448keV (?1Bi) and 2615keV (?°®Tl), respectively, are of significant concern. In India,
driven by the interest in rare decay studies, a proposal for an underground laboratory has
been initiated. A laboratory with about 1km rock overburden is proposed in Bodi West
Hills (BWH) of the Theni district in Tamil Nadu (Lat. North 9°57’47.65” and Long. East
77°16’22.55”) [151]. Also, a small laboratory (approximately 5m x 5m x 2.2m) has been set
up at UCIL, Jaduguda, Jharkhand with a rock cover of 555 m inside a Uranium mine [146].

In the present work, another potential site with a reasonable rock overburden (~ 500 m)
has been identified in the existing Aut tunnel, Himachal Pradesh (Lat. North 31.725° and
Long. East 77.206°) to build an underground nuclear laboratory. In order to assess the
feasibility of this site, it is necessary to study the radiogenic background that contributes
to the background level for rare event experiments. The radiopurity studies of the Aut
rock samples have been carried out using low background gamma-ray spectrometry. The
concentrations of trace-level natural radioactive elements are determined and compared with
the BWH rock sample data.

4.2 Experimental details

The Aut tunnel is a 2.9 km long tunnel built on the Manali-Chandigarh National Highway
at Aut in Himachal Pradesh. The rock samples used in the present study were collected
from the Aut tunnel with an average rock overburden of ~500m (see Figure 4.1) and the
BWH site (in Reference [151]). The latter sample was bored from a depth of ~30m. The
Aut rock is Dolomite type, while the BWH rock is Charnockite with a measured density
of ~2.93g/cm3 and ~2.89g/cm?, respectively are shown in Figure 4.2. Several months
after the collection, they were measured using two low background counting setups at TIFR
(Mumbai) laboratory at sea level - TiLES (TIFR Low background Experimental Setup) [2]
and a coincidence setup of two low background HPGe detectors (D1-D2) [152] described
in chapter 2. Details of the samples, namely, type, mass, and counting time, are given in
table 4.1. TiLES has a provision to further reduce the ambient background by employing a

Table 4.1: Rock samples information studied in TiLES.

Site Type Sample ID Mass counting time
(8) (days)

BWH Charnockite BWHO 32.1 24.9
BWHI1 16.1 11

Aut Dolomite AUTO 27.5 23.4
AUT1 23.9 17.3
AUT2 22.7 13.7

- - BKG - 69

cosmic muon veto using plastic scintillators and continuous dry nitrogen flushing. However,
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Figure 4.1: A Google map of the study area.

Figure 4.2: Typical images of the rock samples used in this study: On the left from the Aut
site. On the right from the BWH site.

the cosmic muon veto and dry nitrogen flushing were not used for the present measurements
as the samples had sufficiently high activity compared to the ambient background as well as
to facilitate frequent sample changes. The sample was kept at d ~10mm from the face of
the detector on a perspex plate placed with a thickness of ~1mm. The sample mounting
geometry was kept fixed for all the radiopurity measurements. The optimized geometry of
TiLES [2] and D1-D2 [132] has been utilized to simulate the detector response. It should be
mentioned that the systematic errors in the simulated efficiencies of the optimized models
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for TiLES and D1/D2 are 5%, and 8 %, respectively. Total uncertainties quoted include all
contributions: statistical, systematic (due to detector modeling), and coincident summing,.
Data were recorded using a 14-bit, 100 MHz CAEN 6724 commercial digitizer using the
trapezoidal filter for pulse height determination. The digital parameters were optimized to
achieve the best energy resolution. For both setups, the optimum trapezoidal filter settings,
namely, input signal decay time (Tecay), trapezoidal rise time (7}.5¢), and trapezoidal flat
top time (Tfqet0p) Were set at 50 pus, 5.5 us, and 1.3 us, respectively. The typical resolution
at 1460 keV was ~ 2.6 keV in TiLES and ~ 3.5 keV for D2. In the case of the D1-D2
setup, the data were acquired both in singles and coincidence mode with a timing window
of £1pus. The data were saved and analyzed offline using ROOT [128] and LAMPS [133]
software. The energy calibration was obtained using standard gamma-ray sources before
the measurement and monitored with known background lines over an energy range of 120
- 2615 keV. The observed drifts were less than 1 keV over an extended period of one year.
The dead time was monitored with a standard 10 Hz pulser and was found to be negligible
(< 0.1%).

The rock samples were counted in a compact geometry to attain a higher count rate. The
photopeak efficiencies (¢) for various gamma rays in each rock sample were obtained using the
GEANT4-based simulation program [127] for respective counting configurations. Since the
rocks were of irregular shape, the geometry of the sample was simulated by approximating
the closest regular shapes corresponding to the sample volume. The material composition
was implemented by defining the fractional mass for each element, mainly Si, Mg, Ca, C, and
O, which is found in terrestrial rocks. Modeling of the geometry of the samples was realized
using cuboidal and sector shapes for AUT0 and BWHO rock samples, respectively, as shown
in Figure 4.3. The gamma rays were assumed to originate from trace impurities uniformly
distributed within the sample. For each energy, 10° (1 M) gamma rays were generated
within the sample isotropically, and consequently, statistical errors in simulated photopeak
efficiencies were negligible (< 1%). Further, the uncertainties in the detection efficiency due

Figure 4.3: Visualization of a top view of the simulated rock geometry in GEANT4. AUTO
(left) and BWHO (right) are mounted on the perspex plate in the front of HPGe detector.

to variations in rock dimensions about mean values were estimated. Since the largest linear
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dimension of both samples was smaller than the detector crystal size, only the variation in
thickness is expected to have a pronounced effect on the efficiency, as discussed in chapter 3.
The thickness variation over the sample size was found to be 8.1 - 8.6 mm for AUTO and
9 - 12mm for BWHO. In the simulation, different shapes were generated corresponding to
different thicknesses by appropriately modifying the cross-sectional area to keep the volume
constant. The e, is taken as an average value of € for different shapes, while the error in
the efficiency is calculated as (€maz-€min)/2. The overall observed spread in efficiency due
to shape variation was < 5%, for the energy range of interest (E, = 186 — 2615keV).
In the first step, a long gamma ray background was measured to examine any difference in
the background level prior to and after the measurement of rock samples. Figure 4.4 shows
the background measured in TiLES (with the perspex sample mounting plate) for a total
duration of 69 d, acquired at different times over a period of about 7 months. Typically, the
integrated background count rate (without nitrogen purging and active veto) in the energy
range of 40-2700keV normalized to crystal mass was 7 x 10*d~'kg~!. The ambient gamma
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Figure 4.4: A typical v ray spectrum of the ambient background in the TiLES, where the
prominent gamma rays are labeled (counting time t =69d).

ray background has been measured, and the background count rates have been determined
to estimate the minimal detected activities (Ap) of several natural radionuclides. The
minimum detectable counts (Np) was estimated using Currie’s method [140] as given in
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Eq. 2. The measured background arises mainly from the radioactivity of 232Th, 4K and
impurities such as '37Cs, %0Co. In addition, some gamma rays were observed from the
neutron interactions in the germanium crystal.

4.3 Analysis and results

A comparison of gamma ray spectra of the AUT0 and BWHO rock samples in TiLES is shown
in Figure 4.5 along with the ambient background. Compared to the ambient background,
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Figure 4.5: Gamma ray spectra measured in TiLES for a) AUTO (red line) and BWHO (blue
line), b) ambient background (green line) and AUTO, scaled by an arbitrary factor of 4 for
better visualization. The inset in the top panel shows the presence of the sum energy peak at
3197.7 keV in the BWH rock. All the spectra are normalized to t =23.4d.

the rock spectra are dominated by gamma lines from the 238U and ?*2Th decay chains.
The high energy gamma rays from 2°®T1 (end product in 232Th decay chain) - 2614.5 keV
(I, =99.75%) are of particular concern. A sum energy peak at 3197.7keV, arising from the
coincident summing of 2614.5 and 583.2 keV, is clearly visible in the BWHO spectrum but
not observed in the AUTO spectrum, thereby revealing the higher amount of 2"®T1 in the
latter. The BWHO also shows a strong peak at 1460.8keV, indicating a large amount of
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40K in the rock. This also results in a significantly enhanced background at lower energies,
E <1500keV, for the BWHO as compared to the AUT0. Although many gamma rays from
22Th and 2*®*U decay chains are visible, not all could be considered for trace impurity
analysis. Some of the gamma rays are mixed from different radionuclides - for example,
the observed gamma line at 242.6keV has a contribution from 2'4Pb in 2**U decay chain
(242.0keV) and ??*Ra in 232Th decay chain (241.9keV), similarly for 351.9keV (?'4Pb,
211Bi), 185.9keV (??°Ra, 23°U), etc. It should be mentioned that other samples of Aut rock
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Figure 4.6: Gamma ray spectra of various Aut rock samples measured in TiLES. All the spectra
are normalized to t=13.7d.

were also measured for different counting times as listed in Table 4.1 and shown in Figure 4.6.
All samples showed similar background levels and activities within measurement uncertainty.
Therefore, the largest Aut rock sample with gamma rays that could be unambiguously
assigned to a particular nuclide was considered for further analysis. The photopeaks of
interest were fitted with a Gaussian + background (second-order polynomial) to extract the
peak area. The specific activity, that is, activity per unit mass A, corresponding to a given
transition of the radionuclide, was determined using Eq. 2. In a close counting geometry,
the coincident summing of multiple gamma rays in the decay cascade is an important aspect
that must be considered. Therefore, the branching ratio I, of gamma lines was corrected
for a coincident summing estimate of 2 gamma cascades and listed in Table 4.2. While
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detailed simulations are essential for multi-stage decay cascades, a simple estimation can

be done for a two gamma cascade 2 2 1 2% 0 as shown in Figure 4.7. If €/ is the
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0

Figure 4.7: Simplified level scheme for two gamma cascades.

total detection probability of ~; (i.e., Compton and Photopeak), then the loss due to the
coincident summing (I7*™, 15"™) to the intensity of v, and 2 (Iy1 and I,2, respectively)
can be estimated as
I = e - py - py - fa, (4.1)
LY =& pi-p2- fo '
Where p; and ps are the gamma decay probabilities of levels 1 and 2, respectively, and f
is the feeding fraction for level 2. The effective net intensity for ; can be written as

I = L — I (4.2)

Here, both gamma rays are assumed to be emitted isotropically, neglecting angular correla-
tions. For lines 238.6, 1377.7, 1729.6, 1764.5, 1847.4, and 2204.1keV top feeding fraction is
small, and estimated coincidence correction is small (< 1%); therefore, it can be used with-
out summing correction. While 609.3, 911.2, 969.0, and 1120.3keV has been corrected for
coincidence summing. For the simplification, in the case of 609.3keV, E.y, which is taken
as the average (< E >=1120.3keV) for all the gamma lines in coincidence with 609.3 keV.
All the top feeding has been assigned to it (refer to Table 4.2). However, in the case of
911.2 and 969.0keV, the entire top feeding is assigned to arise from 463.0keV, for ease of
calculation. It is evident that the coincident summing probability of 3 or more gamma rays
is insignificant. However, the complex decay cascades with multiple parallel decay branches
are not considered for estimating elemental concentration. The summing correction of each
listed gamma line in Table 4.3 was estimated, and coincident summing was neglected if
the summing correction was significantly less than the statistical error. For the radiopurity
analysis, the summing corrections (wherever applicable) were found to be 4 - 16%. In the
cases where no measurable activity could be observed above the ambient background, the
upper limit on the specific activity (Np) was estimated from the minimum detectable counts
using Eq. 2.7. The extracted specific activities for the AUTO0 and BWHO samples are listed
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Table 4.2: Gamma rays emitted from natural radionuclides in decay cascade.

Nuclide E, List of gammas in coincidence
(keV)
212pp 238.6 176.68
295.2 —
214B;4 609.3  1665.9, 806.2, 934.0, 1238.1, 1509.2,
1385.3, 768.4, 1281.0, 1401.5, 1120.3,
1408.0, 1583.2, 1155.6
28 Ac 911.2 562.5, 755.3, 154, 674.8, 463.0
969.0 562.5, 755.3, 154, 674.8, 463.0
214B;j 1120.3 609.3
1377.7 —
1729.6 —
1764.5 —
1847.4 —
2204.1 —

in Table 4.3. Due to its small isotopic abundance, the concentration of 22U could not be de-
termined in the present work. The mean specific activity (< A, >) is obtained by a weighted

Table 4.3: Observed specific activities for different radionuclides in the AUTO and BWHO rocks

Parent Radionuclide Daughter Radionuclide K, FEcoin AUT BWH
Agp < Ag > Ag < Ag >
(keV) (mBq/g) (mBq/g) (mBq/g) (mBaq/g)
40K 1460.8  — <1 <1 1064 (68) 1064 (68)
22Th 212pp 238.6 — 0.50 (7) 15 (1)
228 Ac 911.2  463.0 0.5 (2) 0.50 (6) 15 (1) 14.7 (6)
969.0  463.0 — 14 (1)
28y 214py, 295.3 — 8.2 (5) 1.2 (2)
2l4p4 609.3 11203 7.7 (4) 1.5 (2)
1120.3 609.3 8.1 (5) —
13777 — 12 (2) —
1729.6  — 13 (2) 8.2 (3) — 12(1)
1764.5  — 7.8 (7) 0.9(3)
18475  — 14 (3) —
2204.1  — 10 (1) —

average over measured specific activities of different gamma rays/daughter nuclides in the
given decay chain. In order to extract the concentrations of the parent radionuclides (?*>Th
and 2%®U), the data were analyzed under the assumption of secular equilibrium within sam-
ples, the atomic fraction A7 of the trace radio-impurity in the rock sample was computed
using Eq. 2.9. For the BWHO0 sample, the molar mass was determined from the rock com-
position obtained from the Secondary Ion Mass Spectroscopy (SIMS) results reported in
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Ref. [129]. It should be mentioned that the molar mass of the rock was determined using
molecular percentages of individual elements provided by SIMS measurements. Further, in
the case of the AUTO sample, since the rock composition was not available, the molar mass
was assumed to be identical to that of the BWHO0. This is a reasonable assumption as the
molar mass is not expected to vary significantly for different types of rocks. The concen-
trations of the trace radio-impurities for both the rock samples are listed in Table 4.4. The

Table 4.4: Trace radioimpurity concentrations in AUTO and BWHO rocks.

