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SYNOPSIS

Neutrino physics play an important role in the understanding of particle
physics beyond the Standard Model, astrophysics and cosmology. The neu-
trino oscillation experiments have convincingly shown that neutrinos have
a finite mass [1]. However, in oscillation experiments only the diffeeenc
in squares of the neutrino massésnf) can be measured. Moreover, the
oscillation results do not provide information about the properties of neutri-
nos whether it is a Dirac or a Majorana particle. Double beta deBay (
is a second-order weak process and is expected to occur in many even-
even nuclei where single beta decays are energetically and/or spin forbid-
den and strongly suppressed. Norifi@l decay is a two-neutrinB3 decay
(2vBB), which conserves the lepton number and is allowed within the Stan-
dard Model and has been experimentally observed in a few isotopes [2, 3].
Neutrinolesg33 decay is an exotic decay, where the two Majorana neutri-
nos that are virtually produced can annihilate each other leaving only two
electrons in the final state. This process violates lepton number conserva-

tion and is forbidden in the Standard Model of the electroweak interaction.
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The QvB rate depends on the effective Majorana mass [4] and is given by

the following expression:

(Tlo/vz)_l = GOv(QﬁBaZ)“\AOH2 <Mgp >2 (1)

where Go, (Qpg,Z) is the phase-space factor for the emission of the two
electrons My, is the nuclear matrix element ardmgg > is the effective
Majorana mass of the electron neutrino. Since the kinetic energy of the two
electrons carry the full available decay energy, the experimental signature
of OvB3 decay is a single peak at tievalue of the decay. Due to the large
uncertainty in the model dependent calculation of nuclear matrix element [5,
6], measurements of thevB transition rate in different nuclei become
extremely important. Several experiments are undergoing and many are
planned to search forB3 decay using different detection techniques [7,
8].

For a rare process such as double beta decgy @100 years), the sen-
sitivity of the measurement depends critically on the background level in
the region of interest (ROI). The natural radioactivity from the decay chains
of U, Th and*’K (T, ~ 10°— 10" years), setup materials and the detector
itself are the source of background. In case'®Sn, Qg = 2292.64+
0.39 keV [9] is close to the Compton edge of the 2.614 MeYay, origi-

nating in the decay chain 8#2Th. Further, muon-induced interactions in
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the materials surrounding the detector give rise to additional background of
y-rays and neutrons. The flux of cosmic ray muons can be significantly re-
duced in an underground laboratory. Background from internal sources can
be minimized by careful selection of radio pure materials [10, 11], while the
background from the external sources is reduced by using suitable shield-
ing materials. In recent experiments, ultra low levels of backgrowhd 3
cts/(keV kg year) have been achieved [12, 13]. The total background, both
from external and internal sources, has to be taken into consideration dur-
ing the interpretation of results. Generally, a background model employ-
ing Monte Carlo (MC) simulations taking into account all the contributions
from the actual setup and the environment in the experimental site is used
for physics analysis.

A feasibility study to search forw3 decay in'?Sn using a Sn cryo-
genic bolometer, The INdia-based TIN detector (TIN.TIN), has been ini-
tiated at Tata Institute of Fundamental Research (TIFR) [14]. This thesis
work is mainly focused on the characterization of the low background HPGe
setup at TIFR for low activity counting and neutron-induced background for
the TIN.TIN detector. These aspects are described briefly in the following

sections.
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Low Background counting setup

In low background gamma spectroscopy, high detection efficiency and
complete characterization of the detector for different source geometries
are required. A low background counting setup with HPGe detector has
been made at TIFR for radiation background studies and qualification of
materials. The HPGe detector is a coaxial p-type Ge (ORTEC GEM75-95-
LB-C-HJ) with a relative efficiency o&70%. It is constructed with low
background materials such as carbon fiber outer body and copper support
structures. The detector is cooled by a 60 cm long cold finger attached to a
J-shaped cryostat. This assembly allows an all-round shielding of detector
capsule with low activity Pb and Cu.

Monte Carlo (MC) techniques are usually adopted to characterize the
detector over a wide energy range. It has been reported in the literature
[15—-17] that simulated efficiencies are generally overestimated-H£o)
as compared to the experimental values. The discrepancy in efficiency is
attributed to the inaccuracy of the supplied parameters and/or due to incom-
plete charge collection [16, 17]. Thus, the parameters of the detector need
to be optimized by detailed measurements.

The efficiency measurement in a close geometry with multi gamma line
sources is difficult due to the coincident summing effect. Single line gamma

sources such &@1Am, °'Co, 95Zn etc., are used to scan the Ge crystal in
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directions parallel and perpendicular to its cylindrical axis. Measurements
are also done with sources over an energy range,&f E00-1500 keV as
a function of distance to estimate its active volume. Complete details of
the surrounding absorbing materials such as top and side Ge dead layers,
Al window, Cu cup support structures, outer carbon fiber body have been
included in the MC model. The detector parameters have been optimized
corresponding to a minimum relative deviation $%) between the sim-
ulated and measured values of absolute photopeak efficiencies of different
y—rays. The optimized detector model works very well for different source
geometries and also reproduces the overall experimental spectral shape [18].
The detector is shielded from ambient backgroyrays with a 10 cm
thick low activity Pb €1%°Pb < 0.3 Bg/kg) and low activity 5 cm OFHC
Cu shield on all sides. The maximum sample size that can be mounted at
d~1cmis9cmx 9cmx 5cm. The background, at sea level, is dominated
by the muon-induced interactions originating in the high Z shield materi-
als. The addition of muon veto system to the setup resulted in a gamma
background reduction of 50% in the region of 0.2-3.0 MeV.
A digital system with a commercial FPGA based 100 MHz digitizer
(CAEN-N6724) is used for data acquisition. The setup has been extensively

used to test radio-impurities in various samples like the Electrolytic Tough
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Pitch (ETP) Copper from the Sn bolometer cryostagn and*?*Sn sam-
ples of different purity, NTD (Neutron Transmutation Doped) Ge sensors
etc. The sensitivity of the setup s 1 mBg/g for?3?Th and~ 2 mBq/g for
40K, Using this setup, radio-impurities in the rock sample from INO site
(Bodi West Hills (BWH)) have been estimated. The BWH rock samples

was found to have considerable high conterft®g, i.e., 1050(16) mBq/g.

Effect of neutron-induced background in the TIN.TIN detector

Of the different sources of background, namety3,y and neutrons,
background arising from neutrons is most difficult to suppress and hence
crucial to understand. In an underground location, neutrons are produced in
the spontaneous fission B8U (mainly 238U) and Th present in the rocks
and surrounding materials. Neutrons are also produced fmom)eactions
on the light nuclei present in the rocks [19]. Neutrons can lead to gamma
background due to radiative neutron capture or through inelastic scattering
processes.

Hence, it is crucial to evaluate the neutron-induced gamma background
in the region of interest (ROI) for@33 decay'?4Sn. This will also help in
the selection/rejection of materials to be used in and around the cryogenic
bolometer [20]. As the expected energy resolution of the Sn bolometer is
0.2-0.5% (full width at half maximum) &gg, the ROI for background
estimation is taken as 22926 25 keV (i.e.,Qgg =50). The materials
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studied by the neutron activation technique are: B&@u used inside the
cryostat; Torlon (4203), Torlon (4301) and Teflon — cryogenic materials
for detector holders?@Pb, "3Sn and 97.2% enrichetf*Sn. The neutron
activation was performed using proton beam on Be and Li production targets
in the neutron irradiation setup at the Pelletron Linac Facility, Mumbai [21]
Proton beams of enerdy, = 10, 12 and 20 MeV on a Be target (5 mm
thick) were used to obtain neutrons of a broad energy range with reaction
9Be(p,n)°B (Q = —1.850 MeV) [22]. In addition, nearly mono-energetic
neutrons were produced usind'®Li target with the’Li(p,n)’Be (Q = —
1.644 MeV) reaction aEp, = 12 MeV. The irradiated targets were counted
offline for the detection of characteristrerays of reaction products. All the
observed gamma rays and the corresponding channels of production were
identified.

The Torlon/Teflon samples produced 511 kgvay activity formed via
the reactiort%F(n, 2n)18F atE, >11.5 MeV. Both the Torlon samples showed
presence of Al which contribute to high energy gamma background of 2754
keV y-ray from decay of*Na. The Torlon 4301 showed Fe which pro-
duces short-lived activity®Mn (Ty/2 = 14.997 h) but the presence of such
a magnetic impurity makes it undesirable for use in Sn cryogenic bolometer
at low temperatures. The Ti present in Torlon 4203 can produce long-lived

impurities like*°Sc (T; , = 83.79 d). Since there is no gamma background
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at E, > 511 keV in Teflon, it appears to be a better material for support
structures in the Sn cryogenic bolometer. Gamma-rays originating from de-
cay of2%3Pb and?®*"Pb and!?2124Sp were seen in the Pb spectrum. Decay
of 124Sb produces g-ray 2294.02 keV near to t@g of 124Sn but with a
small branching fraction (0.032%). TR&Cu showed short-lived activities
with Ty, ranging from~ min (®3™Co and®®Cu) to~ h (®*Cu and®Ni). Of
these$2MCo decay produces several high eneygypys such as 2882.3 keV.
The®Co (T, = 5.27 y) was also produced frofiCu(n, a)®°Co reaction.
Hence, it is essential to store Cu in an underground location for extended
periods prior to use in the bolometer setup.

Reaction products of other Sn isotopes, namélysSn, 1155n, 116gn,
117sn and??sn were found in the Sn samples. Among the various Sn
isotopes formed?3Sn has the longest half-lif€ , = 129.2 d, while de-
cay of 11Mn produces high energy-ray 2112.3 keV. The contribution to
the gamma background (a lower limit) within the ROI had been evaluated
for an average neutron flux 10° n cm 2s~1 integrated over neutron en-
ergy En = ~ 0.1 to~18 MeV. It is found that"®'Sn will produce~ 5(2)
times higher gamma background from the 2112.3 keiay produced in
decay of'1®Mn. Thus, for background reduction enriched Sn is preferable

as compared t8¥'Sn.
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Simulation studies for neutron shield in the INO cavern

The composition of the surrounding rocks namely, the U, Th content and
the presence of low Z isotopes determine the level of neutron background
in an underground laboratory. A GEANT4-based MC simulations study has
been done by incorporating the Bodi West Hills (BWH) rock composition,
obtained from Secondary lon Mass Spectrometry (SIMS). The U and Th
content of the rock has been obtained using Inductively Coupled Plasma
Mass Spectrometry (ICPMS). The neutron energy spectrum from sponta-
neous fission of38U (60 ppb) present in the BWH rock has been generated.

A concept shield design for the neutrons and gammas is suggested as
layers of Borated paraffin (BPE) and Pb, of thickness 10 cm and 5 cm re-
spectively. A composite shielding (BPE + Pb + BPE + Pb) is found to be
better to reduce the neutron-induced background. The 20 MeV neutron flux
In this configuration is attenuated to 0.2%. The overall gamma background,
arising from neutron interactions in the paraffin, is 1.5% to that without Pb.

