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CHAPTER 6

Summary and future outlook

6.1 Summary

The processes with rare experimental signatures like neutrinoless double beta
decay (Ov(3p), interaction of dark matter particles, rare @ and 8 decays etc., are
important probes for the Physics beyond the standard model. The extremely rare
nature of these processes makes it necessary to reduce the background to unprece-
dented levels to be able to have the sensitivity to detect the event signature with
required significance. Techniques of background reduction thus plays a key role
in the next generation large scale experimental efforts aiming to probe these rare
processes. The sources of background include the radiation arising from natural
radioactivity (a, 3,y rays and neutrons), cosmic ray muons and muon induced
shower of secondary particles and cosmogenic activation. Materials of very high
radiopurity is chosen for the detector/shield assembly to mitigate the background
from surface/bulk impurities. The cosmic muon background is dramatically
reduced by deep underground locations with large overburden, typically a few

thousands of meter water equivalent. Implementation of active muon veto further
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110 CHAPTER 6. SUMMARY AND FUTURE OUTLOOK

reduces the background from the muons and muon induced secondary particles.
To achieve the desired sensitivity levels, a large detector mass, high energy res-
olution, good efficiency, ultra low background (~ 0.01 counts keV~'kg~'y~!)
and long counting period is necessary. The best background levels (Np,) in
units of keV~'kg~!y~!, achieved by the experiments till date include the Ov38
experiments namely, KamLLAND-Zen — 1.5x10~*, GERDA - 7x107%, and di-
rect darkmatter experiments namely, LUX-ZEPLIN(LZ) — 4x10~4, XENONIT
—9x1073, DARKSIDE-50 — 1x107 and DEAP-3600 — 3x10*.

Among all the backgrounds, neutrons are the most difficult to suppress. Neu-
trons can travel through layers of shield materials without attenuation and lead
to background via nuclear excitations through radiative capture or scattering re-
actions. The resultant y rays of high energies and the formation of long lived
nuclear isomeric states can lead to the deteriorate the background levels. In
the case of direct dark matter detection experiments, neutrons act as limiting
background since they can produce nuclear recoils via elastic scattering off target
nuclei resulting in a signal similar to that of WIMPs (Weakly Interacting Massive
Particles). The origin of neutron background is two fold: from natural radioac-
tivity (spontaneous fission and («, n) reactions) and cosmic muon interactions.
The neutrons from natural radioactivity are low in energy E_n < 20 MeV. The
cosmic muon induced neutrons on the other hand have a hard spectrum with en-
ergies extending ~ 10 GeV in range, though the flux rapidly reduces as the energy
increases. The high Z shield materials which are often used for y ray shielding
acts as a source of the production of the secondary neutrons from cosmic muon
interactions. The understanding of neutron background from these sources is

thus an important factor for all the rare event experimental searches.



6.1. SUMMARY 111

Feasibility studies for neutrinoless double beta decay search in '4Sn, The
INdia-based TIN detector (TIN.TIN) has been initiated at TIFR. Moderate iso-
topic abundance (~ 5%) and Q-value (2.2911+0.0015 MeV) makes it a suitable
candidate for Ovf3p studies. The development of cryogenic bolometers are un-
derway. Understanding of the background aspects for TIN.TIN is also extremely
important to achieve the desired sensitivity levels. In this thesis, study of various

aspects of neutron background relevant to the TIN.TIN experiment is carried out.

The novel, high efficiency thermal neutron detectors CLYC and NalL are
characterized for their neutron detection properties using neutrons from >*! Am-
9Be and 2°2Cf neutron sources. High detection efficiency, compact size and
superior pulse shape discrimination capability makes these ideal for the detection
of thermal neutrons. Digital data acquisition for neutron and y spectroscopy
using CLYC and NalL detectors was setup using CAEN V1730B (16 channel,
14 bit ADC, 500 MS/s, 2 V) fast digitizer. Monte Carlo simulations were
carried out to obtain the intrinsic thermal neutron detection efficiency. The
obtained values for intrinsic detection efficiency are 25% and 50%, respectively
for CLYC and NalL detectors. The values are consistent with the values provided
by the manufacturer for the specified concentration of °Li. Different materials
are studied for the suitability of using as neutron shield in the low background
experiments. Borated rubber with different concentrations of Boron loading
were studied for the attenuation of thermal neutrons. The neutron attenuation did
not show a strong dependence on the Boron concentration. Neutron attenuation
of 90% is obtained with 10% of boron loading and saturates to a value of
92% for 30% boron loading. The vy rays arising from the neutron capture in

Hydrogen, at E, = 2.2 MeV, steadily decreased with increasing concentration
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of Boron. The thermalization of neutrons in the non-borated HDPE absorber
was studied for varying thicknesses. The optimum thickness, that would be
suitable for the simultaneous detection of thermal neutrons and neutron capture
v rays, is obtained to be 10 cm. Fast neutron irradiation was performed at
the Pelletron-Linac facility at TIFR, to evaluate the suitability of the absorber
materials for application in low background studies. Fast neutrons were produced
from 9Be(p,n)9B (Q =-1.850 MeV) reaction. Proton beams of energy Ep ~ 20
MeV on a Be target (5 mm thick) were used to obtain an average neutron flux

2 57! integrated over neutron energy range, E, = ~ 0.1 to ~18 MeV.

~10%n cm™
The samples were counted in low background HPGe detector to identify the
characteristic vy rays arising from the dissolved impurities. The half lives of the v
rays were tracked to confirm the origin. The presence of Zn and Fe impurities was
identified in the Borated rubber sample, which may be attributed to the Boron-
Zinc compounds used for Boron loading in the rubber. The presence of high
energy y rays, E,, > 1 MeV and long lived isotopes arising from neutron induced
reaction in Zn were identified makes it undesirable for the low background
applications. The Borated HDPE sample did not show the presence of Zn, but Fe
was identified. The origin of Fe in both the samples is not clear. The non-Borated

HDPE sample showed the presence of !°F identified by the presence of E, =511

keV, arising from 19F(n,2n)'8F.

A dedicated setup designed for the measurement of cosmic muon induced
neutrons, called as, Muon Induced Neutron measurement setup at TIFR (MINT)
is setup at TIFR. The MINT consists of a plastic scintillator for cosmic muon
detection, CLYC and NalL detectors for neutron detection. The neutron detectors

are surrounded by 10 cm thick HDPE, to thermalize the fast neutrons arising from
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the muon interactions. The efficiency of the plastic scintillators were measured
using coincidence techniques before employing in MINT, and found to be in the
range of ~ 95%. The overall neutron production in Pb was measured to be 8.1 +
2.4 neutrons g~ 'cm? day~! for an effective Pb thickness of 30 cm. The contribu-
tion to the secondary neutron production from the low energy stopping muons is
assessed for Pb and Fe targets. Neutron yield of 4.95 (0.15)x 1073 neutron/u and
1.22 (0.23)x10~* neutron/y is obtained for the Pb and Fe targets, respectively.
The production from the stopping muons in Pb exceeds the production in Fe by
a factor of ~ 40. The compact and portably design of the MINT setup, makes it

ideal for the measurements in the underground laboratory locations.

The vy ray background arising from the muon induced fast neutrons was mea-
sured in the TiLES low background HPGe setup. The fast neutrons produced in
the Pb-Cu composite shield of TiLES, produces y rays from (n, n’y) reactions
in the inner Cu shield and Ge crystal. The cosmic muons entering the TiLES
setup are detected using plastic scintillator placed on the top of the setup. The
v ray yield from the cosmic muon induced neutrons is extracted from the co-
incident y ray spectrum in the HPGe detector. Monte Carlo simulations were
performed using two versions of GEANT4 toolkit, namely GEANT4.10.00 and
GEANT4.10.05, each with two different Physics Lists, QGSP-BERT-HP and
Shielding Physics list. The simulations did not show any strong dependence on
the Physics lists, but differed significantly for the two versions of GEANT4. While
GEANT4.10.00 significantly under-predicts the y-ray production in Cu, reason-
ably good agreement with the experimental data is obtained with GEANT4.10.05.
The simulations have further shown the presence of several high energy y rays in

the range 2-8 MeV and the contribution of the Compton tail of these high energy
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y-rays to lower energy of interest (2-2.5 MeV) is a background of concern in
rare decay studies.The Cu material is an integral part of cryogenic detectors used
in rare decay studies and hence the muon induced (n, n'y) data for Cu is very
important. The direct contribution of fast neutrons generated from cosmic muon
interactions to the y-ray background via (n, n’y) reactions is investigated for the

first time.

Thermal neutron induced y ray background was investigated to understand its
contribution to the ROI of 0v8 in '*Sn. A 99.26% Sn sample was irradiated in
the Dhruva reactor at BARC, Mumbai. The intensities of the y rays arising from
124Sn(n, )'2°Sn. The intensities of most of the y rays populated in the decay
of 12Sn(4l7) are found to be consistent with the literature. The photopeaks of
some of the high energy y rays from the decay of !>Sn, were found to have
contribution from the coincidence summing effects. It is important to note the
contribution which arises purely from coincidence summing at 2240.7 keV and
2288.2 keV, which is extremely close to the Qgg in 1245n. The contribution to
the background in the ROI for Ov3 in '>*Sn, namely 2282-2300 keV, from the
thermal neutron induced reactions, has been evaluated for a neutron fluence~ 3
x 10'3/cm? to be 14.4 mBq/g/keV immediately after the irradiation and reduced
to <1 mBq/g/keV after a cool down period of 1.5 y. From measured yield in
region of interest near Qﬂﬁ(lz“Sn), it is estimated that prolonged exposure to
neutron flux exceeding 3 x 107 n/cm?/sec can be a significant concern for the
background.

In summary, various aspects of neutron background, crucial to Ov38 in '>*Sn
have been studied in this thesis, providing key inputs for the TIN.TIN experiment.

These studies indicate that thermal neutron capture in '**Sn can give rise to
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significant background in ROI near Qﬁﬁ(lz“Sn). It is important to restrict the
exposure of Tin material to a thermal neutron flux. Prolonged exposure to
thermal neutron flux exceeding 3 X 107> n/cm?/sec is a significant consideration
for the background. These results suggest that it would be necessary to store
Sn material in underground location for extended periods prior to use in the
cryogenic bolometer setup. Further, fast neutron induced high energy gammas

in Pb also necessitates the careful shield design.

6.2 Future outlook

Various sources of background needs to be studied and minimized to improve
the sensitivity of rare event experiments. Materials of high radiopurity and
effective radiation shielding are two important factors that can lead to significant
improvement in the background aspects. The improvements to the existing
low background counting setup will enable probing of lower concentrations of
impurities in various materials of importance to TIN.TIN. Further, the relevant
aspects of neutron and cosmogenic background and their contribution to the

background in the ROI also needs to be understood.

The low background gamma spectroscopy technique has been used to study
rare decay events like DBD to the excited states of the daughter nuclei and rare
alpha decays. The TiLES low background setup is one of the best experiment
setup at the sea level with an impressive background level of 1.7 x10* /day/kg.
Implementation of neutron shield in TiLES can lead to further improvement
in the overall background of TiLES. As discussed in Chapter 2, neutrons of
E, < 10 MeV canbe effectively thermalized and attenuated to 90% of the incident

neutron flux with the combination HDPE and boron loaded rubber. Neutron
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shield composed of HDPE layer and Boron loaded rubber can be mounted inside
the existing Pb-Cu 7y ray shield to reduce the y ray background arising from the

low energy neutrons.

The MINT set up can be improved further by implementation of plastic
scintillators surrounding the setup. The muons entering the setup from all the
directions can thus be measured. The study of cosmogenic neutron background
in Sn and the associated Monte Carlo simulations can be carried out with the
MINT set up. The understanding of y ray and neutron production from the
cosmic muon interactions in Sn, will together provide a crucial understanding
of one of the most important background aspects for TIN.TIN. Monte Carlo
simulations for the understanding of neutron production for various materials
in MINT set up needs to be carried out. As mentioned in Chapter 3, the input
from the simulations are necessary to have a direct comparison of the existing
measurements with Pb and Fe. The measurements with Sn, would provide a
valuble input for the understanding of background for TIN.TIN experiment. The
comparison of neutron production in the three targets will also provide a better

understanding of the dependence of neutron production with the atomic number.

Activation of materials is known to cause background events in underground
experiments that may affect the sensitivity of these experiments to rare event
searches. The formation of long lived isomeric states is undesirable in the low
background experiments, as discussed in detail in Chapter 1. The understanding
of cosmogenic activation in Sn is extremely important for TIN.TIN experiment.
The experimental data for the cosmogenic activation in Tin is scarce, which
makes these measurements important. The cosmic muons can be detected with

plastic scintillators and the resultant y and X rays can be measured using HPGe
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detectors in coincidence with the cosmic muons. The activation in materials
such as Cu, which is often a part of the detector and components, can also
be studied. The experimental results amongst themselves and in comparison
with simulations have shown considerable variations for various cosmogenic
backgrounds. These measurements will not only provide valuable input towards
the overall understanding of the experimental data but also help to benchmark
the Monte Carlo simulations. The improvements in the low background aspects

can lead to considerable improvement in the experimental sensitivity.
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Neutrons are a mojor source of background for experiments which search
for the signature of rare processes like neutrinoless double beta decay (0v30),
dark matter interactions, proton decay etc. The neutrons either originate
from natural radioactivity or from cosmic ray muon interactions and con-
tribute to the background either by nuclear excitation via capture or scatter-
ing reactions. This thesis reports the study of impact of neutron background
in rare decay studies with emphasis on the upcoming TIN.TIN experiment.
The goal of TIN.TIN experiment is the search for double beta decay of 124Sn
isotope by using cryogenic tin bolometer.

For this purpose, measurements have been done using novel scintillators
for neutron detection from sources to estimate the thickness and features of
the neutron absorbers. The neutron yield from muon interactions has been
estimated by using another experimental setup: MINT (Muon Induced Neu-
tron measurement setup at TIFR). High efficiency modern thermal neutron
detectors CLYC and NalL have been characterized and used for this purpose.
From the MINT setup, the neutron production rates of cosmic ray muons on
Pb and Fe targets are estimated. This information is extremely important for
the development of a setup for double beta decay experiments.Additionally,
the gamma background from neutrons due to cosmic rays has been estimated
using a low background HPGe detector (TiLES). The measurements of neu-
tron induced gamma ray background in TiLES are also compared with Monte
Carlo simulations using different versions of GEANT4 and a good agreement
is found for (n,n’y) in Ge. Finally, the background due to the thermal neu-
tron capture in the region of double beta decay of '2*Sn has been studied
by irradiating an enriched '?Sn sample in the DHRUVA nuclear reactor at
BARC and measuring the activity in TiLES. To achieve background levels
similar to other ongoing experiments, the tolerable thermal thermal neutron

flux is estimated to be 3 x 107° neutrons cm—2 s7!.