Sample Parent Radionuclide Concentration

(ppb)
AUTO 0K <2
232 Th (1)
238U (2>
BWHO 0K 2179 (139)
232Th 338 (14)
238U ( )

comparison of trace element concentrations in AUTO and BWHO in Table 4.4 shows that
the “°K content in the AUTO is significantly lower by a factor of ~ 1000. The content of
232Th is also lower in the AUTO by a factor of ~ 28, while that for the 238U is higher by
a factor of ~ 7. The concentrations of 'K and 232Th in the BWHO rock obtained in the
present study are similar to earlier reported values [129], namely, 2520 ppb (by SIMS) and
224 ppb (by Inductively Coupled Plasma Mass Spectroscopy, i.e., ICPMS), respectively.
However, for 233U, the present value is significantly lower than that reported with ICPMS,
namely 60 ppb [129]. It should be pointed out that radiopurity measurements reflect the
average over a larger finite sample size as compared to the ICPMS. Hence, the observed dif-
ference may arise due to the non-homogeneous distribution of radionuclides within the rock.
Measurements also probed the variation in trace impurity content on different BWH/Aut
samples from the exact location. While no differences were observed in the spectra at the
measured level of sensitivity for three different Aut rock samples (¢t ~ 2 weeks), two BWH
rock samples showed ~ 33 % and ~ 17 % variation for 232Th and %°K, respectively.

As a result of lower levels of “°K and 232Th in AUTO, the yield of the high energy gamma
rays of 1460.8 keV and 2614.5 keV is significantly reduced as compared to the BWHO. The
higher 232Th content in BWHO is also reflected in the presence of 3197.7 keV gamma ray
(see inset of Figure 4.7). The presence of high-energy gamma rays and the corresponding
Compton background leads to an overall enhancement in the background at lower energies,
i.e., in the region of interest relevant to low background experiments (E ~ 2MeV). Thus,
the smaller 232Th content in the Aut rock appears to be advantageous.

The observed specific activities in the AUTO (see Table 4.3) can be compared with those
at the well-established underground facility LNGS, which also has dolomitic limestone rock
as well as the worldwide average. The measured average specific activities in LNGS [54]
are 26 (2) mBq/g for *°K, 1.5 (1.0) mBq/g for 232Th and 1.8 (1.0) mBq/g for *8U. Thus,
the Aut rock appears to have lower levels of both “°K and 232Th, while 238U content is
somewhat higher. It is important to note that the trace radioactive element content in Aut
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rock is significantly lower than the worldwide average, namely, 400, 30, and 35 mBq/g for
40K, 232Th and 238U, respectively [9]. The neutron flux at the BWH site is estimated to
be 2.76 (47) x 107% n em™2 s7! with 60 ppb for 238U and 224 ppb of 232Th [129] trace
impurities in the rock. The low energy neutron flux produced by spontaneous fission and
(a,n) reactions in the rocks is dominated by 23¥U. The measured concentration of 233U in the
AUTO, 60 (2) ppb, is similar to that used for the neutron flux estimation at the BWH site
(namely, 60 ppb). Consequently, the expected neutron flux at the Aut site will be similar to
that for the BWH site, i.e., ~ 3 x 1076 n ecm™2 s™!. It should be noted that this estimate
is comparable to other underground laboratories, although concrete wall contributions will
have to be taken into consideration at the actual site. Thus, the Aut site is expected to
have an overall lower gamma ray background and similar neutron background as compared
to the BWH and subsequently appears to be a suitable site for laboratory from radioactive
background considerations.

4.4 Summary

The radiopurity studies of a rock sample from the potential underground laboratory site in
the Aut tunnel have been carried out using the TiLES. The concentration of “°K in Aut
rock is lower by a factor of ~ 1000 compared to the BWH rock sample. The rocks that
surrounded the Aut site were characterized by very low specific activities of trace impurities
232Th and 2%®U as 0.50 (6) and 8.2 (3) mBq/g, respectively. Compared with BWH rock, the
Aut rock appears to have a lesser amount of 23>Th and a somewhat higher amount of 238U.
It is important to note that Aut rock trace impurity concentrations are considerably lower
than the respective worldwide average values. In general, the results of this study confirm
that the ambient gamma ray background level at Aut is expected to be lower than the BWH,
and the energy spectrum of background gamma radiation of the Aut site within the studied
energy range is defined mainly by the composition of the surrounding rock. Hence, the Act
appears to be a suitable site for the laboratory from radioactive background considerations.
The obtained results can be used to estimate the background contribution from the Aut
cavern for the rare decay experiments.
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Chapter 5

Neutron Activation Studies in Aut
and BWH Rock Samples

The underground laboratories with sufficient rock coverage provide a low radioactive back-
ground to house the rare decay experiments. Production of neutrons in such underground
laboratories is the dominant source of background which significantly affects the sensitivity
of the experiments. In order to assess the neutron-induced gamma background in rock sam-
ples of Aut and BWH sites, fast neutron activation studies have been carried out on both
the Aut and BWH rock samples at the Pelletron Linac Facility, Mumbai. Neutron-induced
reactions have been investigated, emphasizing long-lived activities, which can be a limiting
factor for rare event experiments.

5.1 Introduction

The neutron background is most difficult to suppress due to its extensive energy range and is
crucial to understand for reducing the background levels. The origin of neutron background
is usually categorized into two primary sources - low energy neutrons (E, < 20 MeV),
originating from the spontaneous fission of uranium and (a, n) reactions in the rock, and very
high energy neutrons (E, > 1 GeV) produced by muon-induced interactions in the rocks or
materials surrounding the detector. For depths from 10 to 100 m of rock overburden, the flux
of high energy neutrons is expected to be smaller by a factor of 102 - 10? as compared to the
low energy neutrons [28, 153]. The neutron flux originating from muon-induced interactions
is highly penetrating and depth-dependent. However, deploying layers of thicker neutron
shielding can reduce the average neutron energy to < 20 MeV, giving rise to a substantial
gamma ray flux. The interaction of these secondary lower energy neutrons with detector
setup produces high energy gamma rays giving rise to the background for double beta decay
experiments [154]. In underground laboratories, the low energy neutron background from
the natural radioactivity at the site contributes heavily to the local neutron flux and hence
is crucial to understand. The background arising from the inelastic scattering of neutrons
(n, n’y) and neutron-capture (n, ) with the detector or surrounding materials can also
lead to the production of high-energy gamma rays. The absorbed neutrons can interact
within the detector setup, and the subsequent nuclear de-excitation leads to direct energy
deposition in the detector, causing significant deterioration of background levels. Neutron
background in rare event studies is reported as the main background that can affect the
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experiments’ sensitivity and outcome. Surface exposure of Ge detectors used for double
beta decay experiments is a serious concern due to the production of ®"Co, >*Mn, %5Zn,
50Co and %8Ge from spallation reactions caused by high energy cosmogenic neutrons at the
earth’s surface [155]. Radiogenic neutron background is the most irreducible background
for direct dark matter detection experiments, which can induce nuclear recoils similar to
WIMPs (Weak Interacting Massive Particles) [21]. Any impurities in the detector materials
could be potential sources of neutron-induced background. The neutron-activated reaction
products can have wide-ranging half-lives (~ min to ~ years), and the contribution of
long-lived activities is difficult to mitigate. Short-lived activities can be avoided by storing
the material for prolonged periods in underground locations; however, long-lived activities
are highly undesirable. In addition to situating the experiment underground, studying the
total neutron flux and contribution of neutron-induced background is essential for the low
background experiments. From the results of radioactive contamination and estimation of
neutron flux, a shielding strategy can be designed using Monte Carlo simulations to meet
the background required for the planned experiment [58, 129, 146]. In the present work,
the fast neutron activation studies of the Aut and BWH rock samples have been carried
out in the Pelletron Linac Facility, Mumbai, at two irradiation energies of 12 and 22 MeV.
It should be mentioned that radio-impurity studies of all pristine rock samples, including
the site information, are discussed in chapter 4. The gamma ray spectra of the irradiated
sample were investigated using low-level Ge-spectroscopy systems for both short and long-
lived activities. In comparison, emphasis has been made on long-lived activities, which
can be the limiting factor for the sensitivity of low background experiments. The impact of
observed high-energy gamma rays and residual activity after a cooldown time of a month will
be discussed. The comparison of neutron-induced specific activity for dominating reaction
products in BWH (INO) and Aut rock samples will be presented.

5.2 Experimental details

Neutron activation measurements were performed at the fast neutron irradiation setup at
the Pelletron Linac Facility (PLF), Mumbai. The rock sampling information is listed in
Table 5.1. Fast neutrons having a broad energy range upto ~ 20 MeV were produced at the

Table 5.1: Rock samples information counted in low background setups.

Site Sample Mass Setup

Aut AUTIA 10.6 TiLES
AUT4E 6.7 TiLES, D1-D2

BWH BWH2A 8.2 TiLES

BWH2B 5.5 TiLES, D1-D2

irradiation setup of the Pelletron Linac Facility, Mumbai, using “Be(p,n)?B reaction (Q =
-1.85 MeV) with ~ 5 mm thick ?Be target [5]. The maximum proton beam energy (22 MeV)
was chosen to cover the energy range of neutron spectra originating from fission and («,
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n) reactions in the rocks [129]. Irradiation at lower proton beam energy (12 MeV) was
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Figure 5.1: A schematic of the neutron irradiation setup shown with solid production target
(in red color) and Teflon sample holder (in yellow color) [5].

carried out for independent verification of some channels by comparison of relative yields.
Although the primary interest in the present work was to study the Aut rock samples,
neutron activation for BWH rock was also carried out for comparison at one energy. The
neutron flux was estimated using the %Fe(n,p)°*Mn reaction [156]. For this purpose, the
natFe foils (~ 4.5 — 10 mg/cm?) were placed in the front and back of the rock samples
during each irradiation. The activity of *®Mn in the irradiated iron foils was extracted
from the yield of 846.8 keV gamma ray, which was measured with the D2 or TiLES. The
yield for 846.8 keV was corrected for losses due to coincident summing in the detector with
1810.7 keV (I, = 26.9%) or 2113.1 keV (Iy = 14.2%). The corrections due to coincident
summing from other low-intensity gamma rays (branching ratio < 1.5%) are found to be
negligible. The energy averaged neutron flux < ¢, > is obtained using relation

ZEn U(En)¢n(En)dEn

Y5, 0(En)dE, (5.1)

< ¢y >=
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where o(FE),) is the neutron-induced reaction cross section and ¢, (E,) is the neutron flux
per unit energy at FE,. The numerator is derived from the measured Mn activity with
appropriate corrections for the decay during irradiation and cooldown time. The cross-
sections for the **Fe(n,p)®*Mn reaction were taken from the ENDF/B-VIIL.0 library [157].
The error in < ¢, > is largely limited by the statistical error in extracting the 846.8 keV
gamma ray yield. It should be noted that the uncertainties in the neutron cross-sections
have not been considered in the final errors. Table 5.2 gives the details of the rock samples
and irradiation (average proton beam current, irradiation time t¢;.., etc.) The irradiated

Table 5.2: Details of the irradiation of rock samples together with maximum neutron energy
(E,) and estimated energy averaged neutron flux.

Sample E, <I> ty, E, < @Qp >
(MeV) (nA) (h) (MeV) (10°nem=2s 1 MeV™1)
AUT1A 22 136 155 19.9 1.9 (2)
AUT4E
swhop 12 148  16.0 9.9 0.51 (4)

rock samples and iron foils were removed from the irradiation setup after a sufficient cool-
down time t, (>1-2hr). Hence, some of the short-lived activities could not be measured.
The offline counting of the irradiated rock samples was carried out in a compact geometry
in both setups, and reaction products were identified by their characteristic gamma rays. In
the case of low energy irradiation, where both BWH and Aut rock samples were irradiated
simultaneously for optimal use of the beam time, priority for counting in the offline setups
was given to the irradiated Aut samples. Spectra of rock samples were recorded at differ-
ent cool-down times (t.) to track activities with varying half-lives, namely, ~ mins to few
~days. The gamma ray spectra were measured using two low background counting setups
at TIFR (Mumbai) at sea level - TiLES (TIFR Low background Experimental Setup) [2]
and a coincidence setup of two low background HPGe detectors (D1-D2) [152] (details are
described in chapter 4). The D1-D2 setup was mainly used to detect coincident gamma rays
to confirm nuclide identification.

5.3 Analysis and results

Figure 5.2 and 5.3 show gamma ray spectra of the irradiated rocks at Ej, =22 and 12 MeV,
respectively. Various observed reaction channels such as (n,7), (n,p), (n,«), and (n,2n) are
listed in Table 5.3 together with respective T’ , and prominent gamma rays. The threshold
neutron energy FEy; corresponding to ~ 1 ub cross-section is also listed in the table.