In the first chapter of the thesis, neutrinoless double beta decay is intro-
duced. A brief review of current (@3 3) experiments is presented together
with the importance and role of background studies for searchv@i30
decay. The chapter also presents some of the novel techniques used for

background reduction. The second chapter describes the low background
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HPGe setup and the Monte Carlo-based optimization of the detector geom-
etry. The third chapter describes the shielding arrangement of the detector.
The results of the counting of various materials and their radio-impurity lev-
els are also discussed. Neutron-induced background study of the detector
and surrounding materials using activation techniques are described in the
fourth chapter. The fifth chapter describes the estimation of the neutron flux
in the cavern from the BWH rock activity (spontaneous fission angh)
interactions). Summary and conclusions are presented in Chapter 6. Fur-
ther improvements to the setup and scope of the future work for rare decay

studies with the low background setup are also presented.
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Chapter 1

Introduction

The existence of a neutrino was first proposed by W. Pauli in December
1930, in order to explain the experimentally observed continuous electron
spectra in3-decay [1]. For conserving energy, momentum and angular mo-
mentum, Pauli postulated that a neutral light particle was emittedn a
decay together with an electron but was not detected in the experiment and
he referred to this particle as “a neutron”. Shortly afterwards in 1932, neu-
tron (with the mass almost equal to the mass of the proton) was discovered
by J. Chadwick [2]. Later in 1934, Fermi formulated an effective quantum
theory of theB-decay of nuclei based on the Pauli assumptions and named
the proposed particle emitted in tBedecay aseutrino [3].

In 1935, M. Goeppert-Mayer [4] pointed out the possibility of a double
beta decay (263) process, i.e. atransformation of a (A, Z) nucleus to a (A,

Z + 2) nucleus with the emission of two electrons and two antineutrinos:



(AZ) = (A Z+2)+2e +2V (1.1)

She also estimated the half-life to bel0!’ y for such a process. In 1937,
Majorana [5] theoretically showed that the conclusions of the theof}+ of
decay remained unchanged even if only one type of neutrino existed (i.e.
v = V). In the same year, Racah [6] suggested a possible reaction chain,
known as Racah sequence: where initial nucleus (A, Z) emits one beta par-
ticle and goes into a virtual intermediate nucleus (A+-2) plus a virtual
neutrino. The virtual neutrino induces the decay of this intermediate nucleus
with emission of the second beta particle and is itself absorbed. In 1939,
Furry [7] for the first time considered the/B3 decay following Racah se-
guence, i.e. the (A, Z) nucleus transforms to the (A, Z + 2) nucleus by

emitting only two electrons:

(AZ) = (A Z+2)+2e (1.2)

However, he incorrectly estimated the probability of this double beta
transition. In 1952, Primakoff [8] calculated the electron-electron angu-
lar correlations and electron energy spectra for botB2 and QVB3. This
provided a tool for distinguishing between the two processes. The under-

standing of thgB-decay and other weak processes changed drastically after



the discovery of the non-conservation of parity in the weak interaction in
1957-58 [9, 10].

The 2B decay conserves lepton numbé) (vhile the B3 decay
violates lepton number by two unitAl{ = 2). Both are rare processes and
the decay rate of W33 decay is (at least- 10°) smaller than the 233
decay [11]. The O3 decay is possible only if neutrinos are Majorana par-
ticles with non-zero mass [12]. The observation of neutrino oscillations im-
plies that neutrinos have non-vanishing mass. PresemBf0also known
as Neutrinoless Double Beta Decay (NDBD), is regarded as a golden probe

to study the fundamental character of neutrinos (Dirac or Majorana).

1.1 Neutrino Mass Terms

The two-component massless neutrino theory was proposed by Landau,
Lee, Yang and Salam assuming that the neutrino figld {) (or Yr(X)) [13],
in the light of the non-conservation of parity in the weak interaction. Any
fermion field can be presented in the form of the sum of left-handed (LH)

and right-handed (RH) components:

Y(x) = PL(x) + Yr(X) (1.3)

whereyir = [1F y°]y are the LH and RH components of the figldx).



A LH component of field must be contracted with the RH component to
construct a Lorentz scalar. A mass term is a sum of Lorentz-invariant prod-
ucts of LH and RH components of fields. The scalar term in the Lagrangian

obtained in this way is called the Dirac mass term:

Zp(X) = —mpYP(X)P(x) = —mp (Yr(X) YL(X) + YL(X) Yr(X)) (1.4)

If the neutrino field is onlyy (X) (or Yr(X)), then the mass term in
Eqg. 1.4 can not be constructed and hence the Dirac neutrinos have no mass.
Alternatively neutrino masses can be obtained by constructing a Lorentz

scalar fromy(x) and its charge conjugate, which is defined as:

WXC=CP) = iy(@x)" (1.5)

where C is the charge conjugation matrix definedy i y» yp in the Dirac
representation. The chirality af®(x) is opposite to that ofy(x). Thus
(Y)C(x) is right handed. Hence, LH and RH Majorana mass terms can be

constructed as:

Fha =~ [WOCH) Y (x) +he] — 2 [(WRICK) Yr()+hc] (L)

where h.c. are the hermitian conjugate terms in the Lagrangian. The Majo-

rana mass term can exist in the Lagrangian for only neutral fermions such



as neutrinos but not for particles like electrons or quarks since it violates

charge conservation.

1.2 Neutrino Mixing Matrix

The experimental discovery ot was made in 1956 by Reines and Cowan
[14] in a nuclear reactor experiment. Later in 1958, Goldhaber et al. mea-
sured the helicity of neutrino to be -1 [15]. In 1958, Bruno Pontecorvo
suggested the mechanism of neutrino oscillation basd<er K° effects,

a quantum mechanical phenomena depending on the superposition princi-
ple [16, 17]. In 1962y, < v, “virtual transmutations” were mentioned by
Maki, Nakagawa and Sakata [18]. This led to the conjecture that the flavour
(Ve, vy, Ur) eigenstates and mass eigenstatgsip, va) of neutrinos are not
necessarily identical, a fact well known in the quark sector where both types
of states are connected by the CKM matrix [19]. The flavour or weak eigen-
states ¥y (0 = e, u, 1)) are connected to the mass eigenstatggi(= 1,

2, 3)) via a unitary mixing matrix U (Pontecorvo-Maki-Nakagawa-Sakata
matrix):

3
Vo) = _Zuai|Vi> (1.7)

In the three neutrino framework, the mixing can be parametrised by three

mixing angles @»3, 613, 612) and one (three) CP violation phases if neutrinos



are Dirac (Majorana):
U = Va3 Wi3 Vo diag(l,€%,€9?) (1.8)

wherea; anda, are non-zero if neutrinos are Majorana particles.

1 0 O Ciz O s3e10 Cio Si2 O
Voz=10 cp3 Sp3|Wiz= 0 1 0 |Vi2=|-s12 12 0
0 —s3 Cp3 —513¢% 0 C13 0 0 1

(1.9)

wherecij = cos(6ij) andsj = sin(8;j), respectively.

The mixing matrix takes the form:

C12C13 S12C13 sp3610
U= —Cr3510— $3C125136°  C23C10— 53512513€° 1353 | (1.10)

$p3512 — C23C125136°  —$p3C12 — 235125136 C13Cp3

For CP conservation in the lepton sector, it is necessary tolhaveU.
Thus, the phasé is responsible for effects of the CP violation adaill

be equal to O if CP is conserved.

The neutrino oscillation probability, i.e. the transformation probability

of a flavour eigenstate neutringg) into |vg) is given by:

Pap =| (Vg|Va(t)) |2 (1.11)



For ultra-relativistic neutrinos with small mass ¢ pj = p ~ E):

Ei:\/pi2+miz:p+% (1.12)

whereE; andm; are the energy and the mass of the eigenstateespec-
tively. Using the orthogonality relatiofvj|vi) = & and Eq. 1.12, the tran-
sition probability for an initialv, of energy E to get converted tovg after
traveling a distanck(=t) in vacuum is given by:

PGB = 60,3—4i; Re(UaiUﬁjUBanJ>S|n (T

+25 1M (UgUp;UpiUqj)sin2 (@) (1.13)
i>]

It can be seen from Eq. 1.13 that the transition probability has an oscil-
latory behaviour whose amplitudes are proportional to the elements in the
mixing matrix. The neutrino (antineutrino) transition probabilities depend
on the mass splitting paramet®my, = nf — ¢ andL/E. There are three
possible non-equivalent orderings for the mass eigenvalues, chosen as (Nor-

mal Hierarchy, Inverted Hierarchy and Quasi-Degenerate):

NO/NH/NS : Amg; < +(Am, ~ Ang; > 0)
I0/IH/IS : Amg; < —(AMg; ~ Am§, < 0)

1/2
QD : my~my~mg> | A [V



The Normal Ordering (NO) / Normal Hierarchy (NH) / Normal Spectrum
(NS) and the Inverted Ordering (I0O) / Inverted Hierarchy (IH)Ydrted

Spectrum (IS) are pictorially demonstrated in Figure 1.1.

4 N
NORMAL INVERTED
.
v, I v, I :
—
v, I
1
Vu
. —
v
v, I v;
- J

Figure 1.1: A schematic diagram of neutrino masses and gsxaf flavour eigenstates
in NH and IH. The red, blue and green colours represgnt,, andv; components in the
respective mass eigenstates.

The first evidence for neutrino oscillations (solar neutrino anomaly) was
found by Davis et al. following the suggestion by Pontecorvo [20]. They
detected a smaller rate for solag as compared to the prediction of Bah-
call et al. [21]. The phenomenon of neutrino oscillations (with atmospheric
neutrinos) was established in the SuperKamiokande experiment in 1998.
Since then neutrino oscillations have been convincingly observed [22] in
atmospheric neutrinos [23], solar neutrinos [24], reactor neutrinos [25] and

accelerator neutrinos [26, 27] experiments. Table 1.1 shows the ongoing



neutrino experiments together with their sensitivity for different pararaete
of the PMNS matrix. The latest results on neutrino parameters from the fit
to the global experimental data are given in Table 1.2.

Table 1.1: Experiments contributing to the present deteation of the oscillation param-
eters [28]. LBL (MBL) stands for LongBaseLine (MediumBaseLine)

Experiment Dominant Parametersimportant Parameters
Solar Experiments 015 Am3,, O13
Reactor LBL (KamLAND) Am3, O12, 613

Reactor MBL (Daya-Bay, Reno, D-Chooz$;3

A |

Atmospheric Experiments 013 A |
Accelerator LBLv, Disapp (Minos, T2K) |Am§€\, 623
Accelerator LBLve App (Minos, T2K) o) 613, 623, sign(Am%Z)

Table 1.2: Three-flavour oscillation parameters from fitltwbgl data [29].

Normal Ordering 4x? = 0.97) Inverted Ordering (best fit) Any Ordering

bfp +1o 30 range bfp +1o 30 range 30 range
sifB, | 030475513 02700344 | 030479513  0.270— 0.344 0.270— 0.344
612/° 33487578 31293591 33487578 31293591 3129 3591
sifB3 | 045258552 03820643 | 0579992  0.389— 0.644 0.385— 0.644
B3/° 42.3739 382533 49513 386 — 53.3 383533
Sif 613 | 0.0218729319  0.0186— 0.0250 | 0.0219°39%14 0.0188— 0.0251 | 0.0188— 0.0251
613/° 8.50":39 7.85— 9.10 8.517922 7.87—-9.11 7.87—-9.11
cp/° 30633 0— 360 254783 0— 360 0— 360
WA%Z 7.50219 7.02— 8.09 7.50"919 7.02— 8.09 7.02— 8.09
A | 1245770947 123175 12607 | ~2.44970%48 2500 ~2.307 [Jfggsgj 2599

" Note thatAn?z, = Am3, > 0 for NO/NS andAn¥3, = AmZ, < 0 for 10/1S.