CHAPTER 1

Introduction

The standard model of particle physics [20] is extremely successful in describing
the fundamental constituents of matter and the forces through which they inter-
act. It has convincingly explained many experimental results and made several
predictions including the existence of Higgs boson [21-23], which was discov-
ered in the Large Hadron Collider [24]. In spite of the success of the Standard
Model, there are several fundamental questions which remain unanswered. The
origin of the neutrino mass, the nature of neutrinos and the absolute neutrino
mass [25], the existence of dark matter, the excess of matter over the antimatter
in the universe etc. are some of the most important unresolved issues. Hence
these processes are crucial probes for the physics beyond standard model. Several
large scale experimental efforts have been initiated at different parts of the world
for probing the neutrino oscillations [26-29], neutrinoless double beta decay and
other rare nuclear decays [8, 30, 31], existence of dark matter [32-36], etc. As
the signal rates are extremely low due to the rare nature of these processes, the ex-

periments need to be meticulously designed for the choice of detector materials,

1



2 CHAPTER 1. INTRODUCTION

shielding configuration and background rejection strategies. Though the tech-
niques employed to achieve the required sensitivity level varies from experiment
to experiment, many of the requirements such as large detector mass, materials
of high radiopurity, the employment of active and passive shields for background
rejection etc. are common to all the rare event experimental searches. In addition
to this, deep underground laboratories are chosen for housing the experiments,
in order to mitigate the background contribution from cosmic muons. Therefore,
the key challenge is achieving unprecedented background levels to be able to
attain the required sensitivities.

The following sections briefly discuss the importance of background reduc-
tion for rare event searches, the sources of background, techniques of background
reduction, followed by neutrino oscillations, neutrinoless double beta decay and
experimental efforts directed towards detecting it. Finally, experiments designed
to detect dark matter interactions is also briefly discussed, with emphasis on the

low background aspects.
1.1 Rare event searches: The need for low

background
The beginning of the low background physics started with neutrino physics
experiments, which aimed to measure the solar and atmospheric neutrino fluxes.
As the interaction probability for neutrinos is extremely low, the need for under-
ground laboratories, large detectors and ultrapure materials became necessary.
Subsequently, other rare and interesting processes like proton decay, neutrinoless
double beta decay, dark matter interactions, cross section measurements related

to nuclear astrophysics processes etc. were also studied with similar experimental
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facilities. Various background techniques have been employed in these experi-
ments to achieve ever-decreasing levels of radioactive backgrounds. Impressive
limits on the cross sections and half lives of various rare processes have been
obtained owing to the unprecedented levels of background achieved. Some of the
experiments with best achieved background includes the KamLLAND-Zen exper-
iment searching for Ov8 in '3°Xe, with Nprg = 1.5 X 1074 keV-lkg=1y=1 [8]
and XENON T experiment with Ny, = 8.5 x 107%keVee 'kg™'y~1 [35]. The
measurement of double electron capture half life of TlE/gE Cl2%xe=1.8x10%y
by XENONIT [37] experiment demonstrates the power of the ultra-low back-
ground achieved by the experiment. It is to be noted that the improvement in the
background index is achieved in phases, by improving the background rejection
strategies and implementing various analysis cuts over the data that is acquired
for prolonged periods. The signature of any of these rare processes will not be

individually unique, but must be distinguished on a statistical basis against the

dominant background.

1.1.1 Sources of radiation background

* Natural radioactivity: The contribution from natural radioactivity arises
from the a, §3, y rays from the decay chain of primordial isotopes >3>U,23U,
232Th and *K isotopes (772 ~ 10° — 10'% y). The high energy vy rays
such as 2448 keV from 2!“Bi and 2615 keV from 2%®TI constitutes an
important source of background. Isotopes of Radon, namely, ?’Rn (T} /2=
3.8 d),**°Rn (Ti2 = 55.6 5), 219Rn (T1/2 = 3.96 s) are gaseous sources of
radioactive background, that are produced in the decay chain of 238U, 232Th

and 23U, respectively. The o and 8 emitting isotopes, which can be present
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as surface/volume contamination in the detector and the bremsstrahlung
arising from them contributes to the background. This can contribute to
additional S and y ray events. Above 3 MeV, « emitting impurities are the

chief source of background which needs to be minimized.

Cosmic rays: Primary cosmic rays and the cosmic rays induced shower of
particles constitutes important source of the background. Hence the rare
decay experiments are performed at underground laboratory sites, such
as under a mountain, with high overburden arising from the rock cover.
Though the primary cosmic muons flux can be cut down by going deep
underground and by active veto, the muon induced secondary particles
are difficult to mitigate. The cosmic muons can directly deposit energy
in the detector or give raise to background via secondary particles and

cosmogenic activation[38, 39].

Neutron background: Neutrons arises from the spontaneous fission of
23523817 and 2*2Th isotopes present in the rock and the surrounding ma-
terials. The alpha emitters can also induce (a,n) reaction in the lighter
isotopes, giving rise to neutrons. These neutrons have energies < 20 MeV.
Additionally, cosmic muons can also interact with the rock and the high-
Z shielding materials surrounding the detector to produce neutrons that
range in energy upto ~ 10 GeV. Neutrons can get thermalized and captured
or inelastically scatter in the detector/surrounding materials to produce
additional y ray background. For example, the production of long lived
isomeric states like ®°Co (T} /2 = 1925 d) and Co (T, /2 =78 d) in Cu,

are also caused by neutron activation. Copper is a widely used material in
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most of the experiments, either as a part of the detector setup or passive y

ray shielding and these reactions are of concern as they can contribute to

the background [40].

1.1.2 Techniques of background reduction

The low background physics has emerged as a dedicated branch of study
after the advent of the rare event experiments. As mentioned earlier, some of
the sources of background like cosmic muons or the natural activity is common
for all the experiments while other sources of background might be experiment

specific. This section briefly discusses the strategies of background reduction

that are employed by various experiments.

* Radiopurity: Minimizing the contamination of radioactive isotopes in the

detector active volume and the surrounding shield materials is one of the
most important factors. The @ and  emitting isotopes within the detector
fiducial volume needs to be minimized to the best possible levels. For
example, in the case of Darkside experiment, the presence of 3° Ar isotope
with Ty 2 = 239 y, Qp = 565 keV at the level of 1 part in 10" in the LAr-
TPC, produces an activity of 1 Bq/Kg [36], when the Argon extracted from
the atmospheric sources. The production of *°Ar takes place typically via
40Ar(n,2n)* Ar reaction. Hence deep underground sources, that has been
shielded from cosmic radiation for many half-lives of 3°Ar are extracted
and purified to achieve ultra low levels of 3°Ar isotope concentration.
The storage of the detector components in the underground location, is
a commonly implemented method to reduce the cosmogenic background.

The Borexino experiment that detects the low energy solar neutrinos from
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"Be, employs liquid scintillator with radiopurity levels greater than 5 x
10~13g/g of U and Th equivalent (reported in mass concentration, per unit
mass of detector components) [41]. In the case of XENONIT experiment,
the levels of 33Kr (T1,2 = 10.74 y, Qp = 687 keV) in LXe needs to be
reduced to the concentration levels of 10713 [35]. 222Rn isotope, which
is a progeny of 28U with T; /2 = 3.8 d is continuously supplied from the
detector components. The implementation of radon suppression techniques
by flushing the system with pure boil-off N, gas in a closed loop system, at a
pressure slightly above the atmospheric pressure, mitigates the background
arising from Radon. Purification systems based on adsorption and various

other gas purification methods are also implemented [42—44].

Active shield for cosmic muons: As discussed earlier, the interaction
of cosmic ray muons and the shower of secondary particles generated is
a common source of background for all the experiments with rare event
signatures. All the rare event search experiments are hence housed at
laboratories located in the deep underground, where the muon flux is
significantly attenuated. Figure 1.1 shows the relation between the cosmic
muon flux and the depth. The depth is measured in units of kilometer water
equivalent (km.w.e), which corresponds to the depth of water in km, that is
necessary to provide the same amount of shielding from cosmic ray muons.
While the underground laboratories provides passive shield for the cosmic
muons, additional active veto is often employed to mitigate the residual
flux. In many of the major experiments, ultrapure water Cherenkov or

liquid scintillator tanks outside the fiducial volume is used as active veto
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FiGure 1.1: The comparison of the cosmic muon flux at various underground locations.
Figure adapted from [11]

to eliminate the cosmic muons. In most of the cases, this also acts as
passive shield against the external radioactive background. Active muon
veto is also used to suppress the secondary particles, such as neutrons, that
are generated by the cosmic muon interaction with the detector and the

surroundings.

* Passive shield: The detector systems are shielded with passive graded
shield to eliminate the external radioactive background from the imme-
diate surroundings of the detector. The CDMS [45] and CRESST [46]
experiments employ graded shielding of Cu and low activity Pb along with
High Density Polyethylene (HDPE) blocks to shield against the external
radiation (y rays and neutrons). However, the presence of high-Z mate-
rials like Cu and Pb in the detector vicinity can lead to the generation

of secondary particles from cosmic muon interactions. Shields based on
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ultrapure water or liquid scintillator provides an alternative to this. These
materials can not only act as passive shield against the external radiation,
but also as active veto detectors for cosmic muons and muon induced parti-
cles. Experiments that employ this type of shielding includes XENONIT,

LUX-ZEPLIN, Borexino, PandaX, EXO etc.

* Particle discrimination and tracking: The signature of the event of
interest often has a unique spatial or time profile in the case of many
experiments. The GERDA experiment uses the difference in the energy
deposition of single and multi-sited events for the discrimination between
the OvBB and the background events [30]. While the former has point
like energy deposition, the latter has energy deposition at multiple loca-
tions. This provides a powerful discrimination strategy against various
radioactive backgrounds. In the case of experiments employing LXe dual
phase TPCs, two signals from the liquid and the gaseous phase of the de-
tector is used for the reconstruction of the energy, position and the recoil
type. The characteristics of these signals provides the capability to reject
various kinds of background [35, 47, 48]. In the case of SuperNEMO
detector, a thin layer of S-emitting isotope sandwiched between trackers
and surrounded by calorimetry for the three-dimensional reconstruction of

charged particle tracks, as well as energy measurements [49].

1.2 Experimental search for rare events

This section describes the physics motivation for various rare event searches

with emphasis on neutrinoless double beta decay. The discovery of neutrinos,
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the motivation for neutrino mass from the observation of neutrino oscillations,
neutrinoless double beta decay and associated experiments and direct dark matter

searches are described.

1.2.1 Neutrino interactions

The radioactive decay of Uranium was discovered by Henri Becquerel in
1896, marking the beginning of the study of weak interactions. The a and y
rays from the radioactive decay were found to have unique energy, while the
energy spectrum of 8 rays was found to be continuous. This would either lead to
non-conservation of energy, momentum and angular momentum in the nuclear
B decay or would require the existence of a new particle. In order to remedy this
situation, the existence of neutrino was proposed by W. Pauli in 1930, as weakly
interacting neutral fermion that accounts for the missing energy and angular
momentum [1]. Following this, Enrico Fermi formulated the theory of § decay
in 1934. The direct experimental detection of neutrinos happened in 1956, by
Clyde L. Cowan and Frederick Reines in a nuclear reactor based experiment
[2]. In the year 1958, the helicity of neutrino was determined to be -1 (+1 for

antineutrino) by Goldhaber et al. [50].

Neutrinos were initially assumed to be massless fermions, before the neutrino
oscillations were discovered. In the year 1956, Davis et al. [51] experimentally
confirmed the deficit of solar neutrinos, compared to the predictions by Bahcall
et al. [52]. This provided the first evidence of neutrino oscillations. In the
following years, various experiments observed oscillations in atmospheric [53],
solar [54-59], reactor [60—62], and accelerator [63, 64] neutrinos, providing

compelling evidence of non-zero neutrino mass. This was also the first evidence
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of the physics beyond the standard model.

Neutrino Oscillations

Oscillations of neutrinos are a consequence of the presence of flavour neutrino
mixing, or lepton mixing between the flavour and the mass eigen states of neu-
trinos. The eigen states of the weak interaction or the flavour eigen states (v,,
v, and v;) are connected to the mass eigen states by a Unitary matrix U, called

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [65] as:

vi(x) = Z;Ujv(x) l=euTt (1.1)

In the three neutrino framework, the matrix U can be parametrized by three
mixing angles and one or three CP violating phases depending on whether the
neutrinos are Dirac or Majorana particles. The mixing matrix takes the form:
U=
C12€13 $12€13 size”"

i5 i5
—S$12023 — C12523513€'°  €12023 — $125238513€'C $23C13

i5 5
§128523 — €12023813€'° —C12823 — S12023813€"° €23C13

x diag(1, el 3, ¢l ")
where s;;= sin(6;;) and c;j= cos(6;;), ¢ is the Dirac CP violation phase and
a»1 and a3 are the two Majorana CP violation phases.
The flavour transition probability in neutrino oscillations depends on the neu-
trino energy E, the distance travelled by the neutrino from the point of production

to the point of detection, the elements of the PMNS mixing matrix and on the
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mass squared difference Aml.zj = ml2 - mJ2 The probability of flavour transition

from |v;) to |Vin), Pim = [(vim|vi(t))|?, can be written as:

Pin = 6im =4 ) Re(U;U3, UpiUyj) sin®

i>j

(ml2 - mJZ)L
4E

(1.2)
2" Im(U}U;, UpiUy;) sin®

i>j

(ml2 - mjz)L
4E

The current neutrino oscillation data has been fitted well in terms of two mass
squared differences namely, the solar mass splitting, (Amg1 =7.6x107eV?)and
the atmospheric mass splitting (|Am3;|> = 2.5 x 1073¢V?). In the case of solar
mass splitting, due to the presence of matter effects in the sun, it is known that
Am3, > 0% which constrains the product Am3, cos(26;5) to be positive. In the case
of atmospheric mass splitting, the oscillations are measured only in the vacuum,
the sign of Amg1 is yet unknown. As a result of this, there are two possible
orderings for the neutrino masses: normal ordering (NO) where (m; < my < m3)
and Am%1 > 0 and inverted ordering (I0) where (m3 < m; < my) and Amgl < 0.

In the case of Quasi degenerate neutrino masses, m; =~ myp ~ m3 > Amlzj
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Ficure 1.2: A schematic of neutrino flavour mixing in the normal and the inverted mass
ordering. Figure adapted from [25]

The fit on the neutrino oscillation parameters determined from the latest
global analysis is listed in Table 1.

TaBLE 1.1: Neutrino oscillation parameters from the global analysis [25]

Parameter Best-fit + 1o | 20 range | 30 range

Am3 [107eV?] 7.55707¢ | 7.20-7.94 | 7.05-8.14
|Am31 |2 [1073eV2] (NO) | 2.5+0.03 | 2.44-2.57 | 2.41-2.60
|Am31|2[1073eV?] 10) 2.42%003 1 934247 | 2.31-2.51
sin*(012)/107! 3.12t8?% 2.89-3.59 | 2.73-3.79
sin®(63)/10~1 (NO) 5.47i8?é8 4.67-5.83 | 4.45-5.99
sin*(623)/107! (10) 5.51i8?lg 4.91-5.84 | 4.53-5.98
sin®(613)/1072 (NO) 5.47i8?§8 4.67-5.83 | 4.45-5.99
sin*(613)1072 (10) 2.160%3%3 2.03-2.34 | 1.96-2.41
Scp/m (NO) 1.32f0-'§‘ 1.01-1.75 | 0.87-1.94
dcp/m (10) 1.56f§3}§ 1.27-1.82 | 1.12-1.94

The neutrino flavour transition amplitude, as written in Eq. (1.2), depends
only the mass square differences Amizj, the mixing angles 61, 623,013 and the
Dirac CP violation phase 6. It does not depend on the Majorana phases or the

nature of the neutrino. The knowledge of the nature of neutrinos with definite
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masses (Majorana or Dirac) is extremely important for the understanding of the
origin of small neutrino masses, which necessitates the study Ov5g in different

nuclei.