In the AUT1A spectrum, the dominant contribution at small ¢. (i.e. < 2—3 days) comes
from the 24Na activity (7} s2=15h). The high energy gamma rays, namely, 1368.6 keV and
2754.0 keV, and the respective single/double escape peaks are clearly visible in the figure.
It is important to note that the associated Compton background also enhances the low-
energy background. In addition, single/double escape peaks of 2*Na may add up to summed
peaks which can contribute to the high energy background depending upon the detector
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Figure 5.2: Gamma ray spectrum (¢t =1d) of the irradiated AUT1A rock (E, =22MeV) after
t.=5d. Various 2*Na gamma rays and associated single/double escape peaks are indicated (*).

configuration. The ?*Na can be formed either via ?*Na(n,y) or **Mg(n,p) or ?"Al(n,a).
With fast neutrons, ?*Na(n,y) is less probable as compared to 2*Mg(n,p) or 27Al(n,a).
However, the relative contributions of these two channels will depend on the actual rock
composition, namely, Al/Mg content. It is seen that the BWH rock contains more aluminum
than magnesium (from the SIMS data). The Aut rock also shows the presence of 4243K
and 4"Ca originating from the Calcium isotopes present in dolomite rock. These reaction
products are relatively short-lived (7}, < few days) and give rise to low energy gamma
rays, E, < 1300 keV, during the decay. The long-lived activities ?*Na (T} /2 = 2.6y) and
Mn (Ty /2 = 0.855y) were measured after sufficiently long cool-down time, which ensured
that dominant short-lived products have diminished. Further, the identification of long-lived
activities 2?Na and 46Sc were confirmed by detecting coincident gamma rays in the decay
cascade in the D1-D2 setup. The measured half-lives of the reaction products were found to
be in good agreement with the reference values [3]. Figure 5.4 shows typical decay curves
for a couple of reaction products in the AUT1A sample (E, =22MeV).

From the measured yield of the characteristic gamma ray during time ¢; to s, the
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Figure 5.3: Gamma ray spectra (t=1d) of the irradiated (E, =12MeV) rock samples after
te=1.7d, (a) AUT4E in TiLES and (b) BWH2B in D1. The * mark has the same meaning as
in Figure 5.2.

saturated activity Ao, [144] (for t;, — 00) can be obtained as

)‘Nobs

A =
00 Evlget(l _ e*)\tirr)e)\tirr (ef)\.tl _ e*)\.tz)

(5.2)

The saturated activity As. per unit mass has been estimated for the prominent reaction
products in the Aut rock and is presented in Table 5.3. The coincident summing corrections
have been taken into consideration as samples were counted in the close geometry (see eqn. 4
in chapter 4) and were found to be around 10 - 16% for the nuclides ?2Na, 24Na and “*K. The
nuclides 2?Na and 4"Ca are absent in the AUT4E sample, which is irradiated at lower energy
(Ep=12MeV). This is expected as both these nuclides are produced via (n, 2n) reactions,
which have higher threshold energies and hence require F, >10MeV. The differences in
the A per unit mass at Ej, =12 and 22 MeV correspond to contribution from high energy
neutrons (i.e. B, ~10-20MeV) and can also be estimated from Table 5.4. It is evident that
the production of both 2*Na and 243K is dominated by high-energy neutrons. It should be
mentioned that it is impossible to extract the concentration of the parent nuclides since the
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Figure 5.4: Decay curves (a) E, = 1386.6 keV of 2!Na, (b) E, = 1297.1 keV of 47Ca, (c)
E, = 396.9 keV of 3K and (d) E, = 1524.7 keV of 12K, where N are photopeak counts
corresponding to the integration time of 3 h.

precise shape of the neutron energy distribution is not available in the present experiment.
Moreover, in fast neutron-induced reactions, multiple reaction pathways can produce a
particular isotope (see Table 5.3). Hence, a thermal neutron activation study would be
desirable for quantitatively estimating the trace elements and/or rock composition. To
understand the impact of long-lived activities, the spectrum of the irradiated Aut rock after
t. ~ 30 days was compared with the spectrum prior to the irradiation. The effect of the
remnant activities is reflected in the enhancement in the background at low energies and in
the presence of a few characteristic gammas (100 - 1300 keV) and can be seen in Figure 5.5.

Overall, the BWH rock spectrum shows the presence of Potassium neutron-induced
reaction products, while Calcium products dominate that of the Aut sample. The Aut rock
appears to have mostly short-lived activities. However, long-lived products like **Mn and
47Ca can result in the enhanced background at E < 1000 keV. The high energy gamma rays
from 24Na need to be adequately shielded, as the sum peak can contribute to the background
above 2 MeV, a region of interest for many NDBD studies.
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Table 5.3: Observed neutron-induced reaction products in Aut and BWH rocks together with
the threshold neutron energy Ey;, corresponding to ~ 1 ub cross-section. The half-life (7} ;)
and prominent gamma rays (E,) are also listed.

Reaction By, Iny' Iny' E,

channel (MeV) (reference) (measured) (keV)
48Ti(n,p)**Sc 5 1.82d — 983.5, 1037.5, 1312.1
#Ca(n,2n)*"Ca 10 4.54d 4.47 (6)d  489.2, 807.9, 1297.1
24Mg(n,p)**Na, 2Al(n,a)**Na 5, 4.64 15h 15.04 (5)h  1368.6, 2754.0
43Ca(n,p)**K 1.8 22.3h 22 (1)h 373.8, 617.5
46T4(n,p)*6Sc 3 83.79d — 889.3, 1120.5
23Na(n,2n)??Na 13 2.60y — 511.0, 1274.5

39K (n,2n)?K 14.5 7.64min  — 2167.5

UK (n,p)* Ar 3 1.82h — 1293.6
4Fe(n,p)>Mn 0.72 312d 279 (68)d  835.0

%6 Fe(n,p)*Mn 4 2.58h — 846.8
BCa(n,n'p)2K, MK(n,y)#2K 12,1  12.36h 128 (1)h  1524.7

Table 5.4: Saturated activity Ao, per unit mass for the prominent reaction products. The
E oin, emitted in coincidence with E.,, which has been considered for the summing corrections,
are also listed.

Nuclide E, E.oin Ao Ao
(E,=12MeV) (E,=22MeV)
(keV)  (keV) (Ba/g) (Ba/g)
2Na 12745 511.0 — 9 (2)
24Na ;igi:g f;g;‘:g 336 (14) 6536 (299)
2K 15246 < — 4.6 (6) 62 (13)
BK 617.5  372.8 0.52 (8) 18 (1)
7Ca 12971 — — 54 (3)

5.4 Summary

A detailed comparison of neutron-induced activity in Aut and BWH rock samples has been
conducted. The low energy neutron background at both sites is expected to be similar.
Radiogenic neutron flux is dominated by ?**U to be around 3 x 1078 nem™2s~!, which is
equivalent to other underground laboratories. The fast neutron activation studies of both
Aut and BWH rock samples have revealed mostly short-lived and few long-lived activities.
The indicated presence of long-lived isotopes like *Mn (0.855y) and *?Na (2.60y) can
contribute to the enhanced background in energy region below 1500 keV, which could be a
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Figure 5.5: Comparison of gamma ray spectra of the irradiated (E, =22 MeV) AUT1A (black
line) after ¢t.=31d and pristine AUTO (red line) samples. Note that AUT1A (10.6g) has a
smaller mass than AUTO (27.5g). Both spectra are normalised to t=1d.

dominating background for dark matter experiments. However, no observation of gamma
ray energies at £ >2MeV, a region of interest for many double beta decay isotopes, is
desirable to achieve the required sensitivity. The estimation of neutron-induced background
will be helpful in the design of radiation shielding for the laboratory at the underground
site.
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Chapter 6

Summary and Future Outlook

6.1 Summary

In summary, this thesis deals with the low background studies for environmental and rare
decay investigations. The fact that the studies related to natural radioactivity, rare nuclear
decays (e.g., a/B/2v(3), neutrinoless double beta decay (0v53/), the interaction of dark
matter particles, etc., involve low-level radiation background settings and underground fa-
cilities to investigate their nature and origin. Understanding the underlying physics of these
processes is essential for probing the new physics beyond the standard model. The develop-
ment of dedicated low background measurement setups plays a crucial role in investigating
rare event processes to adequate sensitivity levels. While background reduction is necessary,
it is imperative to quantify all potential sources of radiation background around the mea-
surement setup, which are specific to the experimental site. To exploit the potential of low
background settings for rare decay studies, efforts are underway to set up an underground
laboratory in India for neutrinoless double beta decay, dark matter, etc. An underground
laboratory, Jaduguda Underground Science Laboratory (JUSL), as of now, which is being
utilized for rare event studies, is located inside a mine at 555 m depth at Jaduguda in
Jharkhand, India. In the recent past, a site search for the India-based Neutrino Observa-
tory (INO) hinted at possibilities of an underground lab in Bodi West Hills (BWH) of Theni
District in the state of Tamil Nadu in South India.

Recently, feasibility studies for rare event experiments have been initiated in North India
to search for a potential site for setting up a moderate underground laboratory in the moun-
tains of Himachal Pradesh. In order to qualify a site for such a laboratory, comprehensive
knowledge of the nature and extent of the radiation environment is demanded to assess the
background levels, which is crucial for the sensitivity of the experiment. The improvement
in the background reduction can lead to a considerable gain in experimental sensitivity. In
order to complement an underground laboratory, several dedicated low background facilities
are required for the screening of materials that may be used for background reduction in
targeted experiments. In this thesis, various aspects of radiation background and feasibility
studies relevant to rare event searches using single or combinations of low background HPGe
spectrometers have been carried out.

A low background setup ILM (IIT Ropar Low-background Measurement setup) above
ground is being set up at IIT Ropar in India, to investigate radiation background and
feasibility studies relevant to rare decay studies. In this thesis, the development of ILM-0, a

95
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demonstrator of ILM, is presented. The setup consists of a carbon-loaded low background
cryocooled HPGe detector coupled with a NIM/VME-based data acquisition system. A
suite of experimental measurements has been performed using point-like gamma sources
in a wide energy range of 80-1408 keV for performance tests and characterization of ILM-
0. Additionally, Monte Carlo simulation studies have been performed using the GEANT4
package to estimate the photopeak efficiency of the HPGe detector employed in the ILM-0
setup. A preliminary detector model has been developed with an average relative deviation
of ~10% as compared with the experimental data. The present setup has shown improved
measurement sensitivity in counting environmental samples and quantifying radionuclides
in a shorter duration. This suggests the capabilities of ILM-0 for high-quality environmental
measurements by investigating the specific activities and their variation in soil /rock samples.

Investigations on rare a/ 3 decays and other decay modes of DBD (ECEC/STEC /31 7T)
are possible for a few nuclei with high discovery potential. These searches have recently
gained much attention due to the steady improvement in sensitivity in increasingly low back-
ground conditions. Feasibility studies have been performed for %6Zr 8 decay and positron
DBD processes using a combination of 2/4 HPGe detectors (~ 33% R.E.) to optimize the
source-detectors configuration for rare decay experiments. A simulation program, 4HP-
GeSim, has been developed using GEANT4 to optimize mass efficiency product (Me.). The
value of Me. has been estimated using a setup of 4 HPGe detectors with extended sources
in a compact geometry for 568-1091 keV gamma ray pair in the °Nb decay cascade. Re-
sults suggest that ~70 g of 50% enriched source will yield mass efficiency of ~12-20 g-% for
568-1091 keV gamma ray pair in the “°Nb decay cascade, comparable to that of Finch et
al. [4]. Further, the feasibility study of positron double beta decay modes involving simul-
taneous emission of 2/4 gamma rays of 511 keV in '2Sn (EC-%) and 1%Cd (*3%) has
been performed using a coincidence setup of two HPGe detectors. Simulations for coincident
detection efficiency (€.) of 511 keV gamma rays with two HPGe detectors have been carried
out using GEANT4 for different sources geometries to optimize the mass efficiency. The
ambient background of the two detector setup with moderate Pb shielding was measured
in coincidence mode at sea level. It has been observed that the coincidence detection of
the 511 keV pair significantly improves the background in the region of interest. The sen-

sitivity for Tlﬁ/;ﬁ+ (196Cd) and TlE/g_ﬁ+ (1128n) is estimated to be ~ 10! - 102 y from the

background measurements with ~40 g of "Sn for 1 y of measurement time with enriched
samples (90%).

Mitigation of radiation background is of paramount importance for rare event studies
e.g., double beta decay, dark matter, etc. Additionally, understanding the ambient back-
ground of the site originating from the surrounding rocks is one of the crucial factors. Efforts
are underway in India to set up an underground laboratory for conducting low background
experiments. The radiopurity studies of a rock sample from the potential laboratory site
near the Aut tunnel of Himachal Pradesh (India) have been carried out using the low back-
ground experimental setup (TiLES) [2] at TIFR, Mumbai. The measured specific activities
of trace impurities 232Th and 238U in the Aut rock are found to be 0.50 (6) and 8.2 (3) mBq/g,
respectively. It has been found that the Aut rock appears to have a lesser amount of 232Th
and a somewhat higher amount of ?3%U as compared with BWH rock. The concentration
of 49K in Aut rock was lower by a factor of ~ 1000 as compared to the BWH rock sample.
It is noted that the Aut rock trace impurity concentrations are considerably lower than the
respective worldwide average values. This analysis suggests that the ambient gamma ray
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background at the Aut site is found to be lower than the BWH site [129], which indicates
this site’s suitability for an underground laboratory.