The questions yet to be answered in neutrino physics are the mass order-
ing of the neutrinos, absolute mass scale of the neutrinos, CP violation in the
leptonic sector and the fundamental nature of neutrinos (Dirac or Majorana).
The flavour oscillation experiments are sensitive to the two mass-squared
differences Ar‘rﬁ-), three mixing angles 2, 6»3, 613) and one CP violation
phase §). The additional Majorana phases do not enter into flavour neutrino
and antineutrino transition amplitudes. Further, the study of flavour neutrino
oscillations does not reveal the nature of the massive neutrinos. Hence, it is

necessary to study processes like NDBD of nuclei.

1.3 NDBD - Experimental Aspects

As mentioned earlier, DBD is a second order weak interaction process,
possible in even-even nuclei. The2 decay conserves lepton numbky (
and is allowed in the Standard Model. It has been experimentally observed
in about 12 isotopes [30]. The inverse half-life far23 decay is given by:

1

2
i)

= G¥(Qpg,2) | M |2 (1.14)

whereG?" is obtained by integration over the phase space of four leptons
emitted in the decay and can be calculated exactlyQgeis the Q value of

the transition andv?¥ is the Nuclear Transition Matrix Element (NTME)

10



for this process. ForwBfB decay the inverse half-life (or decay rate) is

given by:
1

0
Ti2

= G%(Qpp,Z) | MY | (n?) (1.15)

whereG is obtained by integration over the phase space of two leptons
emitted in the decayy?) is the lepton number violating parameter anty

is the NTME for 33 decay. There are numerous particles like SUSY, Ma-
joron etc., beyond the standard model and (V+A) interactions, which could
mediate the decay [31]. However, the most commonly studied fields medi-
ating the decay are the standard model neutrinos with Majorana masses. In
this case, NDBD is sensitive to the effective neutrino masse > and the

half-life is given by:

2
%v = GY(Qpp.z) | MOV P2 L | (1.16)
T mg

wherem is the mass of the electron. To extract the effective neutrino mass
< Mee >, accurate knowledge o9 is essential. Two basic approaches
are used to evaluate NTME : the nuclear shell model (NSM) and the quasi-
particle random phase approximation (QRPA) [32]. The NTMEs have rather
large “theoretical” uncertainties and experiments are required to constra
the different parameters in nuclear models [33]. M® calculations can

be verified with the measured decay rateswBp (see Eq.1.14) and these

11



calculations can be extendedy calculations for the same isotope. How-
ever, it should be mentioned that the intermediate states involvedi$ 2

and BB decays are quite different. Therefore for accurate measurement
of effective neutrino massk, it is essential to observa/@ 3 decay in dif-
ferent nuclei.

The effective neutrino masas in Eq. 1.16 is given by:
[ Mee [=| 5 UGM |=| micipcls +Mpsiocise” ™ +mpsise? 2| (1.17)
|

whereUg are elements of PMNS matrix in Eq.1.10 amd a, are the Ma-
jorana phases.

The OvB decay can also address the neutrino mass ordering as shown
in Figure 1.2. The experimental signature far@3 decay is a sharp mo-
noenergetic peak at tf@gg value of the transition as shown schematically

in Figure 1.3.
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Figure 1.2: Value of the effective Majorana mass as a funaifdhe lightest neutrino mass
in the normal (NO/NS, wittmy, = my) and inverted (I0/1S, wittmy, = mg) neutrino mass
spectra before and after the Daya Bay measuremefiz§84].
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Figure 1.3: A schematic of the distribution of the sum of &l@tc energies for
2vBpBand WBL modes of the DBD decay. The figure has been taken from the Réf. [35
The curves were drawn assuming that the decay fates 1% ofl"», and for a b energy
resolution of 2%.
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If OvB 3 decay is positively identified, then the half-ll‘ié)/"2 can be cal-

culated using the relation given by:

~ Naln2eM at
/2 WNobs

(1.18)

whereNa is Avogadro’s numberg is the detection efficiency is the iso-
topic abundance in the source of the miksW is the molar mass of the
source Ngps is the number of events attributed to @S (above all possible
backgrounds) antlis the time of measurement. In the absence of a clear
OvBp signal, a lower limit can be placed on the half-life of the process

assuming a Gaussian approximation for the background fluctuation:

Naln2ea Mt
T > N 1.19
V27 WkeL Nokg AE (1.19)

whereNpq is a background index (in kgtkeV—ty~1) defined as the number

of background events normalized to energy unit, source mass and measure-
ment time AE is the energy window of @83 decay andc is the number

of standard deviations corresponding to a given confidence level (e.g. 1.64
o for 90% CL). Eq. 1.19 highlights key parameters that need to be optimized

in a DBD experiment. An ideal experiment should have:

1. Large source sizé\), preferably with a high isotopic abundaree

14



2. Large Q value of the transition leads to faster decay rate.Qpe>
2.6 MeV is also desirable as the energy region of interest (ROI) will be

above potential backgrounds.

3. A low-background indexNykg). This is arguably the most impor-
tant and certainly the most challenging aspect oV 88 experiment,

which limits the sensitivity.
4. High detection efficiency of two electrons.

5. Good energy resolution. This requirement is very critical due to the
fact that the continuous spectrum of the electron’s energy sum in the

2v 33 decay is an inherent source of background for thg® signal.

The DBD experiments can be broadly subdivided into two main cate-

gories:

1. Active detectors: The detector material itself is made of DBD iso-
tope. This approach yields a high detection efficiency and compact-
ness. Examples include semiconductor detectors such as High Purity
germanium (HPGe), Cadmium Zinc Telluride (CdZnTe), low temper-
ature bolometers (Tefp, scintillators and liquid noble gas (Xe) detec-
tors. Calorimetric detectors like HPGe detectors and bolometers offer

excellent energy resolution. Since these detectors measure only the

15



energy deposited by the electrons, the background reduction capabil-
ities are relatively poor. However, in some cases like high pressure
gaseous time projection chambers (TPCs) filled with xenon and pixe-
lated CdZnTe detectors, electron tracks can be reconstructed with dis-

crimination againstr andy particles.

2. Passive detectorsin this case source and detector are separate. The
DBD isotope, in form of thin foils or loaded scintillator, is surrounded
by detectors to reconstruct the full topology of DBD events. Often
these detectors allow electronic discrimination of background and cor-
relation measurements of emitted electrons. The main disadvantages
of these detectors are relatively larger sizes, lower detectianezity

and modest energy resolution.

The search for double beta decay started 60 years back with the first re-
ported claim in124Sn in 1949 [36]. The first geochemical evidence was
observed int3%Te in 1950 [37]. The first direct experimental evidence in
laboratory came in 1987 when Elliott et al. detected DBB4®e [38]. The
discovery of neutrino oscillations confirming finite mass of neutrinos has
renewed interest in NDBD and many experiments are pursued worldwide.
The QvB3 decay has not yet been observed and the best current lower limits
are~ Ty p > 10?°y. It should be mentioned that i3 process can also oc-

cur in modes like double positron emissig@@*(3™), positron emission and

16



electron capturedEC) and double electron capturECEC). These pro-
cesses are in general strongly disfavoured because of reduced decay energy
and available phase space. As a resit3*/ECEC modes are experi-
mentally more challenging to detect even though they provide additional
experimental signal™ annihilation or X-rays). The list of ongoing and
proposed 033 experiments is shown in Table 1.3 while Table 1.4 lists the
best reported results @3 processes taken from Ref. [39].

Table 1.3: Ongoing and proposed)3 experiments with detection techniques.

Experiment Isotope Technique
CANDLES [40] 8BCa Solid Scintillator
GERDA [41] 5Ge Semiconductor
MAJORANA[42] | "®Ge Semiconductor
SuperNEMO [43] | 82Se Tracking + Calorimeter
LUCIFER [44] 825e | Cryogenic Bolometer + Scintillator
AMORE [45] 100\vo | Cryogenic Bolometer + Scintillator
MOON [46] 1000 Tracking + Scintillator
COBRA [47] 1i6cq Semiconductor
CdWQ;, [48] 1i6cd Solid Scintillator
CUORE [49] 1307e Cryogenic Bolometer
EX0-200 [50] 136xe Tracking
KamLAND-Zen [51]| 136Xe Liquid Scintillator
SNO+ [52] 150Nd Liquid Scintillator
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Table 1.4: Best reported results {8f processes taken from Ref. [39]

Isotope T%‘/’Z T(l)‘/’2 | Mee |
(102y) (10%y) (eV)
8Ca | (4470% | >0058 | <19-36
%Ge | (150+10) | 223737 | 0.3272%3
>21 | <0.17-0.29
825¢ | (92+07) | >036 | <123-1.88
%zr | (23+£0.2) | >0.0092| <5.24-10.83
10Mo | (0.71£0.04) | >11 | <0.71-1.05
116Cd | (2.8+£02) | >0.17 | <1.64-269
130T (70%3) >28 | <0.45-0.70
136xe | (217+6) >16 | <210-337
150Nd | (0.8240.09) | >0.018 | < 9.01-16.07

1.4 Sources of Background folOv 3 Experiments

Given the rarity of3 3 processeslg » > 10'8y) [39, 53, 54], background
reduction is very crucial to increase the sensitivity of the measurement of
Ty1/2. The background index is of paramount importance in the ROI defined
around theQgg region depending on the energy resolution of the detector.

The potential sources of background are listed below.

1. Natural radioactivity @, 3, y) which arises from the primordial activ-
ities of U, Th and*K chains withT; , ~ 10°"%y. The dominant
background comes from the high energy gamma rays from various de-
cay products in thé38U and232Th natural chains, eg. 2448 kexray
from 219Bi (%22Rn progeny) and 2615 ke)tray from298T].
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2. Primary cosmic rays give rise to spallation neutrons and cosmogeni-
cally activated isotopes such €€ (T, , =5700y),’Be (T; , = 53.24
d), ®5Ge (T; /o = 271 d) (seen in GERDACo (T;, = 1925 d),

56Co (T 1/2 = 78 d) (mostly in cryostat materials like Copper).

3. The low energy backgroune:(2MeV ) arising from Radon which is
always present inside tunnels or mines [55]. ¥#&n (T; ), = 3.8 d),
20Rn (Ty/, = 55.6 5) and?™*Rn (T; , = 3.96 s) are short-lived gases,
produced in the natural radioactive chains?®U, 232Th and 23U,
respectively. Due to the porosity of rock, Radon diffuses out of the
exposed rock surface into the atmosphere. For a given type of rock,
the Radon background (mos#§?Rn) is proportional to U, Th content

of the rock.

4. Neutron background arising from the spontaneous fission (SEjbf
(mainly 2%8U), Th present in the rocks and the surrounding materials.
In addition, alpha particles produced from decay of intermediate nuclei
in the natural decay chains can react with light nuclei in the rocks to
produce neutrons vian(, n) reactions [56]. Very high energy neutrons
(En ~ GeV) are produced by muon-induced interactions in the rocks

and materials surrounding the detector.
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5. Anthropogenic radioisotopes (i.e. artificially produced radioisotopes)

like 2°7Bi with Ty, = 31.55y.