1.2.2 Neutrinoless double beta decay

Double beta decay (2vBp) is an isobaric transition from a parent nucleus
(A,Z) to a daughter nucleus (A,Z + 2), along with the emission of two electrons
and two electron type antineutrinos. It is a second order weak nuclear interaction
process introduced by Goeppert-Mayer in 1935 [4] and studied by Furry in 1939

[66]. The nuclear transformation in double beta decay process can be written as:

(A,Z) > (A Z+2)+2e +2v, (1.3)

The typical half life of 2v38 process is > 10'” y. It was was first deduced in
a radiochemical experiment in 1950, and subsequently observed in real time in
fourteen nuclei (including 2vB5 and 2vECEC process) since the first laboratory
measurement [67].

Majorana proposed the possibility of a single quantum field for neutral
fermions, that describes the situation in which the particles and antiparticles
coincide, as in the case of photons [3]. This allows the possibility for electrically
neutral spin 1/2 fermions to be their own antiparticles. In the context of double
beta decay process, this would imply that the conclusions of the theory will re-
main unchanged even if there existed only one type of neutrino, i.e. neutrino and
antineutrino is the same particle. In this process, the initial nucleus (A, Z) emits
one beta particle and goes into a virtual intermediate nucleus (A, Z + 1) and a

virtual neutrino (Racah sequence). The virtual neutrino induces the decay of
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this intermediate nucleus with emission of the second beta particle and is itself
absorbed. This process known as Neutrinoless double beta decay (OvSf) can be

written as:

(A Z) > (A, Z+2)+2e (1.4)

Before the discovery of parity violation in the weak interactions by [68, 69],
the T/, of Ovf3p process was estimated to be much lower than 2v33. After the
V-A nature of weak interactions was established, it became clear that the 77, of
Ovpp would significantly exceed that of 2vB3, with typical Ty, > 10% y with
the explicit violation of the lepton number (AL = 2). The discovery OvS5 would
therefore demonstrate that lepton number is not a symmetry of nature and could
reveal the role leptons played in the creation of the matter-antimatter asymmetry
in the Universe. It must however be pointed out that, Qv is possible only if
neutrinos are Majorana particles with non-zero mass. Neutrino masses require
either the existence of right-handed neutrinos or violation of the lepton number
so that Majorana masses are possible. The Qv process is perhaps the only
experimental probe to understand the nature of the neutrinos, i.e. if neutrinos
are Dirac or Majorana particles. The experimental searches for Ov8 involves
large detector masses, high energy resolutions and ultra low backgrounds,in
order to achieve unparalleled sensitivities to extremely small effects due to the
Majorana neutrino masses. There are around 35 possible candidates in which
the occurrence of OvBp decay is possible. The single beta decay process in
these cases is either energetically forbidden or spin suppressed. In the case of
OvB, the signature is characterized by a peak at the Q-value of the decay, which

corresponds to the sum energy of the emitted electrons.
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ANIE(E/ Q)

Ficure 1.3: Representation of the sum energy spectrum of electrons emerging from
double beta decay process. The peak indicated in red, indicates the expected
peak from OvSp decay. Figure adapted from [70].

The major experimental challenge in the case of rare event searches like
Ovpp is the suppression of various backgrounds. Given the rarity of the process,
with Ty, > 10%° y, background reduction plays a pivotal role in driving the next
generation tonne scale experiments to achieve the required sensitivity levels. The
effective Majorana mass |mgg| is not a directly measurable quantity. The 77/, of
Ovpp decay is related to the product of the effective neutrino Majorana mass and

the nuclear matrix element by the following relation:

1 [mp) I
— = Goy | Mo, P57 (1.5)
Tl/2 m;

where Gy,, My, and m, are the phase space factor, nuclear matrix element and

electron mass, respectively. The effective neutrino Majorana mass is given by:

mpgp = Z Uezl-m,' (16)
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where U,; are the elements of the PMNS matrix.

The value of mpgg is also sensitive to the neutrino mass ordering, in the case
where the lightest neutrino mass is below 40 meV as shown in figure 1.4. If
the inverted mass ordering is true, then the value of mgg has to be larger than
10 meV, while in the case of normal ordering it must be below ~ 7 meV. Thus
experiments with sensitivity to probe mgg < 10 meV can rule out the inverted

scenario in the case of non observation of OvSp.

E 107'F KamLAND-Zen (**Xe) l
g
1072 3
L NH
107 3
L 1 JIIIIIII 1 IIIII!II 1 IIIII]Jl 1 IIII!II_I|I1I!II!IL|
10* 10° 10?107 50 100 150
mlightcst (EV) A

Ficure 1.4: Predictions on effective Majorana neutrino mass mgg as a function of the
lightest neutrino mass my;ghtes:, and the experimental limits from the Ov33
decay searches (at 90% C.L.). Figure adapted from [8].

In the case of observation of signal for Ov8, the half life Tlo/v2 can be obtained

from the relation :
NieMit
T = [np—2—— 1.7
172 " ANobs ( )

where Ny is the Avogadro’s number, € is the detection efficiency, i is the
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isotopic abundance, M is the detector mass, A is the molar mass, N,p, is the

number of events attributed to Ov3 and ¢ is the duration of measurement. In the

case of non-observation, a lower limit on the 77/, of OvSf can be placed as:
Naie Mt

TV > (1.8)
27 Afer \ NokgAE

where fcy is the number of standard deviations corresponding to a given confi-
dence interval, Np is the number of background events per unit energy expressed
in (keV~'kg='y~1) and AE is the detector resolution. To achieve high sensitivity

in double beta decay detection, the following elements are necessary:

Large detector mass and high isotopic abundance

* High energy resolution is necessary to distinguish the peak arising from

OvpBpg from the continuum background of 2vSf
* High detection efficiency

* Ultra low levels of background, which is the most important and challeng-

ing factor in the case of rare decay experiments

e High Qpp value. The event rate in the case of OvBf decay is o« leﬁﬁ'
For Qpg > 2.6MeV, the region of interest (ROI) is also free from the

background due to vy rays from natural radioactivity.

1.2.3 Experimental searches for OvS5s
The major ongoing experimental efforts in various candidate isotopes for

Ovpp is briefly discussed here:
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« The KamLAND-Zen experiment [8] studies Ov3f in '*%Xe isotope. The

main detector consists of enriched Xe (with 13°Xe) is dissolved in the liquid
scintillator contained in a 1.5 m balloon inside the original KamLAND
detector. The volume outside is also filled with scintillator material. This
acts as an excellent active shield to the external backgrounds. With an
exposure of 504 kg.y, the limit on 77/, has been set to 1.07 X 10% y (at
90% C.L.). The next upgrade of KamLAND-Zen with 750 kg of '3Xe,

aims to reach a sensitivity of 7| = SX10°y.

The GERmanium Detector Array (GERDA) experiment [30] studies
76Ge isotope employing bare Germanuim detectors with 86% enrichment
. The detectors are immersed in liquid Ar (LAr) for cooling the Ge crystal
and y ray shielding, supplemented by additional water shield. The current
limit on the 77),("°Ge) from GERDA is 8 x 10* y (at 90% C.L.). The
GERDA and Majorana demonstrator [71](also based on 7°Ge), will join
to work on the LEGEND project (Large Enriched Germanium Experiment
for Neutrinoless Double beta decay) [72]. The proposed LEGEND-200
module aims to achieve a sensitivity of TIO/V2 ~ 1 x 10?7 y, with 200 kg of
Germanium and 5 years of exposure. Further, the LEGEND-1000 module
aims to achieve TIO/V2 ~ 1 x 108 y with a 1 tonne detector and an exposure

time of 10 years, covering the inverted mass ordering region.

The Cryogenic Underground Observatory for Rare Events (CUORE)
[73] studies '3°Te isotope using cryogenic bolometric detectors made from
TeO,. The experiment is currently running with a tonne scale detector. It

is projected to achieve a sensitivity of Tlo/"2 ~ 9 x 10% y after 5 years of
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data taking.

* The CUPID (CUORE Upgrade with Particle ID) [74] is an upgrade to
the CUORE experiment. The isotope of interest is 8?Se. The experiment
plans to make use of particle tracking techniques to achieve a superior
background rejection aiming toreach 0.1 count/ton-y. The present run, with
the precursor CUPID-O0, has already provided the best limit on TIO/VZ(SZSe)
as 3.5x 10** y (at 90% C.L.) [75]. The target sensitivity is TIO/V2 > 1x10%

y.

* The Enriched Xenon Observatory -200 (EX0-200) [76] studies Ov3f in
136Xe isotope. Ultra pure liquid Xenon (LXe) enriched with 136Xe is used
as both the source and the detector. Time Projection Chambers (TPC) are
used to detect the ionization electrons. The three dimensional event re-
construction provides excellent rejection against the Compton background
in this case. The limit on the Tlo/"2 of is placed as 1.1 x 10 y (at 90%
C.L.). The improved version of the experiment nEXO [77],will use 5 tons
of liquid Xenon to achieve a sensitivity of TIO/V2 > 1x 108 y with 10 y

exposure.

* The Neutrino Experiment with a Xenon TPC (NEXT) [78], which stud-
ies 13Xe isotope, employs gaseous Xenon in a High Pressure Xenon cham-
ber (HPXe). The chamber is maintained at a typical pressure of 15 bar
TPC is used for event reconstruction. This technique has many advan-
tages including the possibility of excellent trajectory reconstruction, which

improves the background, superior energy resolution and scalability. The
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NEXT-100 phase, which plans to employ 100 kg of 13°Xe is expected to
reach a sensitivity of TIO/"2 > 1 x 10%® y, with five years of data taking.

* The Neutrino Ettore Majorana Observatory (NEMO-3) [49] studies
0v/8 in seven isotopes, with focus on °°Mo (7 kg) [79] and 8%Se (1 kg).
The current established limits for 82Se is TIO/"2 > 2.5%10% y (at 90% C.L.).
The other isotopes studied in the smaller scale are '1°Cd, "°Nd, %°Zr,
#Ca, 130Te. The NEMO employs a thin layer of 8S-emitting isotope is
sandwiched between trackers and surrounded by calorimeters. This allows
full topological reconstruction of the charged particle tracks and energy

measurement. The SuperNEMO experiment, which is the successor of

NEMO-3, is under construction.

 The SNO+ experiment [80] plans to employ 1% of '3Te by weight in
760 ton of ultra pure liquid scintillator to achieve an ultimate sensitivity of

Y, 2 1x 1077y,

The other experimental efforts include CANDLES experiment [81] that employs
scintillating CaF; crystals to study “8Ca isotope, AMoRE [82] designed to mea-
sure the lifetime of '°°Mo , COBRA [83] experiment employing CdZnTe crystals,
Aurora experiment [84] that employs enriched '®CdWO, crystal scintillators to
study OvBB in ''Cd. The recent exprimental effort to study the two-neutrino
electron capture with positron emission in '%Cd [85] has achieved a half life
limit of 4x10%! y (at 90% C.L.), which is the best limit currently achieved for

this isotope.
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TaBLE 1.2: The best achieved limits for 77, and m,, in major OvS experiments (at 90%

CL)
Experiment Isotope | Q-value | Limit on Tl0 /"2 Npig m,
(MeV) (y) (keV'kg™'y™) | (meV)
CUPID-0 82Se 2.955 2.4x10% 3.6x1073 376-770
CUORE B0Te | 2530 1.5x10% 1.4x1072 110-520
GERDA 76Ge 2.039 8.0x10% 0.7x1073 150-330
KamLAND-Zen | P°Xe | 2.458 1.07x10%° 1.5x107% 61-165

1.2.4 Dark matter interactions

The matter in the universe as we know today, accounts for only 5% of the
observed gravitational effects. Various observations from cosmological and as-
trophysical sources such as the rotation curve of galaxies, gravitational lensing,
cosmic microwave background (CMB) radiation etc. confirms that majority of
the universe is made of substance that is not the ordinary matter. The prominent
candidates that are hypothesized to constitute the dark matter includes Weakly
Interacting massive Particles or WIMPs, sterile neutrinos, axions and supersym-
metric particles. Though the standard model neutrinos do satisfy the conditions
to be a candidate for dark matter, their masses are too tiny and can supply only
a small fraction of the observed dark matter. Hence the nature of dark matter is
not yet conclusively known and remains a question of fundamental importance.
To increase the discovery potential for dark matter, it is necessary to have in-
dependent detector technologies and varieties of targets, spread across various
geographical locations. Experiments that search for dark matter can either be
direct in which the nuclear recoil resulting from the scattering of the dark mat-
ter particle off the detector nucleus constitutes the event signature or indirect

search which looks for the annihilation of dark matter particles to standard model
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particles or vice versa. In the case of direct dark matter searches, background
reduction is extremely important and most of these experiments are located deep
underground. Neutrons are particularly important as a source of background,
since the scattering of the neutrons off the nucleus mimics the signature pro-
duced by the scattering of the WIMP. The table 1.3 summarizes the details of
major direct dark matter experiments.

TaBLE 1.3: The major experimental efforts involved in the direct dark matter search.
The detectors used, the achieved limits on the spin-dependent WIMP cross
section (osy at 90% C.L.), the achieved background levels (Npkg) and the
shielding configurations employed are discussed.

Experiment Detector Limit on Nprg Shielding
osi(cm?) (keV~kg=ly~h) configuration
CDMS/SuperCDMS [45] Ge and Si 5.4x10°% ~4x10? Cu (3 cm), Pb (22.5 cm),
at 5 GeV polyethylene (40 cm),
plastic scintillator (u-veto)
LUX-ZEPLIN (LZ) [86] | LXe (dual phase) 1.4x107% ~4x107% LXe, Gd-loaded
TPC at 40 GeV liquid scintillator,
(projected) water shield
XENONIT [35] LXe (dual phase) | 4.1x10~% ~9x1073 Water Cherenkov
TPC at 30 GeV (u-veto+passive shield)
CRESST[46] CaWOy, ~1x1072# ~103 Cu (14 cm), Pb (20 cm)
<1 GeV polyethylene (50 cm),
LN, purging, p-veto
PandaX [87] LXe (dual phase) 8.6x107%7 ~3x107T ultrapure water
TPC at 40 GeV
Darkside-50 [36] LAr (dual phase) | 1.14x107% ~1x1073 5% Boron loaded
TPC at 100 GeV liquid scintillator,
water Cherenkov
DEAP-3600 [88] LAr (single phase) | 3.9x10™% ~3x107% Water Cherenkov
TPC at 100 GeV (u-veto+passive shield)

Another important dark matter experiment is the DAMA/LIBRA [89, 90],
which aims to investigate the presence of dark matter particles in the galactic halo
by exploiting the model independent dark matter annual modulation signature.
The experiment employs highly radio-pure Nal(Tl) detectors sensitive to wide
range of dark matter candidates, interaction types and astrophysical scenarios
[91]. The combined analysis on the Phasel [92] and Phase2 [93] data of the
DAMA/LIBRA gives a modulation amplitude of 0.0096+0.0008 cpd/kg/keV and
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a phase of 145+5 days which are well in agreement with the expected value
for the dark matter particles. However, the results from the other experiments
with similar sensitivity but different detection techniques are not consistent with
DAMA’s results. In view of this, new experiments such as ANAIS (annual
modulation with Nal scintillators) [94], COSINE-100 [95], DM-Icel7 [96],
SABRE (Sodium-iodide with Active Background REjection) [97] have been
set up to perform model independent test of DAMA’s observation using the same
detector material. Some of these experiments are expected to attain 30~ coverage

of DAMA region with five years of data taking.