Besides the gamma background, the neutron background can also be a limiting factor
for the low background experiments to achieve desirable sensitivity. To assess the neutron-
induced long-lived activities, fast neutron activation experiments have been carried out on
both Aut and BWH rock samples at BARC-TIFR Pelletron Linac Facility, Mumbai [5].
In the present work, the neutron activation analysis of Aut rock revealed mostly short-
lived activity. The fast neutron activation studies of both Aut and BWH rock samples
have indicated the presence of long-lived activities like %*Mn (0.855y) and 2?Na (2.607y).
The resultant gamma ray energies were lower than 1500 keV, and no significant long-lived
contributions at £ >2 MeV were observed. The low energy neutron flux arising due to spon-
taneous fission and (a,n) reactions, dominated by 2¥U, is expected to be around 3 x 10~°
251 which is similar to other underground laboratories [54]. On this basis, it may
be concluded that the Aut site is expected to have lower ambient radiation background
than the BWH, while the low-energy neutron background is expected to be similar. From
radioactive background investigations, Aut is a favorable site for building an underground
laboratory.

ncm-

6.2 Future outlook

As has been mentioned in the present work, ultra-low background levels are essential to
enhance the counting sensitivity relevant to rare decay searches. It can be inferred that
the sensitivity of ILM-0 with the present shielding configuration is adequate for counting
environmental samples. However, for further improvement in the background for rare event
studies, augmenting the present setup with low-activity Pb (10-15 cm) shielding can mitigate
the dominant background of the primordial activities from the chains of U, Th, and 4°K.
In addition, low-activity Cu (5-10 cm) can attenuate the X-rays from the outer Pb shield
adequately. Further, the gamma ray background arising from the low energy (< 10MeV)
neutron flux can be attenuated effectively to 90% by the implementation of a neutron shield
using a combination of High-Density Polyethylene (HDPE) and Boron loaded rubber. It may
be pointed out that surface laboratories are primarily dominated by cosmic-ray muons and
their secondary products, such as; neutrons, gammas, and cosmogenic isotopes. Deploying
additional cosmic muon veto systems can further improve the counting sensitivity with
a background reduction of about 50% in the present setup. The overall improvement in
background level is expected to be about an order of magnitude and adequate to estimate
low-level samples relevant to rare decay searches.

To reduce the overall modeling uncertainty below 5%, a Monte Carlo simulation needs
to be optimized by detailed measurements carried out with a point and extended geometry
samples over a wide energy range. Adopting coincidence counting techniques along with
active and passive background reduction strategies can significantly improve the signal-to-
noise ratio. Coincidence measurements will be appropriate for studying nuclides decaying
through a cascade of successive photon emissions.

In a 4-detector coincidence setup, the detector configurations with larger solid angles
are required to reduce the scattering/escaping of gamma rays from the sides and gaps be-
tween the detectors. With the present source-detector configuration, the simulation results
clearly highlight the requirement of enriching samples (>50%) to achieve statistically sig-



98 6.2. Future outlook

nificant measurements. The half-life sensitivity with enriched '?Sn can be improved from
the present best limits by deploying the coincidence setup of 2 detectors in an underground
laboratory at a moderate depth. However, for 1°6Cd, further measurements to improve the
signal-to-noise ratio are essential. It is suggested that the additional shielding and cosmic
veto could substantially improve the sensitivity with a background reduction of about 50%
in the present two HPGe detector setups at moderate depth to probe EC-47/ g+ 57.

For ambient radioactivity studies, multi-stage gamma ray decay cascades can be ad-
dressed within the GEANT4 simulation, e.g., decay event generator. The generated cas-
cade should be realistic according to the decay scheme of the chosen isotope. Additionally,
the correlations between gamma rays should be considered to correctly determine the de-
tection efficiency for each gamma line. The analysis of radiopurity measurements suggests
measuring rock samples in powdered form to ensure the homogeneity of a finite sample
size towards the face of the detector. In order to study the composition of rock samples,
analytical methods, such as; scanning electron microscopy with energy dispersive x-ray
analysis (SEM-EDX) and Inductively Coupled Plasma Mass Spectrometry (ICPMS), can
be performed. The ICPMS is a highly sensitive complementary method to gamma ray spec-
troscopy often utilized to obtain quantitative information on lower concentrations of impu-
rities in various materials of importance to rare decay experiments. The measurements of
ambient gamma, cosmic-ray muons and residual neutron background fluxes can be carried
out inside the Aut tunnel to perform rare event searches. In neutron activation results, the
formation of long-lived radionuclides in the low background experiments is undesirable. The
background events from the high energy gamma rays or pile up from low energy gamma
rays may affect the sensitivity of these experiments to rare event searches. In addition, the
activation of materials to be used in the detector setup and components can also be studied.
Further, the inputs from experimental radiogenic and cosmogenic backgrounds provide a
crucial input to perform detailed Monte Carlo simulations and understand their contribu-
tion to the background in the ROI. The simulation model is necessary to investigate the
best shielding combination and an optimal shielding configuration to reduce the dominant
sources of background effectively.
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ARTICLE INFO ABSTRACT
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Efforts are underway to set up an underground laboratory in India for rare event studies like double beta
decay, dark matter, etc. For such experiments, mitigation of radiation background is of paramount importance
and understanding ambient background at the site, originating from the rock, is one of the crucial factors. With
this motivation, the radiopurity studies of a rock sample from the potential laboratory site in the Aut tunnel of
Himachal Pradesh (India) have been carried out using the TIFR low background experimental setup (TiLES).
The concentration of “°K in Aut rock is observed to be lower by a factor of ~1000 as compared to the samples
from BWH (Bodi West Hill), Tamil Nadu (India), current designated site for India-based Neutrino Observatory.
The natural radioactive trace impurity 2*2Th is lower in the Aut rock, while 238U is somewhat higher than
the BWH rock. Overall, the ambient gamma ray background at Aut is expected to be lower than the BWH,
while ambient neutron background is expected to be similar. Further, to assess the neutron-induced long lived
activity, fast neutron activation studies have been carried out on both the Aut and BWH rock samples at the

Pelletron Linac Facility, Mumbai.

1. Introduction

Recently, experimental investigations of physics beyond the stan-
dard model, such as neutrino oscillations, neutrinoless double beta
decay (NDBD), dark matter search, etc., have attracted much atten-
tion worldwide [1-3]. These studies for rare events demand stringent
background levels. The ultimate background levels (N,,,) achieved in
the region of interest are 4.0 x 10~4keV~! kg~! y~! for KimLAND-Zen
NDBD experiment [4] and 8.5 x10~2keV ee~! kg~! y~! for XENON1T
dark matter experiment [5]. It is important to note that minimizing the
ambient background is a crucial aspect for rare event studies. Some
of the major sources of the background radiation are cosmic rays,
long-lived primordial radionuclides (7}, ~ 10° - 10! y), cosmogenic ra-
dionuclides (7, ~ days - years) and neutron induced activity produced
in and around the detector [3]. In order to suppress the cosmic muon
background (by about 5-6 orders of magnitude), these experiments are
located in underground laboratories, typically with a rock overburden
of more than 500 m. In an underground laboratory, the ambient gamma
and neutron background at the site and the background arising from
penetrating (high energy) cosmic muons, can be the limiting factors
for the sensitivity of the experiment.
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The gamma ray background originates from natural radioactiv-
ity due to trace elements like 4°K, 232Th, 235238V in the rock, and
the neutron induced activities of the constituents of the rock. The
concentrations of these trace elements, and subsequently the associ-
ated gamma/neutron backgrounds, are known to exhibit geographical
variation, depending on local geological conditions. Amongst the nat-
ural gamma ray background, high energy gamma rays (E >2 MeV)
produced in the natural radioactivity chains of 28U and 232Th e.g.
2448keV (*'4Bi) and 2615keV (298Tl), respectively, are of significant
concern. The neutron background is usually categorized in two parts
-low energy neutrons (E, <20 MeV), originating from the spontaneous
fission of uranium and (a, n) reactions in the rock, and very high
energy neutrons (E, >1GeV) produced by muon-induced interactions
in the rocks or materials surrounding the detector. The flux of high
energy neutrons is expected to be smaller by a factor of 10 - 10° as
compared to the low energy neutrons [6]. The inelastic scattering of
neutrons (n,n’y) and neutron-capture (n, y) with the detector and/or
surrounding materials can also lead to the production of high energy
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gamma rays. The neutron-activated reaction products can have wide-
ranging half-lives (~ min to ~ years) and the contribution of long-lived
activities is difficult to mitigate.

In India, driven by the interest in rare decay studies, a proposal
for an underground laboratory has been initiated. A laboratory with
about 1km rock overburden is proposed in Bodi West Hills (BWH)
of the Theni district in Tamil Nadu (Lat. North 9°57°47.65” and
Long. East 77°16’22.55”) [7]. Also, a small laboratory (approximately
5m x 5m X 2.2m) has been set up at UCIL, Jaduguda, Jharkhand with
a rock cover of 555m inside an Uranium mine [8]. Another potential
site with a reasonable rock overburden (~500m) has been identified
in the existing Aut tunnel, Himachal Pradesh (Lat. North 31.725° and
Long. East 77.206°). The Aut rock is Dolomite type, while the BWH
rock is Charnockite. To assess the feasibility of this site, the radiation
background studies are important and hence the radiopurity studies
of the Aut rock samples have been carried out. The concentrations
of trace level natural radioactive elements are determined and are
compared with the BWH rock sample data. Additionally, the neutron
activation measurements have been performed for both Aut and BWH
rock samples, with an emphasis to study long-lived activities.

The paper is organized as follows: Experimental details for the
radiopurity and neutron activation measurements are described in Sec-
tion 2. The analysis of the radiopurity measurements and the estimation
of trace level radioimpurities are discussed in Section 3.1. The results
of the neutron induced activities are presented in Section 3.2. Finally,
the results are summarised in Section 4.

2. Experimental details

The rock samples used in the present study were collected from the
Aut tunnel (from the location of the proposed laboratory site) and the
BWH site. The latter sample was bored from a depth of ~30m. The
densities of the Aut rock sample and the BWH rock were measured to
be ~2.93 g/cm® and ~ 2.89 g/cm?, respectively. The gamma ray spectra
were measured using two low background counting setups at TIFR
(Mumbai) at sea level - TiLES (TIFR Low background Experimental
Setup) [9] and a coincidence setup of two low background HPGe
detectors (D1-D2) [10]. Neutron activation studies were performed at
the fast neutron irradiation setup at the Pelletron Linac Facility (PLF),
Mumbai.

2.1. Low background counting setups

The TiLES consists of a ~70% relative efficiency high-purity Ger-
manium (HPGe) detector (ORTEC, Model no GEM75-95-LB-C-HJ) in a
passive shielding of 10 cm thick low activity Pb (< 0.3 Bq/kg of 21°Pb)
and 5 cm oxygen-free high thermal conductivity Cu. The setup has
a provision to further reduce the ambient background by employing
a cosmic muon veto and continuous dry nitrogen flushing. However,
the cosmic muon veto and dry nitrogen flushing were not used for
the present measurements as the samples had sufficiently high activity
compared to the ambient background as well as to facilitate frequent
sample changes. The D1-D2 coincidence setup consists of two iden-
tical low background cryocooled HPGe detectors (ORTEC, Model no
GEM30P4-83-RB). Both detectors have ~33% relative efficiency and
have a carbon fiber housing with a 0.9 mm thick front window. The
D1-D2 detectors are mounted in a close geometry, facing each other at a
distance of about 2.5 cm, surrounded by two layers of passive shielding
with 5 cm thick low activity lead (< 0.3 Bq/kg of 21°Pb) inside and 5 cm
thick (<21Bq/kg of 21°Pb) outside. As both D1 and D2 are expected
to be identical, the optimized geometry of D1 [11] was adopted for
simulation of the photopeak efficiency of both the detectors (D1 and
D2).

Data were recorded using 14-bit, 100 MHz CAEN 6724 series com-
mercial digitizers using the trapezoidal filter for pulse height deter-
mination. The digital parameters were optimized to achieve the best
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Fig. 1. A typical gamma ray spectrum of the ambient background in the TiLES, where
the prominent gamma rays are labelled (counting time ¢=69d).

energy resolution. For both setups, the optimum trapezoidal filter
settings, namely, input signal decay time (7.,,), trapezoidal rise time
(T,,.) and trapezoidal flat top time (7,,,) were set at 50 ps, 5.5 ps and
1.3 ps, respectively. The typical resolution at 1460 keV was ~ 2.6 keV
in TiLES and ~3.5keV for D2. The data were analyzed offline using
ROOT [12] and LAMPS [13] software. The energy calibration was
obtained using standard gamma ray sources prior to the measurement
and were monitored with known background lines over an energy range
of 120-2615 keV. The observed drifts were less than 1keV over an
extended period of one year. The dead time was monitored with a
standard 10 Hz pulser and was found to be negligible (< 0.1%). Fig. 1
shows the background measured in TiLES (with the perspex sample
mounting plate) for a total duration of 69d, acquired at different times
over a period of about 7 months.