6. The detector and its surrounding materials can be internally contam-
inated with3-decaying isotopes accompanied by internal conversion

(IC), Moller or Compton scattering.

7. Surface contamination of the detectors, especially in bolometers, can
be produced due to the degraded coming from U and Th radioactive
chains. The contaminated surface can further proguee/ events. In
fact, above 2.6 MeV the naturfl y contributions from environmental
and material radioactivity tend to vanish anés are the only really

disturbing background source.

1.4.1 Techniques of Background Reduction

In order to achieve the desired experimental sensitivity, a careful and de-
tailed study of background identification and background rejection is nec-
essary. The latter is of primary importance for background modeling. The

standard techniques of background reduction are given below:

e The double beta decay experiments are mostly housed in deep under-

ground site for suppression of cosmic ray muons. Typically at 1 km

20



underground depth the muon flux is reduced by six orders of magni-

tude as compared to the sea level.

The detector system is shielded for the gamma rays using Pb (10-15
cm) and/or Cu (5-10 cm) shields. Usually the graded shielding is em-
ployed such that the outermost shield consist of high Z materials. This
is further surrounded by the muon and neutron shield. Generally, water
tanks/Lig. Ar serve as Cherenkov medium for muon veto and can also

act as neutron shield.

All materials including the shield should be of high radio-purity. The
steel cryostat with internal Cu shield used in GERDA is produced
from selected low background austenitic steel, ancient LEXEI§ <

mBg/kg) obtained from a sunk Roman ship is used in CUORE. Simi-

larly, a low contamination Copper cryostat is designed for CUORE.

The implementation of radon suppression techniques by flushing the
system with pure Blgas is a mandatory requirement for these exper-

iments. Mitigation of radon-induced background can be obtained by
improving the energy resolution of the calorimeter, the accuracy of
energy calibration and the ability to identify and subtr&éBi contri-

butions from the measured spectrum.
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e The setup is isolated for extended time (months - y) in an underground
laboratory so as to wait for short-lived cosmogenic isotopes to decay.
Proper exposure management during production, storage and transport

is implemented.

In addition to the above methods, many novel techniques and improved
detector technologies over the last decade have lowered the background lev-
els down to< 1072 counts/ (keV kg y) [57—60]. The background rejection
capability needs to be optimized with a proper design of the detector. Par-
ticle tracking, if possible, is a powerful technique to distinguishv B
signal from a background signal. A3 event is characterized by a pair
of very short tracks (in dense matter) originated at the source position if
compared with background events with the same energy (for most of the
isotopesQgp ~ 2-3 MeV) that are usually characterized by much longer
tracks (as in the case of cosmic ray muons) and/or by multi-site energy de-
positions (e.g.B/y emissions). It should be noted that active background
rejection methods can be counter productive if additional background is in-
troduced (e.g. additional electronic channels for detector segmentation/dual
read out vs. single read out of unsegmented detectors).

The background reduction techniques in some of the major NDBD ex-

periments are briefly described in the following.
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e GERDA: The GERmanium Detector Array uses bare Ge diodes (en-
riched in"%Ge) in liquid argon supplemented by a water shield. With
an exposure of 21.6 kg y, GERDA phase | [61] has strongly disfavoured
the previous claim for a8 signal in "°Ge [62]. The experiment
employs the p-type Broad Energy Germanium detectors (BEGe) pro-
duced by Canberra Company (similar in Majorana) [63]. The signal
electrode is very small if compared to standard coaxial HPGe detec-
tor, this results in a completely different field distribution capable of
enhancing the differences between Single Site Events and Multi Site
Events pulses [64, 65]. The n-type highly segmented HPGe detectors
will be used in Phase Il of GERDA to reduce the gamma background

component [66].

e EXO-200: Enriched Xenon Observatory-200 is a single liquid Xe de-
tector designed to search for NDBD%#Xe. With an exposure of 100
kg y, EXO-200 has placed a half-life limit ofdx 10?° y for NDBD
in 13%Xe [57]. Both the scintillation and ionization signals produced
by particle interactions are studied to achieve good energy resolution.
EXO-200 aims at the identification (through laser excitation) of the
136xe BB decay daughter'®Bat*) as a further and unambiguous
signature of a DBD event. The Ba tagging technique has been demon-

strated.
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e CUORE : This is a cryogenic detector to search farfB3 decay in
130Te using Te@ crystal bolometers and is in advanced stages of con-
struction after the successful running of its prototype CUORE-O [58].
Effective techniques for the cleaning of all the surfaces of bolometer

crystals have been developed.

e NEMO3, SuperNEMO : SuperNEMO aims to extend and improve

the successful NEMOS3 technology which took data$d y and stud-

led DBD in seven different isotopes [60]. The SuperNEMO demon-
strator module after 17 kg y of exposure will reach a sensitivity of
6.5x 10°*y in 82Se [67]. The tracking plus calorimetry technique em-
ployed in NEMQOS3 provides an accurate and efficient identification of
background events. A magnetic field is used to improve particle iden-
tification capability. SuperNEMO will use planar geometry (instead of

cylindrical as in NEMO3) and modular systems.

e NEXT : This experiment comprises a Xenon TPC to search ¥fi[®
decay in13%Xe and construction is in progress [68]. It uses Xenon
gas where energy and tracking resolutions are better as compared to
EXO where liquid Xe is used. In a high pressure Xe chamber the

two electrons emitted in a DBD event produce a characteristic track
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which is~30 cm long and easily distinguishable from most radioactive

induced events.

The expected/achieved background levels in some of the NDBD experi-
ments are given in the Table 1.5. Investigations are underway to make low

Table 1.5: The expected and achieved background levelg i3 decay experiments.

Experiment AchievedNpyg ExpectedNyg
(counts / (keV kg y))| (counts/ (keV kg y))

GERDA [61] 1x 102 1x10°3

CUORE [58] 1.9x 1072 1x10°2

EXO [57] 1.7x10°3 ~ 1074

NEXT [68] = 5x 1074

KamLAND-Zen [39] 1.5x 1074 -

temperature calorimeters which can simultaneously detect light and heat,
l.e. construction of hybrid scintillating bolometers such as LUCIFER and
AMORE [69]. The simultaneous detection of the heat and scintillation com-
ponents of an event allows to identify and rejecparticles with very high
efficiency (~ 100%). It has been shown that/y discrimination by pulse
shape analysis is also possible in some crystals, both in the heat and light
channel [70]. The background modeling using Monte Carlo simulations
helps to design experiments - but cannot foresee unexpected backgrounds,

e.g. “Ar in GERDA, alpha surface contamination in CUORE?™Ag in
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KamLAND-Zen that can be either Fukushima fallout products or the result
of cosmogenic activation of Xe. It should be mentioned that the background
reduction techniques are relevant to other rare event studies like dagt matt

searches.

1.5 TIN.TIN Detector

In India, a feasibility study to search fowB decay int2*Sn has been
initiated using a Tin cryogenic bolometer [71]. TA&Sn has moderate
isotopic abundance5.8% and a reasonably hi@bgg value of 2292.64+
0.39 keV [72]. Since Tin becomes superconducting at 3.7 K, at temperatures
below 1 K its specific heat has only lattice contributiofisT®). Thus, it can
be made into a bolometric detector akT100 mK. Very small size~{ mq)
Sn bolometers have been employed for X-ray detection [73]. Cryogenic
bolometers have excellent energy resolution (0.2%g) and therefore are
well suited for search of W33 decay. TIN.TIN detector (The INdia-based
TIN detector) is planned to be housed at India based Neutrino Observatory
(INO), an upcoming underground facility near Bodi West Hills (BWH) in
Madurai [74].

This thesis mainly discusses the background issues pertaining to NDBD

search int#4Sn. The Q(*#%Sn) is close to the Compton edge of 2.614 MeV
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y—ray, originating in the decay chain 6¥°Th. The TiLES (Tifr Low Back-
ground Experimental Setup) with a special low background HPGe detector
has been set up at sea level at TIFR for radiation background studies. This
low background HPGe detector is completely characterized with Monte
Carlo studies using GEANT4 simulations. The detector model has been op-
timized for measurements over a wide energy range and for different source
geometries with GEMS (Germanium Efficiency based on Monte carlo Sim-
ulations). The TiLES consists of a 5 cm low activity Cu shield surrounded
by a 10 cm low activity Pb shield and active veto system. The TIiLES has
been used for the screening and qualifications of the materials to be used in
and around the bolometer.

As mentioned earlier, there are different sources of radiation background
(a,B,y, neutrons) for a NDBD experiment. Of the different sources of
background, neutron is the most crucial to understand, can travel large dis-
tances and difficult to suppress. Neutron-induced background in the ROI
nearQpg;(12*Sn) arising from the fast and thermal neutrons has been stud-
led using neutron activation techniques in the detector and surrounding ma-
terials of TIN.TIN detector. The neutron flux from natural radioactivity
of the cavern rock at the underground site has been estimated and concept

shield design for the neutron-induced background is proposed. Based on
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these considerations, requirements for the cavern to house TIN.TIN detec-
tor are presented. These aspects of radiation background studies for NDBD

in 1243Sn are described in the following chapters.
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Chapter 2

Characterization of the Low

Background HPGe Detector

2.1 Introduction

For screening of materials to be used in the prototype bolometer R&D
as well as for understanding the background pertaining to NDBD search
in 1243n, the low backgroung-ray spectrometry technique with HPGe de-
tector is used. The low backgroumeray spectrometry is a very powerful
method with sensitivity down to several tenths ofuBg/kg and enables
simultaneous identification of multiplg-emitters present in a sample. To
assess the level of radio purity in the materials, samples are oftenecbunt
In a close geometry to obtain high counting efficiency. For accurate deter-
mination of radio impurities, precise knowledge of detection efficiency over

a wide energy range is necessary. The efficiency measurement in a close
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geometry is complicated using standard multi-gamma sources due to coin-
cidence summing effects. Hence, measurements are restrictedlabkeva
mono-energetic sources in a limited energy range. Consequently, MC sim-
ulation technique is adopted to obtain efficiency of the detector over a wide
energy range for different source-detector configurations. It has been ob-
served in the literature [75—-82] that the efficiency computed from the MC
simulations using the detector geometry supplied by the manufacturer is
overestimated (by>10%) as compared to the experimental values. The
discrepancy in efficiency is attributed to the inaccuracy of the supplied pa-
rameters, like detector size and the dead layer. It should be mentioned that
this effect is more pronounced for large size detectors [79, 80], which may
be due to incomplete charge collection.

This chapter describes the optimization of the HPGe detector parameters
to generate an effective detector model using MC simulations. Monoener-
getic sources are used to scan the Ge crystal in directions parallel and per
pendicular to its cylindrical axis. Measurements are also done with sources
over an energy range of,E= 100-1500 keV as a function of distance to
estimate its active volume. The effective detector model is validattd

gamma energies 500-1500 keV using point and volume sources.
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2.2 Experimental Details

The HPGe detector is a coaxial p-type Ge (ORTEC GEM75-95-LB-C-
HJ), specially designed for low background measurements with a relative
efficiency of~70%. 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 (see Figure 2.1).

Figure 2.1: The low background HPGe detector (ORTEC GEMF4-B-C-HJ).