The next generation direct dark matter detection experiments such as LZ,
PandaX-4T, XENONnNT would ultimately reach sensitivities enough to hit the
neutrino floor, where the coherent neutrino nucleus scattering would become the

dominant background.

1.2.5 Other rare event measurements

Nuclear astrophysics experiments aims at determining the nuclear proper-
ties and reaction rates that impact our understanding of how the stars work and
evolve. The understanding of nucleosynthesis of elements requires the measure-
ments of typically sub pico-barn cross sections. This requires low energy accel-
erators, stable beams, materials of high radiopurity and low background levels.
Collaborations such as LUNA [98] (The Laboratory for Underground Nuclear
Astrophysics) at Gran Sasso underground laboratory and CASPER (Compact
Accelerator System for Performing Astrophysical Research) located at Sanford
Underground Research Facility aims to measure cross sections and reaction rates

of consequence to the stellar nucleosynthesis.
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The a and S decay of certain isotopes are also extremely rare in nature. These
processes are important to understand various aspects pertaining to the properties
of atomic nuclei. The requirements of low background and radiopurity are similar
to other low background experiments. Several decays of long half life like @ decay
of 1By, (Ty/2 ~ 5 x 10" y) and "OW, (71,5 ~ 1 x 10'8 y), both to the ground
state of daughter nucleus, have been measured recently, after the improvement in
the low background experimental techniques and underground facilities became

available [99].

1.3 The TIN.TIN experiment

A feasibility study to search for Ov3 in '>*Sn based on cryogenic particle
detector has been initiated in India [9]. The TIN.TIN (The INdia-based TIN
detector) experiment will be housed in the underground facility, coming up
at Bodi West Hills (BWH) in Madurai, at the proposed India based Neutrino
Observatory (INO) [100]. The experiment will have an overburden of ~ 1000
m of rock. The !>*Sn isotope has moderate isotopic abundance 5.8% and a
reasonably high Q value of 2.2911+0.0015 MeV [10]. The 2v3S process has not
yetbeen observed directly by the experiments. The lower limit on the 7'/, of 2v33
in 12#Sn is currently in the range of (0.8 to 1.2) x 10%! y, at 90% C.L [101, 102].
The cryogenic bolometers with excellent energy resolution and high sensitivity,
are well suited for rare event studies like NDBD or dark matter search. For this
purpose, a custom-built cryogen-free dilution refrigerator, having a large cooling
power of 1.4 mW at 120 mK, has been installed at TIFR, India [103]. The dilution
refrigerator can support a total mass of 100 kg, including the Sn detector and 5 cm

low activity Pb. Tin becomes superconducting below 3.7 K and at T<100 mK its
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specific heat has only lattice contributions and can be used to make a bolometric
detector. Very small size Sn bolometers have been found to give the best energy
resolution at sub-kelvin temperature. It is envisaged that the prototype stage of
TIN.TIN would consist of an array of ~30 Tin crystals (natural/enriched ~ 3 X3
%3 cm? each) arranged in a tower geometry with corresponding read-out sensors.
Neutron transmutation doped (NTD) sensors are developed indigenously, for
this purpose [104, 105]. A dedicated low background HPGe-based setup, TiLES
[14], is also operational at TIFR for material characterization and low background

studies for TIN.TIN.

The background reduction plays a pivotol role in TIN.TIN, like all the other
experiments that are designed to look for rare events. The most important
contribution to the background will arise from the radioactive impurities present
in the Tin crystal and other materials in the viscinity of the detector such as the
components of the cryostat, sensors and readout wires. Though the cosmic muon
flux will be reduced by orders of magnitude at the underground laboratory site,
there will be a non-negligible contribution to the background via direct energy
deposition, production of radioactive isotopes in the detector and surrounding
materials, and via the production of secondary particles upon interacting with
high Z materials. The neutrons that are produced from the spontaneous fission and
(@, n) reactions from the natural radioactivity present in the rock and surrounding
materials, also contribute to the background. These neutrons can excite the
nucleas by capture or scattering reactions, contributing to electron and 7y ray
background in the detector fiducial volume. The experimental setup of TIN.TIN
is envisaged to be similar to that of the CUORE experiment [73], consisting of an

array of Tin bolometric detectors. A combination of active and passive shields
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along with particle discrimination techniques will be implemented in the final

experiment to discriminate against the background events.

This thesis is focussed on the understanding of different aspects and impact
of neutron background for Ovg3S in '**Sn. The possibility of using borated
rubber as a neutron shield in rare decay experiments is assessed. The attenuation
of thermal neutrons in the borated rubber is studied as a function of Boron
concentration using fast neutrons from 24! Am-°Be and 2>2Cf fast neutron sources.
The thermalization of neutrons are also studied in plain HDPE. The thickness of
the HDPE has been optimized for the simultaneous detection of thermal neutrons
and 7y rays originating from the neutron capture in Hydrogen. Fast neutron
activation studies of borated rubber, borated HDPE, and plain HDPE are carried
out to understand and the presence of any dissolved impurities, which have been
identified by the presence of the characteristic y rays resulting from the neutron

activation.

The secondary neutron production from cosmic muons has been assessed with
two independent measurements which involves direct and indirect experimental
detection of cosmic muon induced neutrons. The contribution to secondary neu-
tron production from stopping and non stopping muons is assessed from MINT
(Muon Induced Neutron measurement setup at TIFR) which involves the direct
detection of neutrons which are produced from cosmic muon induced reactions.
MINT consists of novel, high efficiency thermal neutron detectors, CLYC and
NalL. The detectors are surrounded by 10 cm HDPE for the thermalization of
cosmic muon induced neutrons. Preliminary measurements have been carried
out at the sea level to understand the neutron production in Pb. An estimation

of the contribution from stopping muons to the secondary neutron production is
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also obtained for Fe and Pb targets. Independently, the y ray background arising
from cosmic muon induced fast neutrons has been measured in the TiLES low
background HPGe set up. The fast neutrons undergo (n, n’y) reactions in Ge
detector and Cu shield to produce characteristic vy rays. Monte Carlo simula-
tions have also been performed to understand the cosmic muon induced neutron
background in the TiLES setup. Finally, the y background arising from thermal
neutron capture reactions in '>*Sn has been studied by thermal neutron irradia-
tion of enriched '?*Sn sample. The contribution of thermal neutron induced
ray background to the region of interest for Qgg in 1248n is estimated from the

observed activity in the irradiated '>*Sn sample.
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CHAPTER

Design of the MINT setup

Introduction

In this chapter, the Muon Induced Neutron measurement setup at TIFR
(MINT), is presented. The MINT is a dedicated setup designed for the direct
measurements of neutrons originating from the interactions of cosmic ray muons.
As mentioned previously, the interaction of cosmic muons in high Z materials
can give rise to secondary neutrons, which constitutes an important background
to the rare event experimental searches. In the past, considerable experimental
efforts have gone into the measurements of the cosmic muon induced secondary
neutrons, using direct and indirect detection methods, both at shallow depths
[12, 110, 111] as well as in deep underground locations [112—-115]. Extensive
simulation studies with various Monte Carlo simulation packages (GEANT4,
FLUKA) have also been carried out by various groups [11, 116-119] . Signif-
icant variations are observed amongst experimental results themselves and also
with simulations. Independent measurements using different reaction channels

are highly essential to understand the overall experimental data and improve the

51



52 CHAPTER 3. DESIGN OF THE MINT SETUP

Monte Carlo simulations.

The MINT employs high efficiency thermal neutron detectors CLYC and
NalLL which are superior in terms of neutron detection efficiency and perfor-
mance compared to the conventional neutron detectors like liquid scintillators or
3 He based neutron counters [106]. The neutrons produced from the cosmic muon
interactions are detected directly via neutron capture reaction in °Li present in
the neutron detectors, which provides a unique signal for the neutron detection.
Superior pulse shape discrimination capability and the compactness of the detec-
tor relative to liquid/plastic scintillators based detection systems, is an additional
advantage. The setup is designed to be compact and portable and can be easily
assembled at underground locations for neutron background measurements in

the future.

This chapter describes the measurement of cosmic muon induced neutrons
at the sea level, with the MINT set up. The production of neutrons in the Pb
target is presented. The contribution to the neutron production from the stopping

muons is also measured for Pb and Fe targets.

3.1 The MINT setup

The schematic picture and the experimental setup of MINT is shown in Figure
3.1. The setup is mounted on an Iron platform with a footprint of 80 cm x 80
cm, with Iron plates of dimensions 60 cm X 60 cm X 1 cm. The platform can
hold a total weight of upto ~ 1000 kg. Three layers of Iron plates are present
for detector/target mounting (not shown in the schematic). The Pb blocks of 30
cm thickness are mounted in the top plate. The CLYC and NalL detectors are

mounted inside suitably designed HDPE mounts as shown in Figure 3.2.
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Ficure 3.1: The schematic of the MINT experimental setup. The plastic scintillators
placed in the sides are shown (left panel). The MINT setup with Pb mounting
(right panel).

Ficure 3.2: Clockwise from the top: 1. The inner view of the HDPE, 2. view of CLYC
detector mounting from the back, 3. after mounting both the detectors, 4.
Pb blocks partially mounted in the sides of the HDPE
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The HDPE-detector assembly in mounted in the second layer, which is also
is also surrounded by Pb layers on the sides. The choice of the Pb thickness and

the discussion on the neutron production in Pb is discussed in the section 3.2.1.

3.1.1 Cosmic muon detection

In order to detect the cosmic muons entering the MINT setup, plastic scin-
tillator detectors are used. Each plastic scintillator is of area 50 cm X 50 cm
and have thicknesses ranging from 1 cm to 5 cm. Each scintillator is coupled to
a single photo multiplier tube (Hamamatsu R7723) through a light guide. The

assembly of the plastic scintillator is shown in Figure 3.3.

Ficure 3.3: The assembly of the plastic scintillators for muon veto.

The operating voltages are optimized to maximize the efficiency of the plastic
scintillators, measured using coincidence techniques. The configuration for the

efficiency measurement of the scintillators is shown in Figure 3.4. Four scin-
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tillators are used for the measurements, with the scintillator in the position P3,
being the test scintillator whose efficiency is measured and P1,P2 and P4 being
used for the trigger. The scintillators are separated by a distance of ~ 5 cm, with

thin layers of Pb/Fe sheets placed in between them, to avoid the cross talk. The

W

Ficure 3.4: The schematic of the arrangement for the efficiency measurements of the
plastic scintillators. The scintillator P3, is the test scintillator and the others
are used for the trigger definition.

efficiency of the scintillator is given by the ratio of the number of events in four
fold coincidence of all the scintillators to the number of events in the three fold
coincidence, generated excluding the test scintillator :

_ Nz
Ni2a

€ 3.1

where Nj34 and Njp4 represents the counts measured in the four fold and three
fold coincidence, respectively. It may be pointed out that the inefficiency of the
trigger scintillators do not affect the measured efficiency of the test scintillator.
The coincidence time window was set to 50 ns. The efficiencies of the scintilltors

were measured to be in the range of 96% to 98%.



56 CHAPTER 3. DESIGN OF THE MINT SETUP

3.1.2 Neutron detection

The neutrons are detected by CLYC and NalL detectors. The detectors are
surrounded by 10 cm layer of HDPE, in all directions as shown in Figure 3.2. The
description of the neutron detectors, their efficiency and choice of the thickness
of the HDPE has been discussed in detail the previous chapter. The detection
of the cosmic muon induced neutrons in MINT setup is as follows: the cosmic
muons entering the setup are registered by the plastic scintillators followed by
the muon interaction in the target material which may lead to the production
of neutrons. These neutrons get transported through the Pb and HDPE, with
some of them slowing down to thermal energy, which are detected by the neutron

detectors via °Li (n, a)3H reaction.

The data acquisition system consists of CAEN V1730B digitizer (16 channel,
14 bit 500 Ms/s FLASH ADC, 2V,,,), with digiTES (4.5.12) software. A pulser
unit, set to 10 Hz in frequency, is also connected to the digitizer for monitoring
purposes. The digital parameters for each of the detector is tuned separately and
input to the digitizer through the digitizer configuration file. The settings of the

neutron detectors have been discussed in Chapter 2.

3.2 Measurement of muon induced neutrons

3.2.1 Neutron production in Pb

For the measurements of neutron production in Pb, Pb blocks of 30 cm
height and 40 cm X 40 cm footprint are mounted on the top (~ 528 kg) and
surrounding the HDPE (~ 230 kg) as shown Figure 3.1. For this run, two

CLYC detectors, both of 1”7 x 1”, are employed. Five plastic scintillators one
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at the top and four surrounding the setup, covering the Pb-HDPE castle, were
employed for detecting the cosmic muons. The independently acquired data of
the plastic scintillators are time ordered, zero suppressed and combined in a time
window of 150 ns, retaining the event flag for each of the plastic scintillator.
The event flag provides the information of the plastic scintillators which have
recorded a muon event in the time window. The search for the coincidence
between the muon events in the plastic scintillators and the neutron events in the
neutron detectors were performed using ROOT and C++ based offline analysis
algorithms. The time window for the muon to neutron delayed coincidence was
chosen considering the neutron transport and thermalization time in the MINT
geometry. For this purpose, Monte Carlo simulations were performed using
GEANT4 toolkit [16, 17]. Neutrons of energy E, = 10 MeV were randomly
distributed in the volume of the Pb mounting. These neutrons are transported
through the Pb and HDPE geometry, until they enter the neutron detector. The

time distribution of the neutron of energies 10 MeV is shown in the Figure 3.5. It

102 E,~ 10 MeV

10

(counts/100 us)

v b by by by Ly
100 200 300 400 500 600 700 800 900 1000
Transport time (us)

°4HH‘

Ficure 3.5: The transport time for neutron of energy 10 MeV in the MINT geometry,
simulated using GEANT4 toolkit. 10° neutrons were generated.
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can be seen that the tail of the time distribution goes ~ 700 us. The prompt time
window for the coincidence was thus chosen to be in the range of 500 to 750 wus.
However, to assess the contribution from the background events (which comes
from the neutron generated by the non triggering muons as well as from the
natural radioactivity), wider time window needs to be chosen. Considering this,
a time window of +10 ms was chosen for performing the offline coincidence. The
coincidence search for neutrons in CLYC is performed with the combined plastic
scintillator data. Figure 3.6 shows the coincidence time spectrum between the
plastic scintillator and the CLYC detector, for the thermal neutron events detected

in CLYC. A sharp rise in the detected thermal neutron counts can be seen in the 0
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Ficure 3.6: Evolution of the thermal neutron event rate in the CLYC detector, in the
coincidence time window. The prompt time window is indicated in dashed
lines.

to 100 us window. The event rate falls and comes down to the background level
by ~ 500 us. This is the prompt window for the event selection. Figure 3.7 shows

the neutron-gated energy spectrum, combined for both the CLYC detectors. Table
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Ficure 3.7: The energy-PSD spectrum of the CLYC detector (top panel) Neutron gated
energy spectrum in the CLYC detector (bottom panel). Ty,:, = 40 days.

below summarizes the data acquired, for a period of 40 days, with the Pb target

| counts
Counts in T ompr 2802 (306)
Counts in Tepance 869 (239)
Corrected counts (day_l) 48 (14)

The counts to the left and right of the prompt window is used for the chance

correction. The counts in the chance window has been normalized to the width of
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the prompt, 500us. The error bars on the counts are statistical. The thermalization
fraction for the neutron from 2>?C f source for energy upto 10 MeV, has been
measured independently, as explained in Chapter 2 and found to be ~ 50%.
Correcting for the thermal neutron detection efficiency of the CLYC, ~ 25%, the
neutron production in the Pb target for an effective thickness of 30 cm is obtained

as 8.1 + 2.4 neutrons g~'cm? day~!.