For radiopurity measurements both the Aut and BWH rock samples
were mounted on the sample plate at d ~10 mm from the face of
the detector in TiLES. The details of the samples, namely, mass and
counting time are given in Table 1. The photopeak efficiencies (¢) for
various gamma rays in each rock sample were obtained using GEANT4
based simulation program [14] for respective counting configurations.
Since the rocks were of irregular shape, the geometry of the sample was
simulated by approximating the closest regular shapes corresponding
to the sample volume. The gamma rays were assumed to originate
from trace impurities uniformly distributed within the sample. For
each energy, 10° (1 M) gamma rays were generated within the sample
isotropically and consequently statistical errors in simulated photopeak
efficiencies were negligible (<1%). Further, the uncertainties in the
detection efficiency due to variation in rock dimensions about mean
values were estimated. Since the largest linear dimension of both sam-
ples were smaller than the detector crystal size, only the variation in
thickness is expected to have a pronounced effect on the efficiency. The
thickness variation over the sample size was found to be 8.1-8.6 mm
for AUTO and 9-12 mm for BWHO. In simulation, different shapes
were generated corresponding to different thicknesses, by appropriately
modifying the cross sectional area to keep the volume constant. The
¢, is taken as average value of ¢ for different shapes, while the error
in the efficiency is calculated as (e,,,, — €,,,)/2. The overall observed
spread in efficiency due to shape variation was < + 5%, for the energy
range of interest (E, = 186 — 2615keV). Another important aspect that
needs to be taken into consideration, especially for close counting ge-
ometry, is the coincident summing of multiple gamma rays in the decay
cascade. While detailed simulations are essential for multi-stage decay
cascades, a simple estimation can be done for a two gamma cascade
221 Mot €/ is the total detection probability of y; (i.e. Compton
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Table 1
Details of the rock samples for radiopurity study in TILES.
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Table 2
Details of the irradiation of rock samples together with maximum neutron energy (E,)

Sample Type Mass Counting time and estimated energy averaged neutron flux.
(8 @ Sample ~ Mass E, (1) [ E, (b,
BWHO Charnockite 322 24.9 ® MeV)  (4) (b (MeV)  (10° nem™ s7 MeV™)
AUTO Dolomite 27.5 23.4 AUTIA 106 22 136 155 199 19 2
AUTIE 6.7 12 148 160 9.9 051 (4)

and photopeak), then the loss due to the coincident summing (7;"",
I;*™) to the intensity of y; and y, (I, and I,,, respectively) can be
estimated as

I =y £
=€y f
where p, and p, are the gamma decay probabilities of levels 1 and 2,
respectively and f, is the feeding fraction for the level 2. The effective
net intensity for y; can be written as

1

I =1, - 15" )

Here, both gamma rays are assumed to be emitted isotropically,
neglecting angular correlations. It is evident that the coincident sum-
ming probability of 3 or more gamma rays is insignificant. However,
the complex decay cascades with multiple parallel decay branches are
not considered for estimating elemental concentration. It should be
mentioned that the systematic errors in the simulated efficiencies of the
optimized models for TiLES and D1/D2 are 5% and 8%, respectively.
Total uncertainties quoted include all contributions, namely, statistical,
systematic (due to detector modelling) and coincident summing.

2.2. Neutron activation

For neutron activation measurements, fast neutrons having a broad
energy range up to ~20 MeV were produced at the irradiation setup
of the Pelletron Linac Facility, Mumbai, using °Be(p,n)°B reaction
(0=-1.85 MeV) with ~5 mm thick °Be target [15]. The maximum
proton beam energy (22 MeV) was chosen to cover the energy range
of neutron spectra originating from fission and («, n) reactions in the
rocks [16]. Irradiation at lower proton beam energy (12 MeV) was
carried out for independent verification of some of the channels by
comparison of relative yields. Although the primary interest in the
present work was to study the Aut rock samples, neutron activation
for BWH rock was also carried out for comparison at one energy. The
neutron flux was estimated using the 3°Fe(n,p)>®Mn reaction [17]. For
this purpose, the "Fe foils (~4.5 - 10mg/cm?) were placed in front
and back of the rock samples during each irradiation. The activity
of 5°Mn in the irradiated iron foils was extracted from the yield of
846.8keV gamma ray, which was measured with the D2 or TiLES.
The yield for 846.8keV was corrected for losses due to coincident
summing in the detector with 1810.7 keV (I, = 26.9%) or 2113.1 keV
a, = 14.2%). The corrections due to coincident summing from other
low intensity gamma rays (branching ratio < 1.5%) are found to be
negligible. The energy averaged neutron flux (¢,) is obtained using
relation

25, o(E)$(E)AE,
i, o(E)dE,

where o(E,) is the neutron induced reaction cross section and ¢,(E,)
is the neutron flux per unit energy at E,. The numerator is derived
from the measured 5°Mn activity with appropriate corrections for
the decay during irradiation and cooldown time. The cross sections
for the 5°Fe(n,p)>®Mn reaction were taken from the ENDF/B-VIILO
library [18]. The error in (¢,) is largely limited by the statistical error
in extracting the yield of 846.8 keV gamma ray. It should be noted that
the uncertainties in the neutron cross sections have not been considered
in the final errors. Table 2 gives the details of the rock samples and
irradiation (average proton beam current, irradiation time 7;,,, etc.)

(#a) = (3)

BWH2B 5.5

The irradiated rock samples and iron foils were removed from the
irradiation setup after a sufficient cool-down time 7, (> 1-2hr). Hence,
some of the short-lived activities could not be measured. The offline
counting of the irradiated rock samples was carried out in a close
geometry in both setups and reaction products were identified by their
characteristic gamma rays. In case of low energy irradiation, where
both BWH and Aut rock samples were irradiated simultaneously for
optimal use of the beam time, priority for counting in the off-line
setups was given to the irradiated Aut samples. Spectra of rock samples
were recorded at different cool-down times (.) to track activities with
varying half-lives, namely, ~ mins to few ~ days. The D1-D2 setup was
mainly used for detection of coincident gamma rays for confirmation
of the nuclide identification.

3. Analysis and results
3.1. Radiopurity measurements

A comparison of gamma ray spectra of the AUTO and BWHO rock
samples in TiLES is shown in Fig. 2 along with the ambient background.
Both the rock spectra are clearly dominated by gamma lines from the
2387 and 232Th decay chains, as compared to the ambient background.
The high energy gamma rays from 2°8T1 (end product in 232Th decay
chain) - 2614.5keV (1,:99.75%) are of particular concern. A sum
energy peak at 3197.7keV, arising from the coincident summing of
2614.5 and 583.2 keV is clearly visible in the BWHO spectrum, but not
observed in the AUTO spectrum. The BWHO also shows a strong peak at
1460.8 keV, indicating large amount of “°K in the rock. This also results
in significantly enhanced background at lower energies, E <1500keV,
for the BWHO as compared to the AUTO.

Although many gamma rays from 232Th and 238U decay chains
are visible, not all could be considered for trace impurity analysis.
Some of the gamma rays are mixed from different radionuclides -
for example, the observed gamma line at 242.6 keV has contribution
from 214Pb in 238U decay chain (242.0keV) and 224Ra in 232Th decay
chain (241.9keV), similarly for 351.9keV (*'4Pb, 2!!Bi), 185.9keV
(?26Ra, 235U) etc. Hence, only those gamma rays which could be un-
ambiguously assigned to a particular nuclide were considered in further
analysis. Further, a subset was selected from coincident summing cor-
rections as explained earlier. To extract the peak area, the photopeaks
of interest were fitted with a gaussian + background (second order
polynomial). The specific activity, that is, activity per unit mass Az(y)
corresponding to a given transition of the radionuclide was determined
using

Nobs
A = I;‘f’,erm.r ®
where N, is the net observed counts in the photopeak after correcting
for the ambient background, I}*" is the branching ratio of the gamma
ray after summing correction, ¢, is the photopeak detection efficiency
computed using GEANT4 simulation [9], m is the mass of the sample
and ¢ is the counting time. The 7, was corrected for coincident summing
estimate of 2 gamma cascades, as explained earlier. However, the
coincident summing is neglected if summing correction is significantly
less than the statistical error. In the cases where no measurable activity
could be observed above the ambient background (at the present
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Fig. 2. Gamma ray spectra measured in TiLES for (a) AUTO (red line) and BWHO (blue line), (b) ambient background (green line) and AUTO, scaled by an arbitrary factor of 4
for better visualisation. The inset in top panel shows the presence of the sum energy peak at 3197.7keV in the BWH rock.

Table 3
Observed specific activities for different radionuclides in the AUTO and BWHO rocks.
Parent radionuclide Daughter radionuclide E, AUT BWH
A (40 A (A
(keV) (mBq/g) (mBq/g) (mBq/g) (mBgq/g)
0K 1460.8 <1 <1 1064 (68) 1064 (68)
22Th 212pp 238.6 0.50 (7) 15 (1)
28Ac 911.2 0.5 (2) 0.50 (6) 15 (1) 14.7 (6)
969.0 - 140
28y 214pb 295.3 8.2 (5) 1.2 (2)
214Bj 609.3 7.7 (4 1.5 (2)
1120.3 8.1 (5) -
1377.7 12 (2) -
1729.6 13 (2) 823 - 1zm
1764.5 7.8 (7) 0.9(3)
1847.5 14 (3) -
2204.1 10 (1) -
Table 4

sensitivity of the setup), the upper limit on the specific activity (L ,)
was estimated from the minimum detectable counts (L ) using Currie’s
method [19] as
__Lp
I,.€,mt

Ly ®)
where L, = 4.65 o5 + 2.7 and oy is the standard deviation in
the background counts. The extracted specific activities for the AUTO
and BWHO samples are listed in Table 3. Due to its small isotopic
abundance, the concentration of 23U could not be determined in the
present work.

The mean specific activity (( Ag )) is obtained by weighted average
over measured specific activities of different gamma rays/daughter
nuclides in the given decay chain. In order to extract the concen-
trations of the parent radionuclides (232Th and 238U), the data were
analyzed under the assumption of secular equilibrium within samples.
The atomic fraction Fj of the trace radioimpurity in the rock sample
was computed using
F (ppb) = %10é ®)
where M is the molar mass (in g/mole), 4 is the decay constant (in s
and N, is Avogadro’s number.

For the BWHO sample, the molar mass was determined from the
rock composition obtained from the Secondary Ion Mass Spectroscopy

Trace radioimpurity concentrations in AUTO and BWHO rocks.

Sample Parent radionuclide Concentration
(ppb)

AUTO 4K <2
232Th 12 (1)
28U 60 (2)

BWHO 40K 2179 (139)
232Th 338 (14)
28U 9 M

(SIMS) results reported in Ref. [16]. Further, in the case of the AUTO
sample, since the rock composition was not available, the molar mass
was assumed to be identical to that of the BWHO. This is a reasonable
assumption as the molar mass is not expected to vary significantly for
different types of rocks. The concentrations of the trace radioimpurities
for both the rock samples are listed in Table 4.

From the comparison of trace element concentrations in AUTO and
BWHO in Table 4, it is evident that the 4°K content in the AUTO is
significantly lower by a factor of ~1000. The content of 232Th is also
lower in the AUTO by a factor of ~28, whilst that for the 238U is
higher by a factor of ~7. The concentrations of “°K and 232Th in
the BWHO rock obtained in the present study are similar to earlier



S. Thakur, A. Magumdar, N. Jangid et al.

Nuclear Inst. and Methods in Physics Research, A 1038 (2022) 166892

S

i Mg M g

0'f % 0§ 0§ M =

3 < \L S . ‘l/ ¥ G2

10°F s A

10* . . ) A . ’
o 200 400 600 800 1000
2 10} s
oy s Z
v 10°'F O &
7 i
E \
s 1 . : .
o 1600 1800 2000

10°F

10 *

"

10

" AP

2000 2500 3000 3500 4000 4500

Energy (keV)

Fig. 3. Gamma ray spectrum of the irradiated AUT1A rock (E,=22MeV) after ¢, =5d. Various >*Na gamma rays and associated single/double escape peaks are indicated (*).

reported values [16], namely, 2520 ppb (by SIMS) and 224 ppb (by In-
ductively Coupled Plasma Mass Spectroscopy i.e. ICPMS), respectively.
However, for 238U the present value is significantly lower than that
reported with ICPMS, namely 60 ppb [16]. It should be pointed out that
radiopurity measurements reflect average over a larger finite sample
size as compared to the ICPMS. Hence, the observed difference may
arise due to the non-homogeneous distribution of radionuclides within
the rock. The variation in trace impurity content was also probed by
measurements on different BWH/Aut samples from the same location.
While no differences were observed in the spectra at the measured level
of sensitivity for three different Aut rock samples (+ ~2 weeks), two
BWH rock samples showed ~ 33% and ~ 17% variation for 232Th and
40K, respectively.

As a result of lower levels of 4°K and 232Th in AUTO, the yield of the
high energy gamma rays of 1460.8 keV and 2614.5keV is significantly
reduced as compared to the BWHO. The higher 232Th content in BWHO
is also reflected in the presence of 3197.7 keV gamma ray (see inset of
Fig. 2). The presence of high energy gamma rays and the corresponding
Compton background leads to an overall enhancement in background at
lower energies, i.e. in the region of interest relevant to low background
experiments (E ~2 MeV). Thus, the smaller 232Th content in the Aut
rock appears to be advantageous.