Figure 2.2 shows the cross-sectional view of the detector indicating dif-
ferent parameters. The detector bias used is +4 kV, as recommended by the
manufacturer. The nominal size of the Ge crystal given by the manufacturer
is 78.3 mm diameter and 63 mm length with a 0.7 mm dead layer on the

cylindrical side. In addition to electrical contacts, the detector isosunaled
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by aluminized mylar and thin copper on sides as well as on bottom for ther-
mal shielding. Generally, the physical dimensions of the detector can be
determined by radiography [75, 83] but the active volume of the detector

may differ depending on the electric field configuration inside the crystal

[80].
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Figure 2.2: A cross-sectional view of the detector showiiffgiebnt parameters. Scan
directions for lateralZ), radial ¢), top (d) and side ¢s) are also indicated. The center of
the detector correspondsite- 0 and the top edge of the detector, i.e. carbon fiber housing,
corresponds ta= 0.
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Precise measurements of photopeak efficiencies using radioactive sources
give better estimates on the actual active volume and the surrounding ma-
terials of the detector. In the present case, radiography of the setup was
not possible and hence mono-energetic sources covering an energy range of
59.5-1115.5 keV were used to scan the crystal. Table 2.1 gives the details
of various sources and source geometries used in the present work together
with respective gamma ray energies.

Table 2.1: List of radioactive sources used for measuresnent

Isotopes Energy Geometry
(keV)

241Am 59.5 point
5Co 122.1 extended
203Hq 279.2 extended
Sicr 320.1 extended
137cs 661.7 volume
%Mn 834.8 extended
65Zn 1115.5 extended
152Ey | 121.8,778.9, 1408 point
50Cco 1173.2,1332.5 | point

Measured absolute strengths of sources are in the rangele®0 kBq
with ~ 0.8-1.5% uncertainfy The extended geometry source has a 6 mm
active diameter and is mounted on a 25 mm diameter plastic disc with a

1 mm thick plastic front cover. In case &t'Cs volume source, the liquid

1The strengths of the sources were measured using anotiimated HPGe detector.
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was sealed inside a perspex cylindrical vial of radius 3 mm and height 5 mm.
The distribution oft3’Cs volume source was assumed to be homogeneous
in the perspex vial. Measurements for optimizing detector geometry can
be broadly classified into three categories (see Figure 2.2), namely, radial
scan, lateral scan and distance scan for volume effect. Radial anal late
scans are carried out witAm, °’Co and®zn sources. The low energy
gamma rays are sensitive to the dead layers and high energy gamma rays
probe the detector size. Radial scan was done by moving the source par-
allel to the top detector face)(at a distance of 5 mm in 3 mm steps and
covered a range af6 cm w.r.t. the center of the detector. For the lateral
scan the source was moved parallel to its cylindrical a®i®( a distance

of 8 mm from the side face of the detector in 3 mm steps and covered a
range of+8 cm w.r.t. the top face of the detector. The distance sdan (
was done in steps of 5 cm over a distance of 0—25 cm from the top face
as well as from the cylindrical side of the detector to study the volume ef-
fect for B, = 834.8 and 1115.5 keV. Typical uncertainty in positioning of
the source, both in horizontal and vertical direction, was less than 1 mm.
Detector signal was given to a 13-bit analog-to-digital converter through a
spectroscopic amplifier (shaping time : ju8). Data was recorded with a
CAMAC-based acquisition system, LAMPS [84]. Dead time correction was

done using a standard 10 Hz pulser. Figure 2.3 shows gamma-ray energy
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spectra wittP’Co and®zn. Typical measured energy resolution (FWHM)
obtained was 0.75(2) keV at 122.1 keV and 1.84(2) keV at 1115.5 keV,

respectively. Photopeak efficiencsf{P) was extracted using LAMPS soft-
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Figure 2.3: Gamma ray spectra obtained with°(&o atd = 10 cm, and (b$°Zn source
atd=1cm.

ware by fitting the observed photopeak to a Gaussian function with either a
linear or a quadratic background. In some cases, the observed peak had a
slight low energy tail, which could be incorporated in the fitting software.
However, the contribution from tail region was found to be negligible. In
the present case, given relatively low source strengths no pile up ditacts

been observed in the spectra. Errors were computed including statistical er
rors and least-squares fitting errors in extracting the peak areas. [lgpica

rors obtained ire®Pwere : in radial/lateral scans3.7% for E, = 59.5 keV,
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0.2% for E, = 122.1 keV and 1.8% for = 1115.5 keV. It should be men-
tioned that differences in statistical errors are mainly due to therdrffee
in strengths of various sources and energy dependent variation in detection
efficiency. Similarly, for both the top and side distance scan erroe§’h
were~2% and~5%, respectively.

To verify the effective detector model, additional radial scans Wi@o
and®3Zn sources atl = 10.7 cm were carried out and distance scafi+
30 cm) was done with various sources covering an energy range of 122.1—
1408 keV. In this case, multi-gamma sources suctP4su and®°Co were
used at a distancé >10 cm to ensure that the coincidence summing is
negligible. Measurements were also done with the volume sourge- (E

661.7 keV).

2.3 Monte Carlo Simulations

In the present work, GEANT4 (version 4.9.5.p01) [85] is used to simu-
late the HPGe detector response. The coaxial geometry of Ge crystal with a
central hole is realized in the simulations by placing a circular disk otiradi
R and thicknes$.1 on a hollow cylinder of length. — L1, as shown in Fig-
ure 2.2. The inner radius of the hollow cylinder is taken to be that of the hole
(h) and the outer radius R. The curvature of the edges of the cylinder/disk

Is neglected. Complete details of the surrounding absorbing materials such
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as top and side Ge dead layers, Al window, Cu cup support structures, outer
carbon fiber body have been included in the Monte Carlo model. Source
geometry is also taken into account in the MC simulations. It should be
mentioned that the MC code is verified with other HPGe detector geome-
tries [76, 81]. A photon of given energy is generated in the MC simulations.
Simulations have been carried out for a set of detector parameters over a
range ofr andzin 6 mm steps corresponding to the measurements. Event
by event data obtained from MC is binned in 0.25 keV bin size and absolute
photopeak efficiencys!MC) is determined using the ROOT analysis frame-
work [86]. In some cases where the source co-ordinates in the experiment
(ri, z) were different from those in the simulation (diff.1 mm), thegMc
corresponding to;, z was obtained by interpolation. Statistical uncertain-
ties are kept below 2%. For modeling the detector geometry, only absolute
photopeak efficiencies of differegt-rays are taken into consideration. The
best fit values of detector parameters are obtained by two methods. In the
first method x? is determined for a data set like radial/lateral/distance scan

(n points) corresponding to each source [87] using Eq. 2.1,

, 1 2 (e8] — eMCn])?
ety
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Where,sgxp(ri) represents the measured absolute photopeak efficiency at r
for a y—ray of energy E and s,';"c(ri) is the corresponding simulated ef-
ficiency. In the second method, following the procedure as in [78, 79] to
give similar weightage teg for different energies, the total relative devia-
tion between measured and simulated efficiencies is calculated asdiefi

Eqg. 2.2,

OR (2.2)

ex
10| ] -] |
25 |Mis Egc[ri]
whereny is number of points in each data set ands number of data sets

corresponding to different energies or scans.

2.3.1 Optimization of Effective Detector Model

It is observed from the simulation data that the measured value of 66%
relative efficiency corresponds to an active volume-.d230 cn¥, which is
significantly smaller £ 20%) than the number quoted by the manufacturer
(292 cn¥). Further, a comparison @E"C using default detector parameters
with egP for E, = 122.1 to 1115.5 keV and = 5 to 25 cm, resulted in a
large relative deviationgr ~ 29.2(3)%. The response of the central core
region of the detector was probed by measurements with two collimators
made from a 5 cm thick lead block with a 13 mm (35 mm) diameter conical
(cylindrical) hole at the center. In both cases, a better agreement has been
observed between the simulations and the measured values for the m@stricte
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central volume of the detector. Figure 2.4 shows thatihebtained is less
than 10% when measurements done with a collimator and without varying

any parameters in MC simulations.

® No collimator
40 o 13 mm collimator
i A 35 mm collimator
®
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Figure 2.4: Theor as a function of gamma ray energiesdat 25 cm, distance from the
top face of the detector using the 13 mm Pb collimator (unfidguare) and 35 mm Pb
collimator (unfilled triangle). Ther with the nominal parameters have also been shown
for comparison. Errors are within the point size.

It is therefore necessary to optimize the size of the detector to reproduce
the experimental data. For generating the detector model, the crystal pa-
rameters varied are (see Figure 2.2) : top Ge dead layeside Ge dead
layer (), front gap ) i.e., the distance between the top carbon fiber and
the Al window, crystal radiusR), crystal lengthI(; andL) and hole radius

(h). External detector parameters like thicknesses of carbon fiber housing,
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Al window and Cu cup are taken as given by the manufacturer. Initial crys-
tal parameters, namely, radiu] = 37.5 mm), lengthl{; = 55 mm), hole
radius f; = 6.5 mm) and front gapg( = 5 mm) were obtained by the best

fit to the scan data of /= 1115.5 keV at close distance { 1 cm), where
measurements are not strongly affected by the dead layers and surrounding
materials. For the front gap estimation, the fit has been restricteueto t
central region i.er = £3 cm, to minimize the effect of radial extension of
crystal.

The Ge dead layer on the crystal attenuates the gamma rays and is best
estimated with low energy gamma rays. It reduces the active volume of
the detector [88] and may also increase with time depending on years of
operation [89]. As mentioned earlier, no top dead lat)dnds been specified
by the manufacturer while the side dead lay®1ig quoted as 0.7 mm. The
uniform dead layer is employed in the simulations and valuésaafis are
varied in the range of 0—-1.2 mm and 0.7-1.5 mm, respectively. dRhe
calculated for the central region of radial (lateral) scan, namety3 cm
(z=+2.5 cm), with 59.5 keV and 122.1 kej-ray sources mounted close
to the face of the detectod (~ 1 cm). Figure 2.5 and Figure 2.6 show the
variation of MC parameters ofstogether with the fit to the combinezk of
59.5 keV and 122.1 key-ray energies, respectively. The best fit values of

t ands extracted corresponding to a minimuwng aretop: = 1.04:0.02 mm
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andsopt = 1.2740.02 mm. It should be mentioned that a 2% variation in
dead layer thickness results4n2% change in the photopeak efficiency for

E, = 59.5 keV.

(b)

1 I 1 I 1 I 1 I 1
0.98 1 102 104 106 1.

r (cm) t (mm)

Figure 2.5: (a) The radial scan data gf £59.5 keV with different values of parameters.
Symbols represent the®P and the line corresponds &'C, (b) The totalor (59.5 keV

+ 122.1 keV) for radial scan. Symbols represent the experiahelata and the line corre-
sponds to the parabolic fit.
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Figure 2.6: Same as Figure 2.5 for lateral scan. Zh@nge occupied by the crystal is
marked in the figure.

The germanium disc thickneks was obtained by fitting the®P(r = 0)
data of E, = 320.1 keV close to the detector top face. Since for this energy
half-value layer for germanium is' 5 mm, theeM® is expected to have
better sensitivity fot.; and has a very little dependence on dead layers. The
L1 was varied from 7.5 mm to 12.3 mm in steps of 0.2 mm and minimum
or was found at.;_op = 9.740.5 mm. Figure 2.7 shows the fit (far, =

8.3— 11.5 mm) together with ther as a function ot.;.
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Figure 2.7: Theor for e*P(r = 0) data of E, = 320.1 keV. Symbols represent the experi-
mental data and the line corresponds to the parabolic fit.