3.2.2 Neutron production from stopping muons

The dominant process governing the production of neutrons from cosmic
muons, at the sea level and shallow depths is the capture of negative muons in
the target. Even though most of cosmic muons pass through layers of materials
without coming to a stop, the low energy component [110], typically, £, < 500
MeV, can be stopped in sufficiently thick materials of high mass. The capture of

a negative muon by the atomic nucleus can be written as:
u +4 N >IN+ Vi (3.2)

The final nucleus produced in the excited state, has the extra neutron which can
either leave the nucleus directly or transfer the energy to the other nucleons,
leading to the emission of multiple neutrons and 7y rays.

The first studies of the neutron production from stopping muons was con-
ducted by Sard et.al [120] and Groetzinger et.al [121] in Pb and Fe targets,
respectively. The y~ capture probability increases rapidly with the atomic num-
ber Z. For low Z, the capture probability is roughly proportional to Z*. The Z*
law, which is approximately valid for low Z is because of the fact that the capture
probability is proportional to the number of protons in the nucleus, Z and the

density of the g~ wave function in the volume of the nucleus, which is propor-
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tional to Z> [122, 123]. As the Z increases the measured probability departs
from this simple law and for heavy nuclei with Z > 40, the capture probability
reached a saturation value. This is because the muon radius becomes comparable
to the nuclear radius and corrections have to be applied and an effective Z, Z. s ¢

is calculated to obtain the modified muon capture rates [124].

In the MINT setup, measurements were performed for assessing the contri-
bution of the stopping muons to the neutron production. In this run, one CLYC
and one NalL detector was used. The NalLL was primarily chosen due to higher
detection efficiency and the possibility of the dual detection of thermal neutrons
as well as gamma rays with a high efficiency. A schematic of the MINT con-
figuration for the neutron measurement from stopping muons is shown in Figure
3.8. The configuration for measuring the stopping muons in MINT for Pb and
Fe targets is shown in Figure. 3.9. The configuration of the Pb mounting for
the measurement of neutron production is same as the previous run, on the top
and the sides, surrounding the HDPE. In the case of Fe, the target is mounted
only at the top, with a footprint of 30 cm X 30 cm and thickness of 30 cm,a
s shown in the right panel of Figure 3.9. Four plastic scintillators are used in
total in this configuration, two at the top (P1 and P2) and two at the bottom (P3
and P4). The events in the plastic scintillators are time ordered and combined
in a window of 150 ns, retaining the event flag for each plastic detector, as in
the previous run. The low energy component of the cosmic ray muons, which
are close to the end of their range can come to a stop in the layer of the target
material. In order to identify the neutrons produced by the low energy muons
that comes to stop in the target, the trigger criteria is suitably modified. The

scintillators on the top, namely P1 and P2, registers a muon event in coincidence.
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Ficure 3.8: The schematic diagram of the configuration of stopping muon measurements
in the MINT setup. The muons tracks are represented in black and neutrons
in green.

For the muons that comes to a stop in the target, the bottom scintillators P3 and
P4 does not register a muons. Thus, to estimate the neutron production from
stopping muons, the delayed neutron signals in the CLYC/NalL detectors are
obtained with the following trigger condition: (P1&P2) & (P3&P4). Similarly,
the contribution from the non stopping muons are obtained with the condition
(P1&P2) & (P3&P4), followed by a delayed neutron coincident event. The
presence of 2.2 MeV v ray from ! H(n, y)?H can also be seen in the NalL detector

as indicated in Figure 3.10, bottom panel. However, the Compton scattering
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FiGure 3.9: The configuration for the measurement of neutron production from stopping
muons, in the MINT setup for Pb (left panel) and Fe (right panel).

background of the background y ray at 2615 keV which arises from %877 and
the poor energy resolution of the detector, makes it difficult to reliably extract
the neutron yield from the observed intensity of 2.2 MeV. The data was acquired
for a total of ~ 40 days for Pb target and ~ 21 days for Fe. The energy-PSD
spectrum of NalL detector with Fe target is shown in Figure 3.11. The neutron
yield is extracted from the number of events in the thermal neutron peak, with
the trigger condition defined for the stopping muons. The background correction
was performed by considering the counts gated upon the chance region of the
coincidence time spectrum, as indicated in Figure 3.12. The number of thermal
neutrons detected are normalized to the number of the incident muons (obtained
from P1-P2 coincidence for stopping muons and P1-P2-P3-P4 coincidence for
non stopping muons). The time spectrum shows an increasing trend towards the
right of the prompt peak, the reason for which is not clearly understood. The

detected neutron in the NalL detector for Fe and Pb targets is summarized below:
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Ficure 3.11: The Energy-PSD spectrum of NalL detector. T4, = 21 d with Fe target
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Ficure 3.12: The coincidence time spectrum between the NalLL detectors and plastic
scintillators for Fe and Pb targets. The prompt region is shown in the inset.
The data is normalized to 21 days of counting time.

TaBLE 3.1: Summary of the measurements in Pb and Fe targets for neutron production
from stopping muons, in the NalLL detector. The numbers indicated in bold
is normalized to target area of 30 cm X 30 cm.

Stopping muons

\ Pb

\ Fe

Thermal neutron counts/u (prompt)

1.1 (0.3)x1072

1.9 (0.2)x107~*

Thermal neutron counts/u (chance)

0.25 (0.003)x10~2

6.3 (0.2)x107?

chance corrected counts/u

8.8 (0.3)x1073
4.9 (0.2) x1073

1.2 (0.2)x107~*

Non stopping muons

Pb

Fe

Thermal neutron counts/u (prompt)

2.6 (0.4)x1073

1.9 (0.6)x1073

Thermal neutron counts/u (chance)

0.23 (0.002)x 1072

6.1 (0.2)x107?

chance corrected counts/u

2.4 (0.4)x1072
1.4 (0.3) x1072

1.9 (0.6)x1073

Total (neutrons/ )

3.3 (0.5)x1072
1.8 (0.3) x1072

2.0 (0.6)x1073

The neutron production from the stopping muons in Pb exceeds the production

in Fe by a factor of ~ 40. However the configurations of the Fe and Pb targets are
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not completely equivalent. Hence for completely understanding the production
rates of neutrons in Fe and Pb for the respective counting geometries in MINT,

Monte Carlo simulations are necessary.

3.3 Summary

A dedicated setup, for measuring cosmic muon induced neutrons, MINT, has
been developed. Novel, high efficiency neutron/gamma dual detectors, CLYC
and NalL are employed in the measurements. Initial measurements with MINT
has been carried out at the sea level, at TIFR Mumbai. The neutron production
from cosmic ray muons for Pb target has been measured to be 8.1 + 2.4 neutrons
g 'em? day™! for an effective Pb thickness of 30 cm. The contribution to the
secondary neutron production from the low energy stopping muons is assessed
for Pb and Fe targets. Neutron yield of 4.95 (0.15)x1073 neutron/u and 1.22
(0.23)x107* neutron/u is obtained for the Pb and Fe targets, respectively. The
production from the stopping muons in Pb exceeds the production in Fe by a
factor of ~ 40. Detailed Monte Carlo simulations are necessary to completely
understand the neutron production. The compact and portably design of the
MINT setup, makes it ideal for the measurements in the underground laboratory

locations.



CHAPTER

Study of y ray background from

cosmic muon induced neutrons

Introduction

This chapter presents the measurements of cosmic muon induced neutrons
measured in the Tifr Low-background Experimental Setup (TiLES)[14]. The
setup is surrounded with Pb-Cu composite shield. Cosmic ray muons interact
with the shield materials to produce secondary neutrons. These neutrons can
inelastically scatter in the detector and shield materials. In the present mea-
surement, the y rays originating from the scattering of cosmic muon induced
secondary neutrons have been measured by neutron inelastic scattering reac-
tions. The y rays generated in the the Cu shield (placed close to the detector) and
the Ge detector crystal has been measured. Monte Carlo simulations were carried
out with GEANT4 toolkit, for two different versions namely GEANT4.10.00 and
GEANT4.10.05. [16, 17] and the results are compared with the experimental

data.
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4.1 Neutron production in TiLES setup

The TiLES HPGe detector is a coaxial p-type Ge (ORTEC GEM75-95-LB-
CHJ), specially designed for low background measurements and rare dcecay
studies[125] with a relative efficiency of 70% and an active detector volume of
~ 230 cm? [14]. It has a low background carbon fiber outer body and copper
support structures with a 60 cm long cold finger attached to a J-shaped cryostat.
In addition to electrical contacts, the detector is surrounded by aluminized mylar
and thin copper on sides as well as on bottom for thermal shielding. The setup
is located at TIFR, Mumbiai, at an elevation of ~ 10 m from the sea level (Figure
4.1 and 4.2). The detector is shielded with 5 cm OFHC (Oxygen Free High
Conductivity) Cu, 10 cm low activity Pb (*'°Pb < 0.3 Bg/kg) and an active
cosmic muon veto system using four plastic scintillators (50 cm X 50 cm X 1
cm), placed at the top and on three sides. The plastic scintillators are coupled
through a light guide to a single PMT (Photonis XP2262/B) operated at a voltage
of -1.8 kV. The detector volume is enclosed in a Radon exclusion box made of
Perspex, which is continuously purged with boil-off NV, at an over-pressure of ~10
mbar to reduce the 2>’Rn contamination. TiLES is one of the best low background
setup at sea level with an integral background rate of 1.7 x 10* /day/kg over the
energy range of 40-2700 keV. In particular, the sensitivity achieved for “°K and

232Th are 2 mBg/g (~60 ppm) and 1 mBg/g (~0.25 ppm), respectively.

For the present analysis, coincidence of cosmic muons only with the top
plastic scintillator has been considered, since the configuration of the side plastic

scintillators varied during the measurement period. The top plastic scintillator has
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a solid angle coverage! of 2.8 sr for the TiLES. From geometrical considerations,
the top plastic scintillator accounts for ~ 50% of muons entering the setup, which
is also consistent with simulations. The efficiency of the top plastic scintillator is
measured to be 98%. The data acquisition system consists of acommercial CAEN
N6724 digitizer (14-bit, 100 MS/s). The data from the detectors are acquired on
an event by event basis with a time stamp. The dead time is monitored using
a constant 10 Hz signal from a standard pulser connected to the pre-amplifier
of the HPGe detector. The coincidence/anti-coincidence between HPGe and
plastic scintillators are projected using offline algorithms developed in ROOT
[13] and C++. A typical background spectrum, with partial cosmic muon veto
(i.e. only with top plastic scintillator) is shown in Figure 4.3. It can be seen that
v rays arising from ambient thermal neutron capture and fast neutron reactions
in Ge, Cu are visible in the spectrum. The contribution to (n, n’y) arises from
natural radioactivity in the ambient as well as from the neutrons produced by non

triggering muons entering the shield from the sides of TiLES.

7777, Plastic scintillator

b1 (40 cm)

h2 (15 cm) I Pb
Cu MI 5 em h1 (80 cm)
HPGe crystal
h3 (50cm) |fe—> -
b3 ba
10 5
cm
cm
* b2 (20 an
Ficure 4.1: A schematic picture of Ficure 4.2: A cross-sectional view
TiLES with shield dimensions

'with respect to the center of the Ge detector crystal



CHAPTER 4. STUDY OF y RAY BACKGROUND FROM COSMIC MUON
70 INDUCED NEUTRONS

The data considered for the present analysis has been taken over an extended
period of time and combined to a total of 329.2 days of live collection time,
corresponding to 1.24 +0.06 x10° muon triggers. A subset of the data also
consists of runs which were used for material screening and other measurements.
This however, does not have any effect on the observed yield of the lines of
interest in the coincidence y-ray spectrum. Care has been taken to ensure that
the experimental conditions remained stable throughout the data taking period.
The count rate and FWHM of background lines at 661 keV (!37Cs) and 1460 keV
(“9K) remained constant within the statistical error (+5%) for each data sub-set.

The measured FWHM, integrated over the entire dataset, is 2.6 keV at 1460 keV.
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FiGure 4.3: A typical y-ray spectrum of room background in the TiLES HPGe detector
with partial cosmic muon veto. Gamma rays arising from (n, y) in Ge (x),
(n,n’y) in Ge (o) and Cu(+) are indicated. (T4r =27 d)

The incident muon flux for the TiLES is defined by the number of identified
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muon triggers in the top plastic scintillator. At sea level, the dominant contribu-
tion to neutron production comes from the low energy component of the cosmic
ray muon flux [110, 126] via y~ capture in an atomic nucleus. Muons with
energy ~ 500 MeV, have a range? of ~ 30 cm in Pb. For vertically travelling
muons (selected by the top plastic scintillator), the effective shield thickness is
larger than 30 cm and hence muons of energy < 500 MeV are expected to stop
in the Pb shield. The secondary neutrons undergo inelastic scattering, producing
v rays via (n, n’y) reaction in the Pb+Cu shield and Ge detector crystal. The co-
incidence search algorithm filters y-ray events in HPGe detector within a 50 us
time window of the muon trigger in the plastic scintillator. Figure 4.4 shows the
time distribution between the plastic scintillator and HPGe events. The optimal
prompt time window was chosen to be T),,ompr = 15 us, as shown in Figure 4.4.
Both the left and right side time windows of the prompt peak are used for the
background correction. The background includes contributions from chance co-
incidence, muons incident from directions other than vertical as well as ambient
neutrons from natural radioactivity. The y-ray spectra of HPGe detectors gated
on prompt and chance time windows are shown in Figure 4.5, where the lines of
interest arising from (n, n’y) reactions in Cu and Ge are indicated. The y rays
from Pb are not visible in the spectrum because of attenuation in Pb material
itself and the Cu shield. It should be mentioned that the pulser count rate has
been used to independently verify chance corrections and for the estimation of

the dead time.