The observed specific activities in the AUTO (see Table 3) can be
compared with those at the well established underground facility LNGS,
which also has dolomitic limestone rock as well as the worldwide
average. The measured average specific activities in LNGS [20] are 26
(2)mBq/g for 4°K, 1.5 (1.0) mBq/g for 232Th and 1.8 (1.0) mBq/g for
238y, Thus, the Aut rock appears to have lower levels of both “°K and
232Th, while 238U content is somewhat higher. It is important to note
that the trace radioactive element content in Aut rock is significantly
lower than the worldwide average, namely, 400, 30 and 35mBq/g for
40K, 232Th and 238U, respectively [21]. The neutron flux at the BWH
site is estimated to be 2.76 (47) x 10~® ncm~2s~! with 60 ppb for 238U
and 224 ppb of 232Th [16] trace impurities in the rock. The low energy
neutron flux produced by spontaneous fission and (a,n) reactions in the
rocks is dominated by 238U. The measured concentration of 238U in the
AUTO, 60 (2) ppb, is similar to that used for the neutron flux estimation
at the BWH site (namely, 60 ppb). Consequently, the expected neutron
flux at the Aut site will be similar to that for the BWH site, i.e., ~
3x10°ncm~2s71. It should be noted that this estimate is comparable
to other underground laboratories, although concrete wall contribu-
tions will have to be taken into consideration at the actual site. Thus,

Aut site is expected to have a overall lower gamma ray background and
similar neutron background as compared to the BWH and subsequently
appears to be a suitable site for laboratory from radioactive background
considerations.

3.2. Neutron activation measurements

Figs. 3 and 4 show gamma ray spectra of the irradiated rocks at
E, =22 and 12 MeV, respectively. Various observed reaction channels
such as (n, y), (n,p), (n, @), and (n,2n) are listed in Table 5 together
with respective T} /, and prominent gamma rays. The threshold neutron
energy E,, corresponding to ~1 ub cross section is also listed in the
table.

In the AUTI1A spectrum, the dominant contribution at small 7,
(i.e. <2-3 days) comes from the 2*Na activity (7}, =15h). The high
energy gamma rays, namely, 1368.6keV and 2754.0keV, and the re-
spective single/double escape peaks are clearly visible in the figure.
It is important to note that the associated Compton background also
leads to the enhancement of the low energy background. The 24Na
can be formed either via 22Na(n, y) or 2*Mg(n,p) or ?7Al(n, a). With
fast neutrons, 2*Na(n, y) is less probable as compared to 2Mg(n,p) or
27Al(n, a). However, the relative contributions of these two channels
will depend on the actual rock composition, namely, Al/Mg content. It
is seen that the BWH rock contains more aluminum than magnesium
(from the SIMS data). The Aut rock also shows the presence of *>*K
and #’Ca originating from the Calcium isotopes, which is present in
dolomite rock. These reaction products are relatively short-lived (7, <
few days) and give rise to low energy gamma rays, E, <1300keV,
during the decay. The long-lived activities 22Na (T; , = 2.6y) and *Mn
(T, = 0.855y) were measured after sufficiently long cool-down time,
which ensured that dominant short-lived products have diminished.
Further, identification of long-lived activities 22Na and 4¢Sc were con-
firmed by the detection of coincident gamma rays in the decay cascade
in D1-D2 setup. The measured half-life of the reaction products were
found to be in good agreement with the reference values [22]. Fig. 5
shows typical decay curves for a couple of reaction products in the
AUT1A sample (E,=22MeV).

From the measured yield of the characteristic gamma ray during
time 7, to t,, the saturated activity A, [23] (for r,, — o) can be
obtained as

AN obs

e Irer(l = e Hirr e Mirr (e~ A1 — g=Ai2)

@

o =
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Fig. 4. Gamma ray spectra of the irradiated (E,=12 MeV) rock samples after 7, =1.7d, (a) AUT4E in TiLES and (b) BWH2B in D1. The * mark has same meaning as in Fig. 3.

147} 102
(a) E =1368.6 keV (b) Ey= 1297.1 keV
14.0r . 1001 T =4.47(6)d
Ty =161(1)h s = 4.47(6)
133} 9.8
g g
c 126 c 96
119+ 941}
1.2} 9.2+
10 15 20 25 3.0 35 40 45 75 9.0 10.5 12.0 135
Time (d) Time (d)

Fig. 5. Decay curves (a) E,=1386.6 keV of *Na and (b) E, =1297.1keV of ’Ca, where N are photopeak counts corresponding to integration time of 3h and 24h for (a) and
(b), respectively. Errors are smaller than the symbol size.

Table 5
Observed neutron-induced reaction products in Aut and BWH rocks together with the threshold neutron energy E,,
corresponding to ~1 ub cross section. The half-life (7},,) and prominent gamma rays (E,) are also listed.

Reaction E, Ty Ty E,

channel (MeV) (reference) (measured) (keV)

“8Ti(n,p)*Sc 5 1.82d - 983.5, 1037.5, 1312.1
“48Ca(n,2n)"’ Ca 10 4.54d 4.47 (6)d 489.2, 807.9, 1297.1
24Mg(n,p)**Na,?’ Al(n, a)**Na 5, 4.64 15h 15.04 (5)h 1368.6, 2754.0
“3Ca(n,p)**K 1.8 22.3h 22 (Hh 373.8, 617.5
46Ti(n,p)*Sc 3 83.79d - 889.3, 1120.5
23Na(n,2n)*’Na 13 2.60y - 511.0, 1274.5
39K(n,2n)*K 14.5 7.64 min - 2167.5

“K(n,p)* Ar 3 1.82h - 1293.6
54Fe(n,p)**Mn 0.72 312d 279 (68)d 835.0

S6Fe(n,p)>*Mn 4 2.58h - 846.8
4Ca(n,n’p)2K,"K(n, 7)*?K 12,1 12.36h 12.8 (Dh 1524.7
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Fig. 6. Comparison of gamma ray spectra of the irradiated (E,=22MeV) AUT1A (black line) after 7. =31d and pristine AUTO (red line) samples. Note that AUT1A (10.6g) has

smaller mass than AUTO (27.5g).

Table 6
Saturated activity A, per unit mass for the prominent reaction products. The E,,,,

emitted in coincidence with E,, which has been considered for the summing corrections
are also listed.

Nuclide E, Eepin Ay Ay
(E, = 12MeV) (E, =22MeV)
(keV) (keV) (Ba/g) (Ba/g)
2Na 1274.5 511.0 - 9 (2)
1368.6 2754.0
24
Na 27540 13686 336 (14) 6536 (299)
2K 1524.6 - 4.6 (6) 62 (13)
K 617.5 372.8 0.52 (8) 18 (1)
7Ca 1297.1 - - 54 (3)

The saturated activity A, per unit mass has been estimated for the
prominent reaction products in the Aut rock and are presented in
Table 6. The coincident summing corrections have been taken into
consideration as samples were counted in the close geometry (see
eq. (2)) and were found to be around 10-16% for the nuclides 22Na,
24Na and **K. The nuclides 2?Na and #7Ca are absent in the AUT4E
sample, which is irradiated at lower energy (E,=12MeV). This is
expected as both these nuclides are produced via (n, 2n) reaction which
have higher threshold energies and hence require E, >10MeV. The
differences in the A, per unit mass at £, =12 and 22 MeV correspond
to contribution from high energy neutrons (i.e. E, ~10-20MeV) and
can also be estimated from Table 6. It is evident that production of both
24Na and “>#K is dominated by the high energy neutrons.

It should be mentioned that it is not possible to extract the concen-
tration of the parent nuclides since the precise shape of the neutron
energy distribution is not available in the present experiment. More-
over, in fast neutron induced reactions, multiple reaction pathways can
lead to the production of a particular isotope (see Table 5). Hence, a
thermal neutron activation study would be desirable for quantitative
estimation of the trace elements and/or rock composition.

To understand the impact of long-lived activities, the spectrum of
the irradiated Aut rock after ¢, ~ 30 d was compared with the spectrum
prior to the irradiation. The effect of the remnant activities is reflected
in the enhancement in the background at low energies as well as in
the presence of few characteristic gammas (100-1300 keV) and can be
seen in Fig. 6.

Overall, the BWH rock spectrum shows the presence of Potassium
neutron induced reaction products, while that for Aut sample is dom-
inated by Calcium products. The Aut rock appears to have mostly
short-lived activities. However, long-lived products like >*Mn and 4’ Ca
can result in the enhanced background at E <1000keV. The high
energy gamma rays from 24Na need to be adequately shielded, as sum
peak can contribute to the background above 2 MeV, which is region
of interest for many NDBD studies.

4. Summary

The radiopurity studies of a rock sample from the potential under-
ground laboratory site in the Aut tunnel have been carried out using
the TiLES. The concentration of “°K in Aut rock is observed to be
lower by a factor of ~1000 as compared to the BWH rock sample. The
measured specific activities of trace impurities 232Th and 238U in the
Aut rock are 0.50(6) and 8.2(3)mBq/g, respectively. In comparison
with BWH rock, the Aut rock appears to have lesser amount of 232Th
and somewhat higher amount of 238U. It is important to note that
Aut rock trace impurity concentrations are considerably lower than
the respective worldwide average values. The low energy neutron flux
arising due to spontaneous fission and («,n) reactions, dominated by
2387y, is expected to be around 3 x107® ncm=2s~1, which is similar
to other underground laboratories. The fast neutron activation studies
of both Aut and BWH rock samples have indicated presence of long
lived activities like 4Mn (0.855y) and ?>Na (2.60y), but the resultant
gamma ray energies are lower than 1500keV and no significant con-
tributions at E > 2 MeV are observed. Overall, the ambient gamma ray
background at Aut is expected to be lower than the BWH, while the low
energy neutron background is expected to be similar. Hence, the Aut
appears to be a suitable site for laboratory from radioactive background
considerations.
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Summary. — The single 8 decay of %°Zr to the ground state of °°Nb is spin
forbidden and poses a great experimental challenge. The 8 decay of °°Zr can be
studied via coincident detection of de-exciting gamma rays in **Mo, which is the end
product of °Nb § decay. Simulations are done with four high purity Ge (HPGe)
detector setup (~ 33% relative efficiency each) to optimize the source configuration.
The results suggest that ~ 70 g of 50% enriched ?°Zr will yield sensitivity comparable
to the reported results.

1. — Introduction

The %Zr is one of the two double 8 decay (DBD) candidates, where single 3 decay
is spin forbidden and competes with 33 decay. For 6Zr, Qg (Q-value) is 3.35 MeV and
reported limit for Ty o (half-life) is 3.1x10%° yr [1] from DBD to excited states of “*Mo.
A schematic representation of 3 decays of 6Zr and ?Nb is shown in fig. 1 together with
prominent gamma decay cascades. There have been several attempts to measure the
half-life for 9°Zr 8 decay [2-4] and the best limit is given as T35 > 6.2 x 10'? yr [5].

Given the relatively small natural isotopic abundance of %5Zr (2.8%), one of the
major challenges in a rare /3 decay study is to improve the sensitivity, which primarily
involves the reduction of background to achieve a better signal to noise ratio. Recently, an
improved lower limit for T /5 of DBD of *Zr to excited states of “*Mo has been reported
using low background setup TiLES [6]. In the present work, a feasibility study of the %6Zr
B decay through Mo gamma ray cascade using a low background setup of four detectors

(*) E-mail: nanal@tifr.res.in
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Fig. 1. — A schematic representation of 8 decay in °Zr and °Nb (energy values are in keV) [7].

is carried out employing the coincidence technique for background reduction. A setup of
four identical HPGe detectors, with the relative efficiency of about 33%, arranged in a
plane, is considered in the present study (see fig. 2). The source foil configuration and
mounting geometry are optimized for maximizing the coincidence detection efficiency.
The 9971 is considered to be distributed in "**Zr matrix. The results are compared with
coincidence measurements of Finch et al. [4] with a two detector setup.

2. — Simulation and analysis

A simulation program 4HPGeSim has been developed using GEANT4 (v10.05) [8].
Figure 2 shows source and detector configuration. The geometry of the 4 HPGe detectors
is taken to be similar to that of the CRADLE detector at TIFR [9], having carbon fiber
housing and 0.9 mm thick front window. The source is taken to be "*Zr and effect
of isotopic enrichment are taken care of by appropriately scaling the number of events
generated with the desired fraction (f) while retaining the natural material properties
for the source.

Two randomly oriented gamma rays from a chosen cascade (see fig. 1) are generated at
a given vertex, which is uniformly distributed within the source and detected in the HPGe
detectors. The dimensions of box-shaped source plates (consequently, the source mass)
and their positioning are varied to find the optimum configuration to maximize mass
efficiency (Me..) - the product of the source mass and the coincidence photopeak efficiency.
The total energy deposited in each detector (Egqe,) is folded by a Gaussian function to
account for the detector resolution and the energy detected (Eqe;) is recorded. Simulation

(B <

D3 D2

D4 E‘» D1

d14

V'

Fig. 2. — A schematic view of source - detector configuration employed in simulation.
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outputs are stored and analyzed in ROOT [10] for ~ 1M events. The photopeak area
(N;) is extracted by fitting a sum of Gaussian peaks with a quadratic background in
single and coincidence spectra. The efficiency ¢; of detector ¢ is given by

(1) € :Ni/Ngena

where, Ny, are the total generated events. The coincidence counts (Nee;r,) in the region
of interest are extracted from the two dimensional correlation plots of E; vs E; (see
fig. 3(a)). The net coincidence counts N, ;; are obtained after proper background and
underlying Compton chance coincidence correction. The coincidence efficiency for D1-D4
and D1-D2 sets are computed as

(2) €c,ij = Nejij/Ngen-

Further, v; —v; (7 in D4 and «; in D1) and ~; —+; (75 in D4 and v; in D1) combinations
are taken into account while defining the total coincidence efficiency €.. In a rare decay
experiment, the net expected event rate is often quoted in terms of Me., defined as

(3) Me, = fM0€c,

where M is the total mass of the source, f is the isotopic fraction. It should be pointed
out that with increasing thickness, the attenuation of emitted gamma rays within the
source becomes increasingly important. Hence, the source geometry needs to be opti-
mized to maximize Me.. Initially, Me. is optimized for a two detector setup D1-D4 (front
source) and D1-D2 (side source). For the front source, thickness ¢ is varied, keeping the
cross-sectional area of (I X w) constant. For the side source, both thickness ¢ and width
w are varied, keeping [ constant and the effect of variation of [ is investigated separately.
Distance between detectors dia2/d14 is fixed at ¢ + 10 mm.