Considering the physical length specified by the manufactlgy, @n
inactive Ge dead layer of thicknelssL, — L surrounded by a 3:50.5 mm
thick cylindrical Cu ring at the bottom of the crystal is included in the model.
This resulted in a better reproduction of the overall shape of the measured

lateral scan for low energy gamma-rays (see Figure 2.8).
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Figure 2.8: The lateral scan of,E 122.1 keV atds = 1.5 mm showing the effect of an
inactive Ge dead layer of thicknebsand cylindrical Cu ring at the bottom of the crystal.
Symbols represent the™P and the line corresponds &'C. Thezrange occupied by the
crystal is marked by the dotted lines in the figure.

For extractingRopt andLopt, simulations have been carried out by vary-
ing RandL in fine steps of 0.25 mm and 1 mm, respectively. Figures 2.9
and 2.10 shove®P® together witheMC for the radial and lateral scan of E
= 1115.5 keV, respectively. It is evident tHatandL are not independent
of each other. Therefore, the best fit valueRadnd L are obtained by a
simultaneous fit to the radial and the lateral scan data jor E115.5 keV.
Table 2.2 lists theor for R= 37.25-38.0 mm ant = 52-56 mm for E =
1115.5 keV.
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Figure 2.9: The absolute photopeak efficiem€ff (unfilled circles) of i, = 1115.5 keV as
a function ofr (radial scan). The simulated value¥® (lines) for different combinations
of radii (R) and lengthsl() are shown in panels (a) to (d).
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Figure 2.10: The absolute photopeak efficieg€ (unfilled circles) of E, = 1115.5 keV
as a function of (lateral scan). The simulated valug¥C (lines) for different combinations
of radii (R) and lengthsl() are shown in panels (a) to (d).
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Table 2.2: Total relative deviatioor as a function oR andL for both radial and lateral
scans with ;= 1115.5 keV.

Radius Length oRr Radius Length oRr
mm mm (%) mm mm (%)

3725 52.0 6.09(4) 3750 51.0 6.33(5)
37.25 53.0 4.27(3) 3750 525 4.87(3)
37.25 540 3.93(3) 3750 53.0 3.88(3)
37.25 550 3.73(3) 3750 54.0 3.67(2)
37.25 56.0 3.62(3) 3750 55.0 3.71(2)
3725 580 5.15(4) 3750 56.0 4.58(3)

37.75 50.0 7.19(4) 38.00 50.0 5.89(2)
37.75 520 4.22(2) 38.00 520 3.71(2)
37.75 53.0 3.67(2) 38.00 53.0 3.67(2)
37.75 540 3.44(3) 38.00 54.0 3.85(3)
37.75 55.0 4.04(3) 38.00 55.0 4.89(3)
37.75 56.0 4.94(5) 38.00 56.0 5.99(2)

Figure 2.11 shows a pictorial representation of dkedor radial and lat-

eral scan. It can be seen that the minimum is rather shallow. The projec-

Figure 2.11: Total relative deviatiask as a function oR andL for both radial and lateral
scans with = 1115.5 keV.
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tions inL space corresponding to different valuedRaf37.25 mm to 38.00

mm) are shown in Figure 2.12. Th&y andLop are then obtained from

K X2 / ndf 1.038/3 7 X2 / ndf 0.0871/3
po 675.1+ 2.242 po 831.2+ 2.35

6 pl -24.3 + 0.0507 pl -30.58 + 0.05235
P2 0.2199 + 0.0007419 6 p2  0.2825 + 0.000815

& 5+ R =37.25mm S L R =37.50 mm
o [ 0:5
o o T
4r- 4}
37\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\ 37\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
52 53 54 55 56 57 58 51 52 53 54 55 56
L (mm) L (mm)
8 X2 / ndf 0.1775/4 P X2/ ndf 0.3042 /3
pO 788.9 + 2.067 i po 734.1+2.192
L pl -29.28 + 0.0485 6 pl -27.61+ 0.05058
L p2 0.2728 + 0.0007282 i p2  0.2608 + 0.000765
__ 6 _ L
St R=37.75mm SN R =38.00 mm
o o
4 ar
v b b b b b b by 1 i AR AR ARSI SR SRS AT
50 51 52 53 54 55 56 50 51 52 53 54 55 56
L (mm) L (mm)

Figure 2.12: Theoi for radial scan data of == 1115.5 keV as a function &f for a given
R. Symbols represent experimental data and the line comelsto the parabolic fit.

this weighted mean &2yt = 37.6:0.3 mm and_qp = 54.0+0.9 mm after
rounding off to the first decimal place. The errors quoted are the standard
deviations on the calculated quantities. With above valué®gfandLop,

the hole depth., = 44.3+1.0 mm was obtained correspondingdtg:—L.
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The remaining unknown parameter, hole radmisvas extracted from
the distance scan with high energyrays. From the best fit to the distance
scan data (1-25 cm) of &= 834.8 and 1115.5 keV, th® was found to
be 7.5:0.6 mm. As mentioned earlier, the bottom dead laygy was set
to the difference betweel, andLop. Table 2.3 gives a complete list of

optimized parameters of the detector.

Table 2.3: Optimized parameters of the detector.

Detector Nominal | Optimized
Parameter (mm) (mm)
Ge crystal radiusRK) 38.45 | 37.6+0.3
Ge crystal total lengthl() 63.0 54.0+0.9
Ge disc thicknesd () 12.3 9.7+0.5
Hole depth ( — L) 50.7 44.3+1.0
Hole radius () 55 7.5+0.6
Top Ge Dead Layett) - 1.04+0.02
Side Ge Dead Layes) 0.7 1.26+0.02
Bottom Ge Dead Layemj - 9.0+1.0
Front gap ¢) 4 5.0+0.7
Top carbon fibér 0.9 0.9
Side carbon fibér 1.8 1.8

Cu Cup thickness 0.8 0.8
Ge Crystal Volume\() 292 cn? | 2326 cn?

* Not altered in MC simulations

Errors on the parameters have been estimated from the standard devia-
tions on the calculated quantities. The quantities marked with an asterisk
Table 2.3 have not been altered in the MC simulations. The nominal param-

eters supplied by the manufacturer are also shown for the comparison.
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2.4 Validation of the Effective Detector Model

The GEMS (GErmanium efficiency based on Monte carlo Simulations)
Is the program developed for MC simulation based efficiency computation
for any source configuration in a close geometry, using the optimized detec-
tor parameters in Table 2.3. Figures 2.13, 2.14 and 2.15 show a comparison
of experimental data for various energies together with simulation results
employing the optimized detector parameters. For the lateral scanomith |
energy gamma-rays, addition of the bottom dead laygr~Lopt = b) is
crucial to reproduce the shapezar —9 to —6 cm region (see Figures 2.13b
and 2.14b). It should be mentioned that at low energy<E22.1 keV), the
effective linear dimension of the crystal (radius/length) seems to berlowe
than that for the high energy (& 1115.5 keV). This could be an effect of a
non-uniform electric field at corners of the crystal [80] or the non-uniform
dead layer [90] or the curvature of the crystal edges (which is neglected in
the simulations) [76]. A comparison of data and simulation results for radial
scans atl ~ 10 cm (E, = 122.1 and 1115.5 keV) is shown in Figure 2.16.
Though the overall fit is goodog = 2.8(3)%), the simulated spectra seems
to slightly overestimate the data at higher energies (see Figure 2.16). For
both the close geometry and distance scans, an excellent agreement is ob-
served between simulations and data. It should be mentioned that the cylin-

drical symmetry of the crystal was verified with E 59.5 keV by placing
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the source in all four perpendicular directions close to the detector face. It

should be noted that the energy threshold of the HPGe detectot@skeV.

& (b)
6 08642072 46
r (cm) z(cm)

Figure 2.13: The radial (left panel) and lateral (right daisean data of = 59.5 keV
with optimized detector parameters. Symbols represent®ffeand the line corresponds
to eMC. Thezrange occupied by the crystal is marked in the figure.

(b)

§ 6 4 2 0 2 4 6 8° 9 6 3 0 3 6 ¢
r (cm) z(cm)

Figure 2.14: Same as Figure 2.13 fg=#22.1 keV
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Figure 2.15: The top distance (left panel) and side dist@nglet panel) scan data of &=
122.1, 834.8 and 1115.5 keV with optimized detector parareetSymbols represent the
£%P and the line corresponds &'C.
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Figure 2.16: The radial scans data showaf (unfilled circles) an&MC (lines) for (a)
E, = 122.1 keV and (b) = 1115.5 keV with optimized detector parameterslat
10.7 cm.

The effective detector model was also used to simulate the volume source
geometry (E = 661.7 keV) and results are plotted in Figure 2.17. The ex-

cellent agreement between measured and simulated values indicatesthat t
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optimized model works very well for different source geometries. The ef-
fective detector model is further tested with distance scan measoteme
with many sources, |e= 59.5, 279.2, 1173.2 and 1408 keV, and results are

shown in Figure 2.18.

--- MC (Nominal)
\ — MC (Optimized)

Figure 2.17: The®P (unfilled circles) as a function affor volume source geometry (&
661.7 keV). TheMC for both optimized parameters (bold line) and for nominabpaeters
(dashed line) is also shown for comparison.

It is evident from both these figures that the simulations are well able to
reproduce the experimental data. Figure 2.19 displays the relative deviation
or for E, = 122.1, 279.2, 834.8 and 1115.5 keV as a function of 5—

25 cm. It can be seen that the optimized model yieigs= 5.46(3)% as
opposed to 29.2(3)% obtained with nominal parameters. With inclusion

of low energy data of = 59.5 keV, theor worsens t0~8.37(4)%. The

measured energy spectra fMn source (= 834.8 keV) atds = 25 cm
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Figure 2.18: Thee®™P as a function ofd for different gamma ray energies. Symbols
represent the measured data and corresporefftgwith optimized parameters is shown
by lines.

w
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O (%)
S

Figure 2.19: The relative deviatiasr for E, = 122.1, 279.2, 834.8 and 1115.5 keV ftbr
= 5-25 cm obtained with optimized detector parametersdfggmbols) and with nominal
parameters (open symbols). The bold line is the averagenarRINIS deviation is indicated
by dashed lines. Errors are within the point size.
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and13'Cs source (E= 661.7 keV) atd = 15 cm is shown in Figure 2.20

together with the simulated spectrum after folding in energy resolution of
the detector. The room background with suitable time normalization has
been added to the simulated spectrum for comparison with experimental
spectrum. Even though the detector model was optimized with photopeak
efficiency, overall spectral shape including the Compton edge, is very well
reproduced. However, a slight low energy tail in the experimental spectrum

(~1.5%) as compared to MC simulations is visible.
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Figure 2.20: The measured energy spectra (filled redPfsin extended source (E=
834.8 keV) atds = 25 cm (left panel) and®’Cs volume source (E= 661.7 keV) atd

= 15 cm (right panel) together with the simulated spectragphfter folding in energy
resolution of the detector. The room background with silgtéime normalization has been
added to the simulated spectrum for comparison. The gamyseorgginating from room
background are indicated with star symbols.