2obtained from GEANT4 simulations with mono energetic muons
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Ficure 4.4: A coincidence time spectrum between the HPGe detector and the plastic
scintillator
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Ficure 4.5: Prompt (black) and chance (red) gated y-ray spectra in the TiLES HPGe
detector. The chance gated spectrum has been scaled up by an arbitrary
factor (~330) for better viewing (Tz4s = 329.2 days).
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4.2 Monte Carlo simulations

Monte Carlo simulations of the generation of y-ray spectrum from muon
induced secondary neutrons in TiLES detector involves three steps: (i) generation
of the primary cosmic muon energy and angular distributions at the geographical
location of the experiment, (ii) production of secondary neutrons in Pb and
Cu, from the cosmic muon distributions obtained in the first step and (iii) the
production of y rays via inelastic scattering of neutrons in Cu, Ge and their
detection in HPGe detector. The actual experimental shield geometry together
with the optimised TiLES HPGe detector model [14] has been employed in the
simulations. The primary cosmic muon energy and angular distributions are
generated using CORSIKA package [15] for Mumbai location (18°54’N, 72°48'
E), using the rigidity cut off map for the primary protons as described in [127].
Simulation of production of secondary neutrons and (n, n’y) were carried out
using GEANT4 toolkit [16, 17]. For the muon charge ratio, the experimental
value of 1.276 + 0.003 [128] has been used, though a slightly lower value of
1.17 has been obtained from the CORSIKA simulations. Two step approach of
separating neutron production and inelastic scattering was adopted to generate
statistically significant y-ray yield in optimal computation time using standard
desktop computers. The simulated neutron distribution (momentum and position)
obtained in the second step is fitted to an empirical function, and is used as an

input for the production of y rays via inelastic scattering in the third step.

In the previous works, discrepancies in neutron production have been reported
for older versions of GEANT4(9.6) [12]. Ref. [113] has reported an enhance-
ment in the neutron yield in Pb with GEANT4.9.5 as compared to GEANT4.8.2.
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The present study employs two recent versions, namely, GEANT4.10.00 and
GEANT4.10.05. The main difference relevant to the present study is in the eval-
uated neutron cross section data, which is taken from G4NDL4.4 and G4ANDL4.5
libraries for GEANT4.10.00 and GEANT4.10.05, respectively. Further, the
choice of Physics list in simulations is an important factor. The QGSP_BERT
is recommended Physics list for high energy hadron interactions and is suitable
for neutron production by cosmic muons, while the Shielding Physics is better
suited for low energy neutron transport processes and hence more relevant for
the y production via neutron inelastic scattering . Since the present study in-
volves neutron production, transport and inelastic scattering, simulations have
been carried out with both the Physics lists. The simulation data sets are labelled

as:

Set 1a :GEANT4.10.00.p04 with QGSP_BERT_HP (version 3.0)

Set 1b :GEANT4.10.00.p04 with Shielding Physics (version 2.1)

Set 2a :GEANT4.10.05 with QGSP_BERT_HP

Set 2b :GEANT4.10.05 with Shielding Physics

4.2.1 Neutron production from cosmic ray muons

The muon source geometry employed in current GEANT4 simulation is a
generator plane of dimensions 5 m X 5 m, placed at a distance of 20 cm above the
setup, that is, on the top of the Pb shield layer. The muon position, momentum and
angular distribution are randomised at this generator plane using the CORSIKA
output histograms, as shown in Figure 4.6 and 4.7. A total of 5x 107 muons were

generated to obtain the secondary neutron distributions for each set.
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F1Gure 4.6: Energy (GeV) and angular distribution of muons from CORSIKA output:
(a) log(E,) vs cos(6,) (b) 6, distribution (6, is measured w.r.t. Zenith).
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Ficure 4.7: Energy spectrum of the cosmic muons at sea level generated from COR-
SIKA, for Mumbai location.

The generated muons are propagated through the TiLES volume. A muon

event in the simulations is accepted as a “triggered" event if it passes through
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the top plastic scintillator and enters the TiLES volume. The accepted muon
events are corrected for the efficiency of the plastic scintillator. The neutrons
generated by the triggered muons are stored for further analysis. The parameters
recorded for secondary neutrons are: the spatial and momentum distribution, the
physics process of creation and the volume where neutron is produced. It should
be mentioned that multiple counting of the same neutron is carefully avoided, if
the neutron re-enters the volume after multiple scattering from the surrounding.
The relative contributions of different muon interaction processes to secondary
neutron production for Set 1b and Set 2b are shown in Figure 4.8. It is observed
that u~-capture in the shield volume is the dominant mechanism, while contri-
bution from e*/e”-nuclear interactions is negligibly small. The contributions
from muon nuclear interactions, pion inelastic scattering and hyperon capture
(processes 4, 8-10 in Figure 4.8) are significantly enhanced in Set 2b. For all four
sets, nearly ~ 90% of the neutrons are produced in the Pb shield. For the average
vertical thickness in the present geometry, this implies a neutron production rate
of 1.45 x 10™n/gem™/u. The effect of the presence of the concrete layers in
the laboratory building was also tested in the simulations. A concrete slab of 5
mx 5 mx 30 cm was placed 2.5 m above the the top layer of Pb. The generator
plane was placed above the concrete layer, at z = 3.5 m. Figure 4.9 shows the
Z-coordinates of the neutrons produced for the configurations with and without
concrete. Though the overall neutron production increased in presence of the
concrete slab, neither the neutron yield nor the energy spectrum of neutrons in
the shield volume originating from the triggered muons was affected due to the

inclusion of the concrete.
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Ficure 4.8: Relative contributions of different muon interaction processes to the sec-
ondary neutron production in Cu+Pb shield of TiLES, simulated with
GEANT4.10.00 (dotted bars) and GEANT4.10.05 (solid bars)
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Ficure 4.9: The Z coordinate of neutron production for simulations with and without
concrete. The concerete slab is of 30 cm thickness. The left panel shows
the neutrons generated from all the muons and the right panel shows the
neutrons from the muons that satisfy the trigger. The increase in the number
of neutrons from triggered muons is only about 0.3% after the placement of
concerete.
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Ficure 4.10: Simulated momentum distributions of the secondary neutrons for two dif-
ferent physics cases in GEANT4.10.00 (top panel) and GEANT4.10.05
(bottom panel). Shielding Physics is scaled by a factor of two for better
visibility

The striking difference in the momentum distribution of neutrons simulated
in GEANT4.10.00 and GEANT4.10.05 is evident from Figure 4.10, with lat-
ter exhibiting much harder spectrum. The yield of low energy neutrons (0-50
MeV/c) is also about 13% higher in Set 2b as compared to Set 1b. However,
for a given GEANT4 version, neutron momentum distributions are similar for
the QGSP_BERT_HP and the Shielding Physics list. It is observed that the
momentum distribution of neutrons does not show strong dependence on Pb or
Cu volume and hence is described by a common empirical fit function for the
entire shield volume. The average momentum obtained in Set 1 and 2 are ~ 47.5
MeV/c and ~ 55 MeV/c, respectively. As mentioned earlier, the neutron momen-
tum distributions of Set 1 and Set 2 have been fitted to empirical functions given

in Eq. 1 and 2, respectively, as below:
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A typical fit to the simulated neutron spectrum for Set 2b is shown in the
Figure 4.11. The fit parameters are listed in Table 4.1. The neutron multiplicity
for different sets are also given in Table 4.1. The neutron multiplicity (N, /N,)
varies between 0.111 to 0.126 and is ~ 13% higher in Set 2 as compared to the

Set 1.
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Ficure 4.11: Momentum distribution of the secondary neutrons (Set 2b) together with
the empirical fit function (dashed line)

It should be mentioned that the neutron momentum (P,) distribution was
found to be isotropic and independent of vertical position (Z) within the pro-

duction volume. The position distribution was also found to be nearly uniform
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TaBLE 4.1: Empirical fit parameters for neutron momentum distribution

80

Fit parameter

GEANT4.10.00

GEANT4.10.05

QGSP_BERT_HP | Shielding Physics | QGSP_BERT_HP | Shielding Physics

a0 46.86+ 1.70 4921+ 1.89 4.119+0.185 3.773+0.171

al (MeV/c)™h -0.1345+0.001 -0.1339+0.0011 -0.1869+0.0011 -0.1889+0.0011
a2 (MeV /c)0-) 1.537+0.012 1.524+0.013 2.30+0.01 2.329+0.014

a3 3.428+0.322 3.618+0.351 1.762+0.079 1.72+0.07

a4 (MeV/c)™h) -0.02098+0.00044 | -0.02119+0.00046 | -0.01271+0.00019 | -0.01238+0.000018
a5 (MeV/c)™ - - 0.2859+0.023 0.341+0.025
Ny /Ny 0.11120.006 0.111+0.006 0.125+0.006 0.126+0.006

in X-Y-Z. Hence, the secondary neutrons are distributed uniformly in the shield

volume for y-ray production. The simulated neutron momentum distributions

projected for individual process of secondary neutron production is shown in

Figure 4.12.
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FiGure 4.12: Momentum distribution of the secondary neutrons for dominant process
(Set 2b)

4.2.2 Gamma production from secondary neutrons

Neutrons are generated within the TiLES shield volume from the empiri-

cal momentum and spatial distribution obtained in Section 4.2.1. The relative
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fraction for neutrons in Pb to Cu is taken to be 90:10, as obtained from sim-
ulations in Section 4.2.1. Fast neutrons can interact with nuclei via different
mechanisms such as (n,n’y), (n,y), (n, @) etc. Charged particles (due to their
short range) do not contribute to energy deposition in the HPGe detector, except
when production takes place within the Ge volume. The present study focused
on the measurement of characteristic y-rays of Cu and Ge via (n, n"y). Natural
isotopic composition of both Cu and Ge are used in the simulation. In each Set,
1.5 — 2 x 10% neutron events were generated to obtain y-ray yield comparable
to the experimental data. The excited states upto 5 MeV for *Cu, 8.5 MeV for
%5Cu, and 8 MeV for 2%Pb are considered from the default version of library
(G4ENSDFSTATEZ2.2). Hence, even though the experimental y-ray spectrum
range is limited to 5 MeV, the simulated spectra are generated upto 10 MeV to get
an estimate of the contribution of high energy vy rays. It should be noted that the
v-ray peak centroid energies are found to vary within 1-2 keV of the reference
values of NNDC [129].

The resolution function R(E) was derived from the experimentally measured

energy resolution (FWHM/E) over 100 to 2615 keV range as

Py
073

R(E) = (4.3)

with Py = 0.430 + 0.003. For each event, first the energy deposited in the
HPGe detector is obtained. This energy is then randomized with a Gaussian
distribution of energy dependent FWHM given by Eq. 4.3 and is recorded. In
Ref. [14] it is shown that the photopeak efficiency as well as the overall line shape
of y-rays is well reproduced using the optimized TiLES HPGe detector model,

employed in the present simulations. It should be mentioned that in the present
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two step simulation approach (i.e. muon to neutron and neutron to gamma), the
contribution of muons to the background in the HPGe spectrum is not taken into

account.

The generated y-ray spectra of Set 1b and Set 2b in the range 500-1700
keV are shown in Figure 4.13, where lines of interest of Ge and Cu are visible.
The fast neutron scattering in the Ge gives rise to nuclear recoils in addition to
the y ray emission from nuclear de-excitation. As it is well known, this recoil
distribution is responsible for the broad nature of the neutron inelastic scattering
peaks in Ge, which is visible in both experimental and the simulation spectra.
The (n, n’y) yield in Ge are found to be similar in both sets, but the line shape of

the recoil tail is better reproduced in Set 2b. (shown in Figure 4.14.)

The Cu(n, n’y) yield are strongly enhanced in the Set 2b. Similar to neutron
spectra, no significant differences are seen in the y ray spectra for two physics
lists in a given GEANT4 version. Hence, for comparison with experimental data,

only simulations with the Shielding Physics list are considered.

In a previous work done by Boswell et al. [130], the level deexcitation cross
sections were extracted from the y production cross section for energy levels in
Cu. These measurements were compared with the ENDF/B-VII evaluation for
level excitation cross section of discrete levels. The ENDF/B-VII level cross
sections do not include feeding from higher lying levels in the measured cross
sections and nuclear model calculations. The comparison of the measured and

ENDF/B-VII data is given in Figure 4.15. The figures are adapted from [130].
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FiGURE 4.14: A comparison of the lineshape of the 595 keV for the experimental and
the simulated data. The spectrum is background subtracted and the total
counts are normalized to the counts in the experimental peak.
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FIGURE 4.15: The total y-ray production cross section for the first excited level in *Cu
(Ey = 669 keV) and SCu (E, =770 keV). The experimental data is also
compared with other measurements and model calculations. The Figures
are adapted from [130]. The present data legend in the figure corresponds
to the experimental data in the reference.

The underestimation of the y ray yield in the simulations using GEANT4.10.00,
ENDEF/B-VII, may possibly due to the non inclusion of feeding from the higher

lying levels in Cu.

4.3 Comparison of simulation and experimental

results

Intensities of y rays of interest are extracted from both measured and simu-
lated spectra and are normalized to the incident muon counts for comparison. It
should be noted that the measured y-ray multiplicity is specific to the experiment
geometry. In the present analysis, the choice of vy rays was restricted by measur-
able intensities above the background in the experimental spectrum to minimize
the fitting errors. Given the broad line shapes in Ge, only 595.8 keV y-ray of
74Ge having highest intensity is considered, whereas in case of %*Cu and °Cu

yield of multiple prominent y rays are used for comparison.
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TaBLE 4.2: A comparison of measured and simulated (n, n"y) yield of Ge and Cu.

Reaction v-ray Energy N, /N, (1077)
(keV) Experiment Simulations

Set1b | Set2b

T4Ge(n, n'y)*Ge 595.8 75+8 63+4 | 72+4

03 Cu(n, n’y)%3Cu 669.6 16+2 1.3+02 | 24+2

03Cu(n, n’y)%3Cu 962.0 22+5 1.6+03 | 26+2

3 Cu(n, n'y)*3Cu 1326.8 7 £3 <07 |61+05

5 Cu(n, n'y)*Cu 770.64 8+2 <1 7.4+0.6

5Cu(n, n’y)%Cu 1115.6 9+3 <0.5 [85+06

For the experimental data, the intensities of the y-rays are extracted from the
coincident y-ray spectrum gated on the prompt time window (see Figure 4.5),
by fitting a Gaussian+quadratic background function over the energy window of
interest in LAMPS (Linux Advanced Multi-Parameter System) analysis software
[131]. The chance correction is obtained from the integral counts in the same
energy window from the chance gated spectrum, with appropriate normalisation.
As mentioned earlier, Ge(n, n’y) peaks are broad and extraction of area needs
to be done with proper care. To ensure the robustness, the yield of 595.8 keV
y-ray of Ge(n, n"y) was extracted by two independent methods - (i) extracting the
background with in-built background function of ROOT and manually subtracting
this background from integral counts in the region of interest, and (ii) by using a
Gaussian with right exponential tail +quadratic background function in Lamps.
The extracted intensity from two different methods agrees within fitting errors

(~ 10%).