3. — Results and discussion

Amongst all 3 possible v — v combinations in the most dominant cascade C1 (see
fig. 1), 568-1091 keV pair is expected to give a cleaner identification of the decay branch.
Hence the source geometry optimization has been done for this pair. For side source,
it is observed that both singles and coincidence efficiencies show weak dependence on
the source width. As no significant gain in Me,. was observed for w > 30 mm, wep
is taken to be 30mm. The optimal source length (lop:) is taken to be 55 mm same as
the crystal length. The Me. for 568-1091 keV gamma pair are plotted as a function of
source thickness in fig. 3(b) for front and side sources. As expected, for the given mass
of the source, the side configuration yields lower efficiency (~ half) as compared to the
front source. For 778-1091keV pair, as energy is higher, the optimal thickness is some-
what higher than 10 mm. Although the highest Me. is observed for the 568-778 keV
pair, the background in the relevant region will be a crucial factor in the actual exper-
iment. The optimal source dimensions for 2 detector setup are 55 mmx55 mmx 10 mm
and 55 mmx30mmx10mm for front and side source, respectively. These are used in
optimizing the 4 detector setup. To compare the present Me%Pt with the earlier mea-
surement of Finch et al. [4], Me. is estimated for 568-1091 keV gamma ray pair for the
reference source-detector geometry. Two coaxial HPGe detectors with ~ 88 mm diameter
(dia) and ~ 50 mm length, having 2.54 mm thick magnesium front window are mounted
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Fig. 3. — (a) Simulated 2D spectrum of the detected energy in D1 and D4, (b) Simulated Me.
for 568-1091 keV gamma rays as a function ¢ for both front (S1) and side (S3) Zr sources.

face to face at a distance (d) of 12mm. A cylindrical source of mass ~ 36.8 g with ~ 50 %
enrichment and ~ 60 mm diax2mm size is considered, giving M, . ~18g of 967r. As it
can be seen from table I, a significantly large quantity of the Zr source will be needed
to achieve Me, similar to earlier measurement with present set of detectors. It should
be mentioned that the measured best reported limit so far on Ty /o of “*Zr employed
about 19 g of ZrOs powder with 57.3 % enrichment for singles gamma ray measurements,
resulting in Me of ~37g-% [2].

For the four detector setup, the total mass is configured in four sources - S14+S2 (front
sources) and S3+S4 (side sources). Initially, the respective optimum source dimensions
obtained in the two detector geometry for the front (55 mmx55mm) and side sources
(55 mmx30mm) are employed and sources are positioned symmetrically w.r.t detector
crystal for better solid angle coverage. It may be noted that reducing thickness ¢ from
10mm to 5 mm, permits di4 = 7mm, which yields ~ 60 % gain in €.. Thus, even though
there is a mass decrease of 50 %, only ~ 20 % decrease is observed in the total Me.. The
four detector configuration with t = 5mm for front and side sources will result in 70 %
higher Me,. (see table I), but still considerably large mass ~ 152 g of 96Zr will be needed.
Hence, further mass optimization needs to be considered.

As mentioned earlier, dominant contribution comes from sources in the front. So in
the first step, only front sources S1 and S2 are employed and the cross-sectional area of
the source (I X w) is varied, maintaining tp = 5mm and d = 7mm to obtain the optimal
front source mass (My). In the second step, a fraction of My (30-60 %) is distributed
as side sources S3 and S4. Similar to the first case, tg and d are kept as 5mm and

TABLE . — A comparison of Me. (568-1091) for D1-D/ and ref. [4] setup (f =50%).

Crystal size Front window Source size d €c M Me.
(mm) (mm) % (g) (g%)
88 mm (dia) x50 mm 2.54 60 mm (dia)x2 mm 12 0.65 18 12

55 mm (dia)x55 mm 0.90 55 mmx55 mmx2 mm 12 0.12 20 2
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TABLE II. — Mec(y1,72) in optimal source configuration (Mesy ~ 72g) in 4 detector geometry.

Er (keV) e (%) Me. (e-%)
568, 1091 0.216 15.4
568, 778 0.279 20.0
778, 1091 0.172 12.3

7mm, respectively, and (I x w) is varied keeping My fixed (I < crystal length, to avoid
edge effects). The optimal configuration for t = 5mm is obtained as M. ~ 72 ¢ with
Mg ~ 40 % of My. The cross-sectional dimensions (lopt, Wopt) are 40 mmx40mm for the
front source and 30 mmx20 mm for the side source. The Me.(v1,72) in Zr matrix with
~50% enrichment for the optimal source configuration are given in table II. Although
higher granularity in the four detector setup is expected to improve the background and
reduce the pileup, these effects cannot be quantified at this stage.

4. — Conclusion

Simulation studies are carried out for estimation of mass efficiency (Me.) for 5 decay
measurements in °°Zr. The optimization of Me,. is done for four HPGe detector (~ 33 %
relative efficiency each) setup with extended sources in a close geometry for 568-1091 keV
gamma ray pair in the “Nb decay cascade. It is shown that for 6Zr 3 decay, even in
a four detector configuration, a significantly larger source mass is required to achieve
the reported sensitivity. Present simulations for a four detector setup show the optimal
source configuration to be 5 mm thick foils with a cross-sectional area of 40 mm x40 mm
for front sources and 30 mmx20mm for side sources. This corresponds to about 72g
of effective mass with 50 % enrichment and can yield Me, of ~12-20g-% for different
gamma ray pairs, which is slightly better than the coincidence measurement reported
earlier.
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Abstract

The study of neutrinoless double beta decay has attracted much attention as it can provide valuable
information about the mass and the nature of the neutrino. The double beta decay (DBD) itself is also
of interest in nuclear physics. While DBD has been observed in about a dozen nuclei, the positron double
beta decay (8737 /EC-BT) continues to be an elusive. An important signature for 373" decay is the
simultaneous emission of four 511 keV gamma rays and the coincident detection of these gamma rays can
improve the measurement sensitivity. This paper presents an estimation of sensitivity for EC-3% and
B+ BT employing coincidence measurement with two high purity Ge (HPGe) detectors. Simulations for
coincident detection efficiency (e.) of 511keV gamma rays with two HPGe detectors have been carried
out using GEANT4 for different source geometries to optimize the mass efficiency product (Me.). The
source of size 55mm x 55mm x 5mm (thickness) sandwiched between the front faces of the detectors
were found to be optimal for 2 pairs of 511 keV gamma rays in the present detector setup. The coincident
background is estimated at the sea level with moderate Pb shielding. With this setup, the sensitivity
for Ty, measurement of EC-A* in 12Sn and #4" in 1%Cd is estimated to be ~10' - 102y for 1y of
measurement time.

1 Introduction

Recent neutrino oscillation experiments have boosted the worldwide interest in the search for neutrinoless
double beta decay (NDBD) with increased sensitivity [1]. The neutrinoless double beta decay provides
a unique probe to study the mass and nature of the neutrino. Double beta decay (DBD) is a second-
order allowed process in the Standard Model and S~ 3~ decay mode has been detected in several nuclei.
However, positron decay modes are hindered due to lower effective Q value [2] and experimental search for
BFBT/EC-B* continues to be elusive. An important experimental signature of the decay modes involving
positrons like EC-87 and 8737 is the simultaneous emission of pair(s) of 511keV gamma rays. Hence,
the coincident detection of 511keV gamma rays can significantly improve the measurement sensitivity.
However, since 511keV gamma rays can also originate from many other processes, it is important to
understand and discriminate against the background originating from trace impurities in the source,
detector and surrounding materials and as well as from cosmic muon induced reactions. The present work
aims to estimate the sensitivity of the half-life measurement for positron DBD modes using a coincidence
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setup. In the first part, simulations are done to optimize the source-detector configuration to maximize
the mass efficiency product (Me.). In the second part, background measurements are carried out using a
coincidence setup of two high purity Ge (HPGe) detectors (~ 33%) with moderate lead shielding. Both
ambient background and background with natural tin ("*Sn) sample of mass ~ 40 g were measured. The
background in the coincidence setup, especially in the region of interest around 511 keV is compared with
that from the low background counting setup TiLES [3]. The sensitivity for T/, measurement of EC-
6% in 11280 and BT BT in 1%Cd is estimated using the measured background and simulated coincidence
efficiency. Measures for improvement in the background are also discussed.

10*
10°
10?

10

500 1000 1500 2000 2500 3000 1
Eger.o1 (keV)

Figure 1: a) A schematic view of D1-D2 coincidence setup and b) Coincident energy spectra of D1-D2 for ambient
background (¢ = 27.0d).

2 Experimental details

For background measurements in coincidence, a simple setup with two identical low background cryo-
cooled HPGe detectors is made at TIFR, Mumbai. Both detectors D1 and D2 (Ortec make) have carbon
fiber housing with 0.9 mm thick front window, and ~ 33 % relative efficiency each. Detectors are mounted
in a close geometry with a face-to-face distance of about 2cm as shown in Figure 1(a). The detailed
measurements were carried out with detector D1 using mono-energetic point+volume sources, and an
optimized geometrical model of the detector was obtained [4]. The same geometry is adopted for both D1
and D2 in the present simulations. This two detector setup is surrounded by a passive shield of 5 cm thick
low activity lead (<0.3Bq/kg) in all directions. Additionally, 5 cm thick lead (< 21 Bq/kg) is added on
both the sides. The setup also has a provision for cosmic muon veto in the future.

Data were acquired using CAEN DT6724 digitizer (14-bit, 100 MS/s) and recorded separately (time
stamp and energy) for each detector on an event by event basis. The coincident spectra were generated
using offline analysis. The dead time was monitored with a standard 10 Hz pulser, and was found to be
negligible (< 0.1%). The resolution of the detector was ~3keV at 1332keV. The ambient background
was recorded for ~ 27d, at different times over the period of about 10 months. No measurable drifts were
observed in the data. The "*Sn sample of mass 38.8990 g, in the form of granules (7N purity, Alfa aesar)
with an approximate overall size 30 mm x 39 mm x 6.5 mm, was counted in close geometry for t = 77.8d.
Figure 1(b) shows a typical 2-dimensional plot of Ep; vs Epg for the ambient background. Correlated
511keV lines and high energy background lines (1460, 2615 keV) are clearly visible.

The coincidence efficiency (e.) of D1-D2 detectors for "*Sn and "#Cd foils was obtained using a
GEANT4 [5] simulation program. A total of 106 events of 2 (1) correlated pairs of 511 keV gamma rays
were generated at a given vertex for AT+ (EC-B%). In rare decay search experiments like 8737, the
mass efficiency product (Me..) needs to be maximized. Hence, the source size and mounting geometry were
optimized for the present detector setup. Details of simulation and source optimization procedure are given
in Ref. [6]. It was found that 55 mmx55mm source of 10 mm thickness yields maximum Me.. However,



with a 5mm thick source, the detectors can be moved closer (d= 7mm) and consequently decrease in
Me, is only ~ 20 % even if M is reduced by 50 %. This is preferable as the inherent background scales with
the mass of the source. Hence, the optimal source geometry is chosen to be 55 mm x 55 mm x 5mm foil
sandwiched between front faces of detectors, with separation between detectors d = 7mm. The simulated
values of €. are given in Table 1.

3 Data analysis and results

The coincidence was performed using an offline C++ based algorithms developed in ROOT [7]. The
coincidence time window was set to £ 1 us to ensure that all coincident events are collected, and the output
was written in a ROOT Tree. The data were analyzed using LAMPS [8]. Figure 2 shows a comparison
of the ambient background of D1 in singles and coincidence. It is evident that the coincidence yields
significant improvement in the background. In fact, only 511keV peak survives in the background, albeit
with much reduced intensity. The sum energy spectrum (Egym = Epi+Epe) is also shown for comparison.
Tt can be seen that while high energy gamma rays like 1460 keV (1K) and 2615keV (2%8TI, originating
from 232Th) are visible in sum energy, the overall background is reduced by an order of magnitude.
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Figure 2: A comparison of the ambient background in D1 - singles and coincidence with D2 (i.e. Epg>0).
Sum energy spectrum Eg,,, = Ep1+Epa, scaled by an arbitrary factor of 0.05 for better visibility, is also shown for
comparison. All spectra have been time normalized to t =7d.

For both ambient background and "*Sn sample, analysis to extract counts in the region of interest
(ROI) near 511keV was done in an identical manner. The chance correction from the time spectrum was
found to be negligible. The coincident 511-511 keV events were suitably corrected for underlying Compton
chance coincidence. The prompt gated D1 spectrum was generated for the photopeak region (511 £ 5keV)
in D2, while the chance gated spectrum was generated from 5keV window on the left and right of the
photopeak in D2. The observed counts in the ROI for ambient background (i.e., without the sample) are
3 + 1lcts/d, which is equivalent to 1271 + 297 cts/y. It should be mentioned that the observed singles
count rate for 511keV gamma ray in low background setup TiLES [3], is 680 + 20cts/d, which clearly
emphasizes improvement with coincident detection. However, higher statistics will be required to study
1022 - 1022 keV correlations. In presence of "*Sn (~40g), the background in the ROI was enhanced to
1919 + 211 cts/y, giving the excess of 2 + 1cts/(keV.g.y) with "*Sn.