It should be mentioned that the detector has undergone two thermal cy-
cles and an evacuation during three years of operation without any change

in the performance (efficiency and resolution).
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2.5 Summary

Detailed measurements are performed with point and extended geometry
sources to generate an effective model of the detector with GEANT4 based
Monte Carlo simulations. The active volume obtained is about 20% smaller
than the nominal value supplied by the manufacturer. The effective detector
model agrees within 5.46(3)% with experimental data over a wide energy
range of 100-1500 keV. The GEMS program is developed for MC simu-
lation based efficiency computation for any source configuration in a close

geometry.
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Chapter 3

Study of Gamma Background using the

TILES

3.1 Introduction

As explained in Chapter 1, the sensitivity of a3 experiment criti-
cally depends on the background level in the region of interest. In order to
reduce the internal background it is essential to have radio-pure materials in
and around TIN.TIN detector. The detector material itself can be a potential
source of background. Moreover, understanding the sources of the back-
ground in the surrounding materials is very crucial. Most of the double beta
decay experiments have dedicated low background counting facility, often
underground, for radio-purity checks in detector materials.

For investigating the background issues related to the development of

TIN.TIN detector, a low background set up with HPGe detector, TiLES
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(Tifr Low background Experimental Setup), has been installed at sea level
at TIFR. This chapter describes the digital Data Acquisition System (DAQ)
and the shielding configuration (both passive and active) around the HPGe
detector. The results of the gamma ray measurements of low activity sam-
ples using the TiLES : Cu, Bodi West Hills (BWH) rock, Sn, Neutron Trans-

mutation Doped (NTD) Ge sensors, Torlon and Teflon are presented.

3.2 Digital Data Acquisition System

Digital signal processing (DSP) is ideally suited for rare decay studies
like OvBB decay involving long counting periods. In a digitizer, a flash
ADC directly samples and stores the preamplifier output, which is then pro-
cessed by pulse height analyzing algorithms to extract energy information.
Since fast sampling speeds for high precision ADCs and high speed FPGASs
are available today, the digital DAQ can handle much higher throughput and
consequently work as a “zero dead time” system. The DSP not only reduces
requirement of electronics units and cabling but also eliminates temperatur
related drifts to a large extent and has a better noise immunity.

The DAQ of the TILES is based on a commercial CAEN N6724 digitizer.
This is a 14 bit, 100 MS/s digitizer with input dynamic range 2.25 Vpp. The
algorithm implemented for pulse height analysis is based on trapezoidal fil-

ter (moving window de-convolution). The detector pulse is characterized
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by an amplitudéA, rise timetyjse and decay timegecay. Figure 3.1 shows

the parameters involved in the trapezoidal filter algorithm. The digitizer

-
|

DPP

flat top

ENERGY

rise time
s

TRAPEZ. FILTER —=2==e \

Yy

peaking time

PEAKING

Figure 3.1: Trapezoidal filter with the relevant paramej@ts.

parameters, namely, input signal decay tifig@dy), trapezoidal rise time
(Trise), trapezoidal flat top timeT§ 4top) and Baseline Restorer (number of
points for moving average) are optimized for best resolution. Theis
functionally equal to integration time of spectroscopic amplifier. Optimum
pole-zero cancellation of trapezoidal signal is obtained by varyiaghy-

It has been found that ballistic deficit error could be well compensated by
setting Ty attop = 3trise. The moving average takes care of the jitter due to
least count in signal digitization and baseline fluctuations. Thg:op is

optimized to get best energy resolution and minimum pulse pile up. The
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CAEN N6724 digitizer was tested with two different HPGe detectors, one

Is the TILES (70% relative efficiency) and the other is Bruker Baltic make

(30% relative efficiency). Table 3.1 gives optimum trapezoidal filterrsgsti

together with HPGe detector sizes and preamplifier output signal parame-

ters.
Table 3.1: Optimum trapezoidal filter settings for two diéfiet detectors.
Detector Dia. L Pulse shape parameter®igital filter parameters
(mm) (mm) trise tdecay Trise Tdecay Tflattop
(ns) (us) (us) | (us) | (us)
Bruker Baltic (30%)| 53 63 | 140 120 35| 70 0.5
TILES (70%) 78.3 | 63 |400 150 55| 50 15

It may be noted thal;ise andTy) 4t0p IS higher for the larger HPGe detec-

tor as expected. A gamma ray spectrun¥®¥Eu source recorded using the

digitizer (bottom panel) and conventional analog electronics (top panel) is

shown in Figure 3.2. A comparison of energy resolution (FWHM) obtained

from two methods is given in Table 3.2. It can be seen that the energy reso-

Table 3.2: A comparison of energy resolution with analog BSdP.

Energy Analog Digitizer
(keV) | FWHM (keV) | FWHM (keV)
121.7 1.44(2) 1.67(3)
778.9 1.87(5) 2.03(5)
1408.0 2.36(6) 2.31(5)
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Figure 3.2: A comparison of gamma ray spectra WHEu using (a) the analog electronics
and (b) the CAEN digitizer.

lution obtained with digitizer is comparable to that with analog electronics
The energy resolution is better with digitizer at higher energy and slightly
worse at lower energies. Moreover, peak positions show excellent stabilit
against thermal drift in the data recorded in the digitizer over long duration
(~ 15 d). The digitizer has also been tested with a standard pulse generator
and dead time is found to be nearly zero up to counting rate 60 kHz.
Figure 3.3 shows a spectrum for high activiiMn source & 30000 dps)

In a close geometry in the TILES. The peak shape of 834.8 keV gamma ray

with digitizer shows a considerable improvement. This clearly illusgrat
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the advantage of the DSP particularly for such large diameter HPGe detec-
tors and high count rates. It is also evident that pile up corrections are more

readily implementable in the digital domain.
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Figure 3.3: A comparison of the gamma ray spectra Wi¥in using the CAEN digitizer
(bold black line) and analog electronics (dashed red liBejh the spectra are normalized
to constant time.

3.3 Shielding Arrangement for the HPGe Detector

As mentioned earlier, the low background HPGe detector has a 60 cm
long cold finger attached to a J-shaped cryostat. This was chosen to facilitat
the shielding arrangement around the HPGe detector. Also the activity from

the preamplifier and HV filter does not come in the line of sight of the HPGe
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crystal. The HPGe detector is placedl m from the ground and at equal
distance £ 2 m) from the walls on all sides to reduce the activity from the

walls of the laboratory (on the third floor).

3.3.1 Passive Shield

For attenuating gamma rays from surroundings, graded shielding arrange-
ment is desirable. Lead is generally chosen as a shielding material for
gamma rays due to its high density (11.34°) and high atomic number
(Z = 82). The intensity of 3000 keVV gamma ray falls to 0.06% and 0.001%
after transmission through 10 cm and 15 cm thick Lead, respectively. The
210pp (T1/2 = 22.2(2) y) contamination is present in Pb and its concentra-
tion depends on the origin of ore and manufacturing process. The decay

of 219Pb produce$19Bi and 21%0 (see Figure 3.4). Subsequently, the beta

20ppy Lu=222Y g9 p15keV

p 61 keV 46.5 keV
19 %

t¥%=5013d

210P0

Figure 3.4: Decay SchemesdfPb,219Bi and?1%o [92].
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emission o1%Bi in Lead shielding produce a low energy bremsstrahlung
continuum up to 1162 keV and also induce characteristic X-rays [93]. Ar-
chaeological Pb with lower intrinsic activity 8t%b is highly desirable for
ultra-low background experiments likew33 decay. In the TILES low ac-
tivity Pb bricks 1%b < 0.3 Ba/kg) of sizes 20 cm 10 cmx 5 cm and

10 cmx 10 cmx 5 cm procured from Lemer Pax (France) are used for pro-
viding a 10 cm thick cover on all sides. To reduce the background originat-
ing from the bremsstrahlung radiation ¥Bi and X-rays from the outer

Pb shield, an inner layer with lower Z is used. The thickness of the inner

shield (low Z) is constrained because :

e The background of the HPGe detector installed at sea level is domi-
nated by the muon-induced interactions in the surrounding materials.

Additional materials may increase cosmic-ray induced activity.

e Increase of Compton scattering in the inner layer and probability of
gamma rays scattering towards the HPGe detector is high,fer500

keV.

e The outer Pb shield requirement increase in proportion to the inner low
Z shield thickness. The overall shield size is also constrained by bveral

weight limitations of the setup and load capacity of the lab floor.
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Copper (Z = 29) was chosen for inner shield because of its ease of avail-
ability and lower neutron capture cross-section. A 5 cm thick inner shield
of low activity OFHC (Oxygen Free High Conductivity) Cu rings procured
from Leico Industries, USA (selected on the basis of radio-purity) has been
added to the setup. The intensity of 1000 keV gamma ray falis5é6 after
transmission through 5 cm thick Cu and hence is expected to be adequate

for attenuating bremsstrahlung fréBi.

3.3.2 Active Shield

The background of the HPGe detector installed at sea level is dominated
by the muon-induced interactions in the surrounding high Z shield materi-
als (Cu + Pb). Muons are minimum ionizing particles (mip) with a typical
energy loss of- 2 MeV/(g cnT?) in any material. The muon-induced back-
ground can be reduced by rejecting these events using a plastic scintillator
around the detector. The plastic scintillators (50 ¢80 cmx 1 cm) were
cast at the Cosmic Ray Laboratory (TIFR), Ooty, India. Each scintillator
was coupled through a light guide to a single PMT (Photonis XP2262/B)
operated at a voltage 1800 V. Figure 3.5 shows a schematic of the TILES
with two plastic scintillators P1 and P2. The incoming muon may interact in
the Cu/Pb shield and the gamma produced can deposit energy in the HPGe

crystal. However due to higher attenuation of gamma rays in Pb (Z = 82)
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than Cu (Z = 29) and Cu being nearer to the HPGe detector, the interactions
originating in Cu will contribute more to the muon-induced background in

the HPGe detector.

Cryostat

Figure 3.5: A schematic of the TiLES with the plastic sclatibrs P1 and P2 arranged in
configuration I (see text for details).

The fast signal of the plastic scintillator was fed through a custom de-
signed amplifier to the input of the digitizer. The data from the HPGe detec-
tor and plastic scintillators was recorded in the list mode on event-by-event
basis with a time stamp. A program has been developed for the implementa-
tion of anti-coincidence between the HPGe detector and plastic scinsljator
CADFLAP (CAen Digitiser oFfLine Anti-coincidence Program). The anti-
coincidence window can be adjusted in the program and is defined to be
+2.5 us. The window was selected to ensure complete overlap between
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the Ge and scintillator input signals. If the HPGe and plastic scintillator
events fall within this window, the corresponding HPGe events were re-
jected. The program generates the coincidence, anti-coincidence and time
spectra which can be analyzed with LAMPS [84]. Figure 3.6 shows a time
profile between the HPGe and plastic scintillator signals within the anti-
coincidence window. It is clear that the preset time window is adequate to

cover all coincidence events.
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Figure 3.6: Time profile between HPGe and plastic scintilatgnal.

It was ensured that the threshold of the scintillator was set above the
noise level and the genuine HPGe events were not lost. Also, a 10 Hz pulser

was added to monitor the random coincidence njteéfined as:

r=ri1xroxAT (3.1)
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whererq,ro are the rates of the pulser and plastic scintillator, respectively.
TheAT is the width of the coincidence window. Figure 3.7 shows that the
observed and the expected random coincidence rateefween the pulser
and scintillator are in good agreement as a function of the set threshold of

the plastic scintillator.
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Figure 3.7: Comparison of the observed and the expected maicdocidence rater)
between the pulser and scintillator as a function of theggnirreshold of P1.