From the simulated spectra, the y-ray multiplicity per muon, i.e., N, /N, is

calculated as:
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Ny Ny Ma

N, =N, N, 4.4)
Table 4.2 shows a comparison of the y-ray multiplicity per muon for the exper-
iment and simulation data Sets 1b and 2b (i.e. two different GEANT4 versions
with the Shielding Physics list). All the listed y rays correspond to the transitions
to the ground state. It is evident that measured "4Ge(n, n"y)"*Ge yield agrees well
with both simulation data sets, but the scenario for Cu(n, n’y) is vastly different.
The simulations with GEANT4.10.00 (Set 1b) under-predict the production of y
rays in >3Cu almost by an order of magnitude (a factor of 10-15), while those
with GEANT4.10.05 (Set 2b) show very good agreement with data. In Set 1b,
wherever the Cu y-ray peaks were not visible, the upper limit has been estimated
with Currie formula [19]. For most of the 6> Cu y-rays, the observed gamma
multiplicity is consistent with Set 2b simulations within errors. However, the
simulated multiplicity of one of the y-rays of %3Cu, (669.6 keV) is about 50%
higher than the data. Additionally, a few y-rays of >%Cu having multiplicity
~ 1 —4x 1077 are visible in the simulated spectra (indicated in Figure 4.13), but
the corresponding expected intensity in the measured spectra is below the exper-
imental detection limit. It may be pointed out that the measured y multiplicity
is not only dependent on the shield material, but also depends on the experiment
geometry.

A simple order of magnitude estimate of the average muon induced fast
neutron flux, (N,), can be obtained using an average neutron inelastic scattering
cross section, (o), in the neutron energy range of 1 - 20 MeV as

Ny
(o) X Nr x €, X1,

(Np) = 4.5)
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where N, is the photopeak intensity per unit time, €, is the simulated photopeak
efficiency for a volume source corresponding to the copper shield, 7, is the
branching ratio, N is the number of target atoms for the isotope of interest. The
average neutron flux is estimated to be 7(2) x 10~ neutrons cm~2s~! from the

lowest energy transitions in *Cu and % Cu isotopes.

Figure 4.16 shows the simulated y-ray energy spectra (Set 2b) above 2 MeV.
It is important to note the presence of high energy y rays arising from Pb -
208pb(n, n'y)*%8Pb (2614.5, 7913 keV), 2°°Pb(n, n’y)?**Pb (7063 keV) and from
Ge - "°Ge(n, n’y)"®Ge (2023.3, 2782.7 keV). The estimated y multiplicity per
muon is rather small (0.4 — 0.8 x 1077) due to lower photopeak efficiency of
the HPGe detector at higher energy, but the contribution of the Compton tail
of these high energy y-rays to lower energy of interest (2- 2.5 MeV) can be a
significant factor in rare decay studies. As mentioned earlier, the muon energy
and interactions are different in underground setups as compared to the sea
level, but fast neutron induced reactions in Pb can significantly contribute to the
background. The Cu material is an integral part of cryogenic detectors used in
rare decay studies and hence the muon induced (n, n’y) data for Cu is important
for understanding the background. Further, the present (n,n’y) data in Ge and
Cu provides a crucial input towards validation of GEANT4 simulation of both
muon induced neutron production and neutron inelastic scattering. It may be
pointed out that even though simulations have shown significant improvement,
the measurement of high energy y rays from muon/neutron induced reaction
is essential for the assessment of the cosmic muon induced contribution to the

background.
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Ficure 4.16: Simulated y-ray spectra (Set 2b) showing high energy y rays (E>2 MeV),
single/double escape (SE/DE) of 7913 keV y-ray are also indicated.

4.4 Summary

The contribution to the y-ray background arising from cosmic muon induced

fast neutrons has been directly measured in the TiLES low background setup.

Neutrons are produced in the Pb-Cu composite shield of TiLES. The resultant y

rays produced via (n, n’y) reactions in Ge and Cu is measured. The Cu material

is an integral part of cryogenic detectors used in rare decay studies and hence the

muon induced (n, n’y) data for Cu is very important. The experimental results

are compared with Monte Carlo simulations using GEANT4 simulation toolkit

for two different versions of GEANT4(10.00 and 10.05), each with two different

Physics lists, QGSP_BERT_HP and Shielding Physics. While GEANT4.10.00

significantly under-predicts the y-ray production in Cu, reasonably good agree-
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ment with the experimental data is obtained with GEANT4.10.05. The dominant
process contributing to the neutron production at the sea level is the capture of
negative muons, which accounts to more than 50% of the neutrons produced from
the cosmic muon interactions. The lineshape of the peak arising from neutron
inelastic scattering in Ge is also better predicted in GEANT4.10.05. It is shown
that the neutron energy spectrum has no strong dependence on these physics
lists, but does shows variation in two GEANT4 versions. The simulations have
further shown the presence of several high energy y rays in the range 2-8 MeV
and the contribution of the Compton tail of these high energy y-rays to lower
energy of interest (2-2.5 MeV) is a background of concern in rare decay studies.
Measurements of high energy vy rays from muon/neutron induced reactions is

necessary for the assessment of the actual background.
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CHAPTER

Thermal neutron induced y ray

background in 1?*Sn

Introduction

Thermal neutron induced y-ray background in '?*Sn is investigated in con-
nection with neutrinoless double beta decay (Ov8p) studies in '**Sn. Thermal
neutron capture reactions are extremely important as a source of background in
Ovpp studies. The capture of neutrons in the detector fiducial volume can lead to
nuclear excitation. The resultant nuclear de-excitation can proceed with succes-
sive 8 and y decays, which leads to the direct energy deposition in the detector,
leading to significant deterioration of the background levels. In this regard, the
study of thermal neutron capture reactions in '?*Sn is important for the TIN.TIN
experiment. For this purpose, enriched !?*Sn sample was irradiated with ther-
mal neutron fluence of 3x10'3/cm?, in Dhruva reactor at BARC, Mumbai. The
gamma ray spectra of the irradiated sample were measured in low background

counting setup to study both long and short lived activities. Simulations are
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performed using GEANT4 [16, 17] toolkit to estimate the contribution to the
observed photopeak intensities of these y rays from the coincidence summing
effect. Impact of the observed high energy gamma-rays and the residual activity
due to '2°Sb, on the background in the region of interest around of Qpp value
of 124Sn (~ 2.291 MeV) is discussed. The background contribution arising from
thermal neutrons to the region of interest (ROI) for OvBp in 12*Sn is evaluated
from the reactor thermal neutron flux. Based on the observed background in
the ROI, the maximum neutron dose to which the Tin detector material can be

exposed to be able to achieve the desired background levels, is estimated.

5.1 Neutron capture in '**Sn

A 124Sn sample (4 mm X 4 mm x 0.2 mm, 23.3 mg) having 99.26% enrichment
(procured from ISOTOPE JSC, Russia), is used for the present irradiation. The
traces of other tin isotopes were measured to be less than 20 ppm and metallic
impurities were estimated to be less than 5 ppm, using secondary ion mass
spectroscopy (SIMS) measurements. The natural isotopic abundance of '>*Sn is

5.79%.

It can be seen that the Q value of beta decay of '>Sn is larger than Qﬁﬁ(124Sn)
=2.2911£0.0015 MeV [10] and hence is a potential source of background. In
addition, several y rays are generated in the decay of '>>Sn and '>>Sb. Verma
et al. [132] have reported detailed gamma ray measurements in >*Sn(n,y) re-
action, including those with very weak branching ratios. As per the available
spectroscopy data [18], gamma rays in the energy range 1.5-2.275 MeV can be
emitted in this decay chain with upto 1.9% branching ratio. These high energy

gamma-rays are of concern, as they can adversely affect the sensitivity of the
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FIGURE 5.1: Schematic presentation of n-capture of '>*Sn and subsequent 8~ decay.

OvpBB measurement in '>*Sn. As shown in Figure 5.1, 125Sn>‘<(%+, T2 =9.52
min ) and 'Sn (%_, T1/2 =9.64 d) are populated in thermal n-capture reactions

with cross-sections of 130 mb and 4 mb, respectively [18].

Prior to irradiation, radiopurity of the pristine '*Sn sample was studied in
the TiLES low background counting setup [14] for ~14 days (see Figure 5.2) and
no additional gamma rays were observed above the background level within the
measurement sensitivity of TiLES. In particular, the background in the region
of interest (ROI) close to Qﬁﬁ(124Sn) was found to be similar to the ambient

background.

Thermal n-capture by '?#Sn leads to '2°Sn that decays to '23Sb, which further
decays to '>Te. The schematic reaction and decay processes are shown in
Figure 5.1. It should be mentioned that n-capture can lead to population of
excited states of '2Sn (upto 5.7335 MeV [133]). However, all these states decay

predominantly by gamma ray emission either to %+ or to %_ states.
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FIGURE 5.2: The gamma ray spectrum of '>*Sn before irradiation.

5.2 Thermal neutron irradiation and y ray

measurements

The '?4Sn is irradiated with thermal neutrons at Dhruva reactor at BARC,
Mumbai, with thermal neutron flux of 5 x 103 n/cm?/sec for 1 min. Both
short lived and long lived activities are studied (~10 min-550 days) in the low
background counting setup. Identification of gamma rays was confirmed by
measurement of half-life. The gamma ray spectrum of the irradiated sample
was measured immediately after the irradiation (cool down time (¢.) ~ 10 min)
with a standard HPGe detector (~ 30% relative efficiency) at 10 cm and is
shown in Figure 5.3. The intense peak arising from the short lived '% Sn(%+) is
clearly visible at 331.9 keV. The half-life of 331.9 keV y ray was measured to be
10.01(8) min (see Figure 5.3b), which is consistent with the literature value [18].

No additional short lived impurities were observed in the spectrum.
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FIGURE 5.3: (a) The gamma ray spectrum of irradiated '>*Sn after t. = 10 mins.
(Teounting= 1 min) and (b) The decay curve of E, = 331.9 keV (123Sn*, %*)

The irradiated sample was then transported to TIFR and the gamma ray
measurements were mainly done in TIFR Low background Experimental Set-
up (TiLES) [14]. The data analysis is done using LAMPS (Linux Advanced
MultiParameter System) [131]. Energy calibration of TiLES is done using
standard '>?Eu source and is monitored with known background lines over energy
range of 120-2615 keV. The energy resolution of detector is ~2.6 keV at 1408
keV. The dead time is measured using 10 Hz pulser and is estimated to be ~0.1%.
The setup also has a provision for counting a sample in a close geometry with
higher efficiency. The detector efficiency in close counting geometry is estimated
using Monte Carlo simulations with GEANT4 [16, 17] for the optimized model
of the detector. In Ref. [14], it is shown that the photopeak efficiency as well as
the overall line shape of y rays is well reproduced using the optimized TiLES
HPGe detector model, employed in the present simulations. The energy spectra
were recorded at a distance (/) of 12 cm from the detector face to minimize the

coincident summing effect and in close geometry (/~1-5 cm) for measurement
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of background in ROI due to summing.
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FIGURE 5.4: The gamma ray spectrum of the irradiated '2*Sn after r. ~1 day in TiLES
(I=9 mm, Teounting = 16.3 h, SE: Single Escape, DE: Double Escape). Inset
shows expanded view of ROI and sum peak (#) at 2288.2 keV

The intensities of gamma rays are extracted from spectra at /=12 cm. The

identification of various gamma rays was further confirmed by tracking the half-
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life of individual gamma rays. A typical spectrum is shown in Figure 5.4, where
gamma rays from decay of 12°Sn and '?°Sb are indicated. An inset in the bottom
panel shows expanded view of 2250-2300 keV, where peak at 2288.2 keV is
visible. This peak arises purely from the coincidence summing effects and its
impact for the background in the ROI for Ov3p in '?*Sn is discussed in section

5.5.

5.3 Measurement of y ray activity

The observed gamma rays from the decay of '>Sn (%_) and '2Sb are
listed in table 5.1 and 5.2, respectively. For '% Sn*(%+), all gamma rays other
than 331.9 keV have much lower intensities (see Fig. 5.3) [18]. The measured
intensity relative to the most dominant gamma-ray i.e. 1067.1 keV for '>Sn
and 427.9 keV for 129Sb, extracted from /=12 cm data are also listed in the
Table 5.1 and 5.2, respectively. Errors are computed by fitting the gaussian
peak and the background. Fitted peak centroids are within + 0.5 keV of the
corresponding Ref. [18] values. The typical fitting and calibration uncertainties
on the gamma ray energy is of the order of 0.5 keV in our measurements.
Additionally, y rays corresponding to >*Na, which arise due to 2’ Al(n,a) reaction
are also observed. However, origin of the aluminum could not be ascertained. The
Compton background arising from 2*Na and other high energy gamma rays was
the main limiting factor for measurement of weaker decay branches and gamma
rays with intensities less than ~0.04% could not be observed at /=12 cm. The
present measurement has also resulted in more accurate value of T1/» =9.63(2) d

for 129Sn (%_) as shown in Figure 5.5.
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FIGURE 5.5: Decay curves for different gamma-rays produced in the decay of '>°Sn (a)

1067.1 keV, (b) 1889.9 keV (T

ref = 9.64(3) d).
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TaBLE 5.1: Observed gamma rays from the decay of 125Sn(%_, Trf/f2 =9.64(3) d) together

with measured intensity (I,) relative to the intensity of 1067.1 keV.

Energy I, (%) I, (%) Energy I, (%) I, (%)
(keV) (Measured) (Ref.) (keV)  (Measured) (Ref.)
270.6 1.8(3) 1.10(2) 1163.8 - 0.32(2)
332.1 14.1(4) 14.5(3) 1173.3 2.5(6) 1.87(4)
351.0! 9.7(6) 2.72(5) 1186.2 - 0.09(1)
469.9 15.92) 15.3(3) 1220.9 2.4(5) 2.76(6)
563.0 - 0.16(2) 1349.4 0.7(4) 0.61(2)
652.6 - 0.42(1) 1419.7 4.6(5) 5.02(10)
800.3 10.0(9) 11.00(22) 1557.3 - 0.042(10)
822.5 43(1) 44.1(9) 1591.4 2.3(9) 0.26(2)
893.4 3.8(7) 3.0(1) 1806.7 1.8(5) 1.53(3)
915.6 40(1) 42.6(9) 1889.9° 1.8(7) 0.76(4)
934.6 2.8(4) 2.15(4) 1982.5 - 0.033(10)
1017.4 2.8(6) 3.30(7) 2002.1 20(1) 19.8(4)
1067.1 100.0(2) 100 2201.0 - 0.40(2)
1089.22 56(2) 12.3(2)+47.3(9) 2275.7 2.2(6) 1.88(4)
1151.2 1.2(4) 1.18(2)

! Mixed with 351.9 keV gamma-ray of the ambient background (>'*Pb decay).
2 Composite of 1087.7 keV and 1089.2 keV, which could not be resolved.
3 Intensity affected by coincident summing, see text for details
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TaBLE 5.2: Observed gamma rays from the decay of '>Sb together with measured in-
tensity (I,-) relative to the intensity of 427.9 keV.