In the absence of a positive signal, based on the present background, a lower limit on the half-life can



be estimated as:

In2x Ng*e.xa M xt
T, 1
vz > w * kop, \/ Nipg ¥ AE ®

where N4 is Avogadro’s number, €. is the coincidence detection efficiency of a gamma ray, a is the
isotopic abundance of sample, W is the molar mass of sample, M is the sample mass, ¢ is the time of
measurement (in y), Ny, is the background index (in cts/(keV.g.y)), AE is the energy window defining
the signal region of D1-D2 setup and k¢, is the number of standard deviations corresponding to a given
confidence interval (C.L.). If one considers only the background from the source, Ny, is estimated to be 2
+ 1cts/(keV.g.y) from the tin data. As mentioned in previous section, the €. is obtained from simulations
for an optimal source geometry (55mm x 55mm x 5mm). Using the simulated €., the Ty /o sensitivity
of the present D1-D2 coincidence setup for EC-8T in 12Sn and #+3% in '°Cd has been estimated for
different enrichment fractions and listed in Table 1.

Table 1: The projected sensitivity for the half-life (Ty/2) of the present D1-D2 coincidence setup for 128y (EC-
p+) and 196Cd (BF 1) for tgata = 1y. The isotopic abundance (a), total mass (M) and coincidence efficiency (e.)
are also listed.

Source a € My Ty (68% CL.) Ty (90% C.L.)
(%) (%) (g &) )

106Ccd 50  1.04 130 5.5%10% 3.4x10%
106¢cq 90 1.04 130 1.0x1020 6.2x10%
RIS 50 0.64 110 2.9x101° 1.8x10™
129y 90 0.64 110 5.4x1019 3.3x101

The ambient background has contributions from trace radioactive impurities, natural radioactive
chains and cosmic muons as well as muon induced reactions. The external background can be mini-
mized with suitable shielding. A moderate rock cover of ~500m would suppress the muon flux by ~4
orders of magnitude [9]. Thus, the inherent background from the source (trace impurities, neutron in-
duced reactions) will be a limiting factor and hence the same has been used in the present estimation.
Nevertheless, it is important to reduce overall background. The use of larger detectors with an annular
anti-compton shield would also improve the coincidence efficiency and reduce background [10]. In the
present setup, it is proposed to augment the shielding by adding an active veto for muon and increasing
passive shield thickness.

The present best limits for TFJ;‘BJr (106Cd) and le;g*lﬁ (128n) are 2.3x10? y [11] and 9.7x 10Y y [12],
respectively. From Table 1, it can be seen that an improvement in the background index by about a factor
of 5, will be suitable to yield an improved limit for 1'2Sn, while for 1%Cd further measures to improve
signal to noise ratio are essential.

4 Conclusion

The feasibility study of positron double beta decay modes is presented for 12Sn (EC-3%) and '%6Cd
(B*B1) using a coincidence setup of 2 HPGe detectors. The coincident detection efficiency of 511 keV
gamma rays for source foil sandwiched between the detectors has been estimated using GEANT4. The
source of size 55 mm x 55 mm x 5mm (thickness) was found to be optimal for 2 pairs of 511 keV gamma
rays. The ambient background of the 2 detector setup with moderate Pb shielding is measured in coinci-
dence mode at sea level. The coincident detection of 511 keV pair yields a significant improvement in the
background in the region of interest. From background measurements with ~ 40 g of "%Sn, the sensitivity
for T5;5+ (*96Cd) and Tllj,ff/fr (12Sn) are estimated to be ~ 10 - 102y for 1y of measurement time
with enriched samples. Thus, coincidence measurements with the present two HPGe detector setup at
moderate depth can be used to probe EC-g7/ g3+,
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Introduction

Underground locations are preferred for
rare event studies like neutrinoless double beta
decay (NDBD) and dark matter (DM). The
ambient background at these locations can
significantly affect the sensitivity of the ex-
periment. The present work, for the first
time, reports the neutron activation studies
of the rock samples collected from Aut in Hi-
machal Pradesh. Neutron induced reactions
were studied with an emphasis on long-lived
activities, which can be a limiting factor for
low background experiments.

Experiment & Data Analysis

The neutron activation experiment was per-
formed at the neutron irradiation setup of the
Pelletron Linac Facility, Mumbai [1]. Proton
beams of E, = 12 and 22 MeV were used on
9Be target to generate neutrons of broad en-
ergy range upto E,.; = 9.9 and 19.9MeV,
respectively via the Be(p,n)’B reaction (Q
= -1.85MeV). Table I gives the details of
the irradiation and samples. The energy in-
tegrated neutron flux was estimated to be
~ 105 nem=2 571, using *Fe(n,p)**Mn reac-
tion. The irradiated rock samples and iron
foils were counted offline in low background
counting setups at TIFR - TiLES [2] and
CRADLE [3], in a close geometry and after a
sufficient cooldown time t. (>1-2hr). In both

*Electronic address: swatithakur1520@gmail.com
TPresent address: TIF - AWaDH, IIT Ropar, Rupna-
gar, Punjab - 140001, INDIA

the setups data was recorded using a commer-
cial CAEN N6724 digitizer (14-bit, 100 MS/s).

TABLE I: Details of sample irradiation

Sample  Mass Epeam Tirradiation <1 >

() (MeV)  (hr) (nA)
AUT1A 10.6220 22 15.5 136
AUT4E 6.6985 12 16.0 148

BWH2A 8.2211 22 5.2 167
BWH2B 5.4729 12 16.0 148

The gamma ray spectra were analyzed using
LAMPS [4]. A typical spectrum of the irradi-
ated Aut rock sample (E=22 MeV) is shown in
Fig. 1 after the t. of 5d, where various gamma
rays of activated products (T}, ~ few days)
are visible.
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FIG. 1: Gamma ray spectrum of AUT1A, irradi-
ated at 22 MeV, after a t. of 5d (t = 1d).

Reaction products were identified by char-
acteristic gamma rays and half-life tracking
was done for the verification. Further, in the

Awvailable online at www.sympnp.org/proceedings

810



Proceedings of the DAE Symp. on Nucl. Phys. 65 (2021)

case of multiple gamma rays of the same nu-
clide, relative branching ratios were checked.
Products arising from (n,p), (n,a), (n,y) and
(n,2n) reactions are visible and are listed in
Table II. Irradiation at two different incident
energies provides an independent check for the
yield of the observed products on neutron en-
ergy.

TABLE II: Observed products and gamma rays

Channel E, T1/2
BCa(n,p)®K 372.8, 617.5 22.3h
54Fe(n,p)**Mn 835.0 312.2d
56Fe(n,p)**Mn 846.5 2.58h
UK (n,y)*2K 1524.7 12.36 h

“8Ca(n,2n)""Ca 489.2, 807.9, 1297.1 4.54d
2Mg(n,p)*'Na  1368.6, 2754.0  14.96h
2Na(n,2n)**Na 1274.5 2.60y

The source of the observed peak at
159.2keV could not be clearly identified.
It can originate either from '""Sn (E,=
158.6keV, Ty = 13.76d) or 47Sc, which is
produced via -decay of 4"Ca (E,= 159.4keV,
T2 = 3.35d). The observed lifetime is not
consistent with either.

In order to assess the impact of the long-
lived neutron induced activity on the resid-
ual background, a comparison of the gamma
ray spectra of the Aut rock samples before
and after irradiation was carried out. Fig. 2
shows the gamma ray spectrum of the AUTTA
(10.6220 g, t. = 31d) together with that for
AUTB (27.5430 g) prior to neutron activation.
It should be noted that a few gamma rays
upto 1300keV, corresponding to neutron in-
duced reaction products, are still visible after
fairly long cooldown t. = 31d and correspond-
ing Compton tails lead to the enhanced low
energy background. The gamma rays belong-
ing to natural radioactive decay chains (from
the rock and the ambient background) are also
indicated (*) in the spectra. No significant dif-
ferences are visible at E > 1500 keV, although
the statistics are very poor.

A comparison of Aut rock background with
that of INO laboratory site at Bodi West Hill
(BWH) [5] is of interest and hence neutron ac-
tivation was also carried out on the BWH sam-
ples. The BWH rock is known to have higher

levels of potassium. The presence of high en-
ergy gamma ray 2167.5keV (¢, ~ 42m) in the
spectrum of the irradiated BWH rock sample,
may originate from 39K (n,2n)38K reaction.

In summary, neutron activation studies of
Aut rock have revealed mostly short-lived ac-
tivity. However, long-lived products like **Mn
and 47Ca can result in the enhanced back-
ground at E < 1000keV. A detailed compari-
son of neutron induced activity in BWH (INO)
and Aut rock samples will be presented.
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FIG. 2: Gamma ray spectra of the AUT1A (blue
line, t. = 31d, scaled by a factor of 2.5 for better
visualization ) and AUTB (red line), (t = 1d).
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Introduction

The gamma-ray spectroscopy using high-
purity germanium (HPGe) detector is a useful
tool for nuclear structure studies. In rare de-
cay studies like neutrinoless double beta decay
or search for dark matter, the minimization of
background is essential. Hence, identification
of the radiative impurities in the detector as
well as surrounding elements and elimination
of the same to the extent possible, is highly
desirable. In such low background measure-
ments, samples often need to be counted in a
close geometry to maximise the counting effi-
ciency [1]. Therefore, it is necessary to under-
stand the detector performance over a range of
energies and for different counting geometries.
A dedicated low background HPGe detector is
being setup at IIT Ropar. This setup aims to
perform measurements relevant for rare decay
studies like Tin.Tin [2]. This paper reports
the preliminary results of the characterization
of the cryocooled HPGe detector installed at
NuStaR Lab of IIT Ropar.

Experimental details and Setup

The HPGe detector is ORTEC make, GEM
Series (GEM30P4-83-RB), coaxial, p-type,
low-background crystal with a carbon fibre
body. The detector is electrically cooled, mak-
ing it suitable for usage at remote under-
ground locations. The nominal dimensions of
the detector, given by the manufacturer are
: diameter -62 mm, length - 46 mm and car-
bon window thickness 0.9 mm. The detector
is designed for relative efficiency of 35%. In

*Electronic address: 2017phz0004@iitrpr.ac.in

order to make an equivalent detector model,
it is essential to determine the detailed detec-
tor geometry including dead layers. A scan-
ning table has been designed and fabricated
to facilitate the radial, lateral and distance
scans with collimated sources. A picture of
the setup is shown in Fig 1. The sealed disk
type gamma-ray sources %°Cd, ®"Co, %°Co,
54Mn, 133Ba and '3"Cs have been used for ini-
tial measurements.

T vpce
- | Detector

-

FIG. 1: IIT Ropar Low-background Measurement
Infrastructure (ILMI)

The data was acquired using MAESTRO
(ORTEC) software and analyzed in ROOT][3]
and LAMPS [4].

Data Analysis and Results

A typical gamma-ray spectrum with °Co
source is shown in Fig. 2 (top panel). The
figure also shows efficiency as a function of
energy (bottom panel) at d=25 cm. For 1332
keV, the measured resolution of 1.81 keV and
the Relative efficiency of 33% at 25 cm dis-
tance are consistent with manufacturer’s val-
ues.
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FIG. 2: Energy resolution and photopeak effi-
ciency at d=25 cm.

The distance scan has been done with mul-
tiple sources in the range of 5-30 cm, in 5 cm
steps and data are shown in Fig. 3. measured
data are also compared with the efficiency ob-
tained from simulations using GEANT4 [5].
The detector geometry is taken from the man-
ufacturer’s values. The simulated efficiency
data is also shown in Fig. 3 (solid line). It can
be seen that the simulations somewhat over-
estimates the data, particularly at low energy.
The simulated relative efficiency for 1332 keV
at 25 cm is 40%, which is about 10% higher
than the measured value.

In the low energy region, the detection effi-
ciency is strongly affected by the presence of
the dead layer. For the front dead layer thick-
ness (t) estimation, spectra with 57Co (122
keV) was recorded with two collimators : one
with ~ 1 mm straight through hole (Cy) and
the other with ~ 1 mm through hole at 30" an-
gle (Cgp). A horizontal scan was also made on
the top surface of detector in steps of +£5 mm
using both these collimators. From the mea-
sured photopeak yields Y(Cy) and Y(Csg) of
122 keV gamma ray with collimator Cy and

Proceedings of the DAE Symp. on Nucl. Phys. 64 (2019)

Csg, respectively, the front dead layer thick-
ness is evaluated as

e(— 22 wimi) o(—paet)

Y(Co) _ (1)
6(7 > 1.15/1«111)6(—1‘15;1,@61&)

Y(Cs0)

where p; and x; are the attenuation coefficient
and path length of absorber windows (Al and
C). In the central region of the detector ¢t is
found to be 0.090£0.003 mm.
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FIG. 3: Efficiency data (experiment and simula-
tion) for distance scan using 88 keV and 1332 keV
gamma rays.

Summary

An electrically cooled HPGe detector is
setup at IIT Ropar for low background mea-
surements. Simulations are carried out with
Geant4 using manufacturer supplied geometry
and results are found to be about 10% higher
than the data. Further optimization of the de-
tector geometry is in progress and results will
be reported.
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