Energy I (%) I (%)
(keV)  (Measured) (Ref.)

117.0 1.0(4) 0.887(9)
176.3 21.1(7) 23.11(5)

204.1 1.3(4) 1.070(21)
208.1! 1.2(4) 0.837(14)
227.9 - 0.443(6)
321.0 1.3(2) 1.404(9)
380.5 5.6(4) 5.124(19)
402.0 - 0.021(2)
408.12 1.1(1) 0.623(6)
427.9 100(1) 100

443.6 0.8(3) 1.035(6)
463.4 36.1(6) 35.45(10)
600.6 58(1) 59.62(16)

606.7 16.2(8) 16.83(6)

636.0 38.3(9) 37.93)

671.4 6.7(4) 6.049(19)
! Mixed with 209.3 keV gamma-ray of the ambient background (> Ac decay).
2 Mixed with 409.5 keV gamma-ray of the ambient background (*?® Ac decay).

5.4 Coincidence summing contribution for E, > 1

MeV

Observed intensities of most of the gamma rays from the decay of '>>Sn and
1258b are consistent with reference values, except for very weak (< 0.1%) high
energy gamma-rays like 1889.9 keV. From the measured T;/, of 1889.9 keV,
which is in very good agreement with the reference value [18], it is evident that
this peak arises from the '>3Sn decay and does not have extraneous contribution.
As mentioned earlier, depending on the detector geometry, the measured intensity

of high-energy gamma-rays can be affected by coincident summing of multiple
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gamma rays in a cascade. A partial decay scheme of '2>Sb, populated in the decay

of 1238n, is shown schematically in the Figure 5.6. A list of possible pathways of

1/2+ 75509 —2288.2 keV

02,1172+ 2002.1 keV 285.2 11987 - 2275.8 keV
9/2-,11/2- 1889.9 keV 11/26 . 1982.9 keV 684.0

aop.0 | | | |s98.4 wavop |52 1591.6 keV
oo ' 1419.9 keV
wae 1089.5 keV 915.6 -
9/2+ 1049 ) 1067.3 keV

15501 1419.7 1591.4

5/2+ 332.2 keV

10601 33}2;839.9 2002.1 1982.5 2275.7
7/2+ 0 keV

FIGURE 5.6: A partial level scheme of '°Sb, populated in the beta decay of 'Sn.

coincident summing of two gamma rays in a cascade resulting in a high energy
photopeak is shown in Table 5.3 for few energies of interest. The probability Py
for the photopeak detection of a direct 7y transition with branching ratio I, and
detector efficiency €, can be given as I, €. A simple estimation of coincident
summing probability Pj, of two gamma rays (i, y2) in a given cascade to the

photpeak of E,,, (=E,, + E,,), is carried out using GEANT4 simulations [16, 17].

The simulations employ the optimized TiLES detector [14] geometry with
a distributed source of sample size (4 mm X 4 mm) at a distance / from the
detector face. An event consists of two components: i) generation of the first
gamma-ray in the cascade with energy E, , ii) generation of the second gamma-
ray with energy E,, with a probability f,,, which is the partial branching ratio of
2 emission from the corresponding level. Both these gamma rays are tracked in
the detector and energy deposited is recorded for Nyo= 107 events. The gamma
rays are emitted isotropically, neglecting angular correlations. The summing

fraction is obtained from the Nj,,- intensity of the peak corresponding to E,, in
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the simulated spectrum, as

Poym = sum/NsO (51)

The probability of summing contribution to the photopeak of E,, is then calcu-

lated as

Py = 171 Pum (52)

where, I, is the branching ratio of ;. Table 5.3 lists the simulated summing
probability Py, at /=12 cm and 1 cm together with the corresponding Py. It is
evident that for 1889.9 keV the coincident summing contribution is significant
(~ 50%) even at 12 cm distance and results in the higher observed intensity.
The simulations further illustrate that intensities of the weak decay branches
are affected by the coincident summing , e.g. for 1982.5 keV (1, = 0.0032%,
P1» ~ 10Py). Hence, intensities of such weak transitions cannot be reliably
extracted in the present measurements even at 12 cm counting distance. More
importantly, coincident summing contributes significantly at energies higher than
2 MeV and its impact is discussed in the next section. The contribution from
summing of three gamma rays will be further reduced by corresponding €,3 fy3
and hence is neglected here. It should be mentioned that absolute yield of '>Sn
was measured to be 1.36(x0.2) x 10°, which is found to be consistent with

calculated value using the listed cross-section and the incident neutron flux.
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124SN

TaBLE 5.3: A list of possible pathways for coincident summing of two gamma rays
in decay of '2Sn for few energies of interest. Corresponding branching
ratio/partial branching ratio in % are indicated in the bracket for each gamma

ray.
Elevel (I)/O) l PO Ey1 (Iyl) Eyz (fyz) Psum P2
keV mm (%) keV keV (%) (%)
1889.9 120 1.7x107* 1557.3(0.0041) 332.1(100) 2.5x10~> 1.0x10~’
(0.074) 822.5(4.3) 1067.1(100) 1.4x1073  6.1x107>
800.3(1.1) 1089.2(100) 1.3x1073  1.4x107°

469.9(1.5) 1419.7(29)  4.7x10™*  7.1x107°

1982.9 120 7.1x107° 915.6(4.1) 1067.1(100) 1.4x107 5.9x107°
(0.0032) 893.4(0.29) 1089.2(100) 1.3x107>  3.8x107°
2240.7 9 - 1173.3(0.18)  1067.1(100) 0.14 2.5%x107%
1151.2(0.11)  1089.2(100) 0.14 1.5x107*

890.5(0.009)  1349.4(14.5) <1x107

434.1(0.024)  1806.7(96.8) <1x107°

351(0.26) 1889.9(1.06) <1x107?

258.3(0.01)  1982.5(0.07) <1x1073

2275.8 9  42x1073  684.0(0.011) 1591.4(37.9) 4.5x1072 5.0x10°°
(0.18) 1186.1(0.009)  1089.2(100) 0.15 1.3x1073
1208.4(0.008)  1067.1(100) 0.14 1.2x107°

2288.2 9 - 1220.9(0.27)  1067.1(100) 0.13 3.6x107%
1198.7(0.016)  1089.2(100) 0.14 2.2%x1073

286.2(0.0058)  2002.1(88) 0.22 1.2x107°

5.5 Impact on the background for 0vS8 in '>*Sn

The main motivation for the present study is to assess the neutron induced

background in the ROI close to Qﬂﬂ(lz“Sn), namely, 2250 to 2300 keV. For this

purpose, the spectrum of the irradiated Sn sample has been measured in a close

geometry after t. ~ 1 day and 39 days (~4T ;) as well as after a prolonged cool

down period of 1.5 y (see Figure 5.7).
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Ficure 5.7: Comparison of energy spectra in the ROI after different cooldown periods.
The left scale corresponds to t. = 1.19 d, while that for the latter cooling
time is indicated on the right side

The energy windows chosen are: (wl) 2282-2300 keV (Qgg+9 keV), (w2)
2269-2281 keV (photopeak region of highest energy gamma-ray in the '>Sn
decay cascade) and (w3) 2166-2265 keV (as a measure of integral background
level). Itis important to note that there is no direct gamma transition of 2288.2 keV
and observed enhancement in the window w1 results from coincident summing
as depicted in Table 5.3. For energy windows w1 and w2, the excess counts above
the background are obtained using a Gaussian peak shape together with linear
background fit function. In the lower energy window (w3) integral counts are
taken into consideration. The ambient background has been measured before and
after the counting of the irradiated sample at t.=1.5 y and is shown in Table 5.4
for energy windows of interest. In the background and t. = 1.5 y spectra, no
peaks are visible in either window and hence the integral counts are listed. In the
region of w3, initially the background is dominated by the Compton tail of >Na

v rays, but shows a significant reduction after t. ~39 d. Thus, in the spectrum
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at t. ~39 d, weak coincident summing peak corresponding to E=2240.7 keV
is also visible. It is evident that counts in both w1l and w2 energy windows
show reduction in data sets at t. ~ 1 and 39 d consistent with T /2(125 Sn). The
measured yields are also compared with the expected yield inclusive of coincident
summing contribution obtained in simulation. The errors in the simulated spectra
are estimated considering 1 mm error in / during the placement of the source (i.e.
[=9-10 mm). It can be seen that the measured yield for 2275.7 keV photopeak
agrees very well with the corresponding simulated value. For the crucial Qgg
region (i.e. wl) both measured and simulated yields seem to agree within errors,
although the experimentally measured mean yield appears to be ~30% higher
than the corresponding simulated value.

TaBLE 5.4: Background in ROI close to Qﬁﬁ(124Sn) for energy windows of interest:
w1:2282-2300 keV, w2:2269-2281 keV, w3:2166-2265 keV after different
cooldown times (123Sn, Ny = (1.36 + 0.2) x 10%). Shielding configuration
of TiLES for each case is also mentioned.

T, Window Yield(exp)  Yield(sim)
(/d) (/d)
1.19d wl 479(168)* 357(30)
(w/0 muon veto) w2 4213(191)*  3825(559)
w3 175784(419) -
389d wl 36(12)* 23(2)
(w/0 muon veto) w2 275(12)* 250(36)
w3 972(31) -
1.5y wl 36(6)
(with muon veto + w2 28(5)
passive shield ) w3 204(14)
Ambient Background wl 38(6)
(with muon veto + w2 24(5)
passive shield ) w3 193(14)

* Area of the peak with gaussian+linear background fit

From the measured yield in Table 5.4, the activity due to '?*Sn(n,y) in the

energy window 2282-2300 keV just after the irradiation is estimated to be 14.4
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mBq/g/keV for incident neutron fluence of 3 x 10'%/cm?. It is evident that after
the prolonged cooldown period of t. =1.5 y, integral counts in all three energy
windows are similar to the ambient background. However, !2Sb (T /2=2.76y)
gamma rays are still present in the spectra below 1 MeV. For energy windows w1
and w2, the minimum detectable limit for detection (Lp) can be estimated using
Currie’s method [19]

Lp =4.650p +2.7 (5.3)

where o is the standard deviation in the ambient background level (Ng). Using
o =VNp ,Lp ~ 25 uBg/keV is obtained. Hence, the activity of the irradiated
sample after t. =1.5 y is found to be lower than ~1 mBq/g/keV.

It is important to note that the prolonged exposure of '#Sn to thermal neutrons
will lead to a build up of '>°Sn and the expected equilibrium concentration would
be ~K/A, where K is the production rate and A is the decay constant. In a Sn
detector module, the background contribution in the ROI will arise both from
the high energy electrons originating in the beta decay of '>°Sn to the ground
state of '2Sb (I=81%) and the gamma rays originating after the beta decay of
12580 to 125 Sb(%+) with feeding fraction [=0.29%. In case of the former, the
expected fraction of electrons in this energy window -which is close to Qg (see
Figure 1), is ~ 1 x 1073, It should be mentioned that the beta decay of '>Sn
to states other than the ground state of '>°Sb have effective Q value < 1290 keV
and hence not relevant for the background consideration in the ROI. Assuming
that the decay cascade of 125Sb(%Jr) is contained within the detector module, the
maximum contribution to the background from gamma rays will be ~ 3 x 1073
(of the order feeding fraction). To estimate a tolerable neutron dose, based on the

observed background in w1 energy range (see table 5.4), a fraction of ~ 5x 1073
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spread over a 10 keV window is assumed to contribute to the ROI. Therefore, to
achieve a desired background rate of 1072 cts/(kg-y-keV) in energy window of
2282-2300 keV, the tin detector material should not be exposed to neutron flux

larger than 3 x 107> n/cm?/sec during handling or processing stages.

5.6 Summary

Thermal neutron-induced background has been studied in '>*Sn, with a ther-
mal neutron fluence of ~ 3 x 10'3/cm?. The measured intensities of most of the
v rays populated in the decay of 125Sn(l—zl_) are found to be consistent with the
literature. The half lives of the vy rays were also tracked to confirm their origin.
The high energy y rays (1368.6 keV and 2754.0 keV) arising from **Na arising
from 27 Al (n, @) reactions were also observed in the sample, though the source of
Al cound not be ascertined. The photopeaks of several high energy y rays showed
higher intensities than expected because of the presence of coincidence summing
effects. Photopeak observed at 2288.2 keV arises purely from the coincidence
summing effects, as there is no direct y ray transition at that energy. Monte
Carlo simulations were performed for the relevant counting geometry to extract
the contribution of coincident summing, for a few high energy y rays of interest,
namely 1889.9, 1982.9, 2240.7, 2275.8, 2288.2 keV, for different possible path-
ways. The contribution to the background in the ROI for Ov3S in '>*Sn, namely
2282-2300 keV, from the thermal neutron induced reactions, has been evaluated
for a neutron fluence~ 3 x 10'3/cm? to be 14.4 mBg/g/keV immediately after
the irradiation and reduced to <1 mBq/g/keV after a cool down period of 1.5
y. From measured yield in region of interest near Qﬁﬁ(124Sn), it is estimated

that prolonged exposure to neutron flux exceeding 3 x 107> n/cm?/sec can be a
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significant concern for the background.
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Neutrons constitute an important background for
neutrinoless double beta decay (OvBp), dark matter search, solar
neutrino experiments and other rare event searches. Interaction
of neutrons with nuclei can produce nuclear recoils in the
detector active volume or lead to the production of excited
nuclear states, leading to additional the y-ray background, often
close to the region of the interest (ROI). The sources of
background relevant to the TIN.TIN (The India based TIN
detector) OvBp experiment is studied, with specific focus to the
neutron background.

The application and suitability of neutron absorbing materials
is studied in the context of low background experiments using
neutron sources and fast neutron activation technique. Novel
thermal neutron detectors Cs;,LiYCls (CLYC) and NalL (Nal doped
with °Li) have shown excellent thermal neutron detection and

neutron-gamma discrimination features.
Figure 1. Muon induced neutron measurement setup at TIFR

A dedicated setup MINT (Muon Induced Neutron
(MINT) has been developed for the measurement of neutrons
measurement setup at TIFR), has been developed to produced from cosmic muon interactions.

understand the neutron production from cosmic muons. The

production in the Pb target has been measured to be 8.1+2.4 neutrons g cm day for Pb target with ~30
cm thickness. The setup also measured the neutron production from stopping muons in Pb and Fe targets.
The neutron production (from stopping muons) in Pb is observed to be a factor of ~40 higher compared to
Fe.

The gamma-ray background from muon induced fast neutrons has been directly measured for the first
time via (n, n'y) reactions in Ge and Cu in TiLES (TIFR Low-background Experimental Setup). The
measurements are also supported by detailed Monte Carlo simulations using GEANT4 toolkit. An estimate
of the muon induced neutron flux in the TIiLES setup is obtained to be 7(2) x10° neutrons cm2s! from the
observed intensity of Cu lines.

The background in the ROI for OvBB in 1%4Sn (isotope of interest for TIN.TIN) arising from thermal
neutron capture is evaluated using reactor thermal neutron flux. The contribution in the ROI of OvBp in
1245n, due to coincidence summing effect is estimated.