The cosmic suppression factor (R) for the gamma background is defined

as,

Nupce - Npjagi
R= (1 —PGe: Wladicy . 10004 (3.2)
NHpGe

whereNypce and Npja4ic are the events in the HPGe detector and plastic
scintillator, respectively. The reduction ratbdepends on the solid angle

coverage of the muon flux and hence on the mounting geometry of the HPGe
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detector and plastic scintillators. It is desirable to cover all smfethe
detectors with active veto shield. In the TiLES, two plastic scirtbllahave

been used which give coverage-00.72 sr.

3.4 Study of Ambient Background with the TiLES

The gamma background in the TiLES was studied and monitored over a
period of three years. It should be mentioned that the shielding arrangement
around the detector described in the previous section was installed in phases.
In stage I, 10 cm low activity Pb shield was setup around the HPGe detec-
tor. In stage Il, inner Cu shield was added and finally the active vetorayste
comprising plastic scintillators was installed (Stage Ill). Figuresh@ws a
picture of the TILES with complete shielding arrangement. The total weight
of the TILES is~ 1650 kg (including Cu + Pb + Mild Steel support table).
Figure 3.9 shows the gamma ray spectra of room background with and with-
out 10 cm thick low activity Pb shield (TiLES-Stage I). The reduction in the
intensity of the background gamma rays with addition of Pb shield is listed

in Table 3.3.
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Figure 3.8: A picture of the TiLES with complete shieldingaargement.

- — without shield
4' — with 10 cm Pb
10
>
()
kv
~ e
%) b
€e— ~ X
3 10 g 2 3
© o X
I —> 0
— -
&

C U T Y
1500 2000 2500 3000 3500 4
E, (keV)

500 1000

Figure 3.9: Gamma ray spectra of room background with (blexeds) and without (red
lines) Pb shieldTyaa = 1 d).
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Table 3.3: Reduction in intensity of the major gamma rays dfittm Pb shield.

Energy| Radio-isotopes Without shield (A) | With Pb shield (B)| Reduction factor
(keV) (counts/day) (counts/day) B/A(%)
238.6 212pp 44839(680) 64(15) 0.14(3)
351.9 214pp 30709(394) 17(7) 0.06(2)
511.0 | 298T1,4%K, ann’ 14995(407) 959(28) 6.4(3)
609.3 214p;j 33721(264) 33(11) 0.10(3)
661.7 137cs 35325(427) 243(12) 0.69(3)
806.4 214pj 931(121) 13(6) 1.4(7)
835.6 2280¢ 1232(215) 10(5) 0.8(4)
1173.2 60Co 3208(202) 22(6) 0.7(2)
1332.5 60Co 3202(210) 16(6) 0.5(2)
1460.8 40K 114330(1356) 134(8) 0.12(1)
1764.5 214p;j 9617(156) 19(5) 0.20(5)
2614.5 2087 24326(74) 96(7) 0.39(3)

" 511 keV gamma rays can also originate from annihilation @ssaue to differer+
emitters.

Figure 3.10 shows a further reduction seen in prominent background

gamma rays with the addition of 5 cm thick low activity Cu shield (TIiLES

Stage Il). It is observed that the background in the low energy region is en-

hanced with addition of Copper. This is due to the increased Compton scat-

tering in the Cu shield which is also verified with GEANT4 simulatiorts. |

Is also seen that the background above 2 MeV is slightly worsened due to

cosmic ray interactions (as expected at sea level). The intensity reducti

factors for prominent gamma rays and energy windows of interest are listed

in Table 3.4.
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Figure 3.10: Gamma ray spectra of room background with 5 cm @0 €¢m Pb (blue
lines), with only Pb (black lines) and without shield (redds) [4aa = 1 d).

Table 3.4: Reduction in intensity of major gamma rays with 5@m+ 10 cm Pb

Energy | Radio-isotopes With Pb shield| With Cu + Pb shield Reduction factor
(keV) X (counts/day)| Y (counts/day) Y/IX (%)
70-500 32835(181) 46951(72) 143(1)
511.0 | 29871,40K, ann. 959(28) 596(21) 62(3)
661.7 137cs 243(12) 125(9) 51(5)
1460.8 40K 134(8) 49(7) 37(6)
2614.5 208T] 96(7) 14(6) 15(6)
2000-2500 3813(62) 4207(72) 110(3)

The room/ambient background spectra obtained in anti-coincidence with
plastic scintillators is shown in Figure 3.11. A total gamma background re-
duction of~ 50% in the region of 200—-3000 keV is obtained by the addition

of cosmic veto shield to the setup.

72



10°

N % — without veto
i x 2 --- with veto
i = 9

> - ©

T 12

™~ 10"} ° 3

e : ﬁ <— 10Hz Pulser

n <

= o

S N

o)

U 101 ‘ e

v ||| '

gl
0 1000 2000 3000 4000 50
E, (keV)

Figure 3.11: Gamma ray spectra of room background in the HRBetor with veto (red
dotted lines) and without veto (black solid lines) in the rgiyerange of 200 — 5000 keV

(Tdata =1 d)-

Due to the saturation of the HPGe preamplifier aroun85 MeV, the
events corresponding to the muons traversing the entire length of the HPGe
crystal (~ 6 cm) could not be observed. It should be mentioned that two
configurations of plastic scintillator were studied. Configuration | is shown
in Figure 3.5 while the configuration Il had the plastic scintillator (P2) at
the bottom of the shield, at a distance of 71 cm from the center of the HPGe
detector. The latter gave 10% lower reduction ratio in the range of 200—
3000 keV. Table 3.5 gives reduction ratio (R) for different energy ranges in

the background gamma ray spectra.
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Table 3.5: Reduction ratio (R) for different energy regionstfe two configurations of
the setup geometry.

Energy Range R (l) R (1)
(keV) (%0) (%)
200-3000 | 52.1(0.4)| 40.5(0.3)
3000-5000 | 54.7(1.5)| 40.8(1.0)
5000-25000| 61.2(0.5)| 41.4(0.5)
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Figure 3.12: (a) The ambient background gamma ray spectasuned in the TiLES with
full shield - Cu + Pb + active veto systemyfa = 42.6 d). The expanded view showing
the 139.4 keV and 197.9 keV gamma rays frétGe(n, y™) and "°Ge(n, y") reactions,
respectively is shown in panel (b).
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Figure 3.12(a) shows the background gamma ray spectra recorded in the

TILES for a continuous period of 42 d. Figure 3.12(b) shows the ex-

panded view where 139.4 keV and 197.9 keV gamma rays are clearly visi-

ble. The intensity of the prominent gamma rays with Cu + Pb + muon veto

system is given in Table 3.6.

Table 3.6: Intensity of prominent gamma rays in TiILES with élnield - Cu + Pb + active

veto system.

Energy
(keV)

Reaction Channels
Radio-isotopes

/Observed Activity
(counts/day)

139.4
197.9
351.9
511.0

594.4-604.9
609.3
661.7
669.6

690.1-704.2

062.1

1115.5
1120.5
1173.2
1332.5
1460.8
1764.5
2614.5

4Ge(n,y™Ge
OGe(n,yM"1Ge

214pp)
208T| 40K ann.
4Ge(n, fy)“Ge

2145,

13705
83Cu(n, fy)®3Cu
2Ge(n, Hy)"°Ge
63Cu(n, dy)®3Cu
55Cu(n, ry)®°Cu

2145;

GOCO

GOCO

40K

214Bi

208T|

34(6)
43(5)
26(4)
291(7)
34(1)
21(2)
113(3)
17(2)
33(1)
26(3)
12(2)
9(1)
6(2)
4(1)
36(2)
6(1)
18(2)

" Asymmetric and broadened peak.
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It is clearly seen that the ambient spectra is dominated by U, Th and
40K but 13’Cs is also observed. In addition, gamma rays produced by de-
excitation from the metastable state formed on thermal neutron capture via
reactions’*Ge(n, y™), 9Ge(n,y™) were observed in the background spec-
tra [94]. The sensitivity of the TILES with the full existing shield and

Tgata = 6 d is ~ 1 mBg/g for?32Th, ~ 2 mBq/g for*°K .

3.5 Radio-purity Measurements

Several materials like Cu, BWH rock, Sn, NTD Ge sensors, Torlon,
Teflon have been counted in a close counting geometry in the TiLES for
the investigation of trace radio-impurities. For the gamma rays obsérved
excess of the background, the activitly is estimated using Eq. 3.3 after
correcting for the ambient background:

o Nobs
X

e 3.3
gy xlyxm (3:3)
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whereNgys is the observed yield of thgray, €, is the photopeak detection
efficiency computed using GEMS [93},is the branching fraction of the re-
spectivey-ray andmis the mass of the measured sample. It should be men-
tioned that in some cases wheyecould not be directly obtained, it is as-
sumed to be 1. In cases where no activity could be observed above the sensi-
tivity of the setup, only a limit could be set on the observed radio-impurities.
For close geometry counting, the TiLES has a provision to mount sample at
d ~ 1 cm from the top face of the HPGe detector and total space available
for sample is 9 cmx 9 cm x 5 cm. For mounting the sample, Teflon and
Perspex both having low density, low Z and good mechanical strength were
considered. It was found that Teflon has a lower yield of 2614.5 ke&y

as compared to the Perspex. Hence, Teflon plate is used as the sample mount

in all measurements and the mounting arrangement is shown in Figure 3.13.

Figure 3.13: A typical mounting arrangement of a sample @@TH.ES for counting in a
close geometry (with top Cu + Pb shield removed).
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Since the shielding arrangement was constructed in stages, measure-
ments on various samples reported here were carried out in different shield
stages and is specified in each case. It should be mentioned that although
the materials to be used in TIN.TIN will be in large quantity I — 100 kg)
at this initial R&D stage various samples studied were of small sizen

— few g), mostly because of limited availability.

3.5.1 Cu Samples

In order to choose the radio-pure Copper for inner shield, Cu samples
(see Table 3.7) were measured in the TiLES only with 10 cm Pb shield.

The Electrolytic Tough Pitch (ETP) Cu (2N purity) was also chosen since

Table 3.7: Details of different Copper samples investigébedhner shield.

Sample Mass Source
C))
ETP Cu 13.2 Aurubis, Europe
OFHCCu (A)| 7.3 Leico Industries, USA
OFHC Cu (B)| 2.6 Sequoia Brass and Copper, USA
Non Ferrous materials Technology
OFHC Cu(C)) 7.1 Development Centre (NFTDC), Hyderabad

the cryostat of TIN.TIN detector is made of the same material. The ob-
served radio-impurities in the Cu samples are listed in Table 3.8. nit ca
be seen that both OFHC Cu (A) and OFHC Cu (C) have similar levels of

radioactivity, but the OFHC Cu (A) sample has lov#K concentration.
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Table 3.8: Observed radio-impurities in different Cu sammjleith 10 cm Pb shield).

Energy ETP Cu OFHC Cu (A) | OFHC Cu (B) | OFHC Cu (C)
(keV) | (counts/ day g ) (counts/day g ) (counts/day g ) (counts/day g)
139.4 32 (12) 11(5) 13(6) 8(1)
197.9 29(9) 6(3) 28(5) 9(1)
511.0 835(30) 119(5) 365(9) 133(2)
609.3 51(16) 7(2) 18(5) -
1460.8 138(9) 19(2) 58(4) 24(1)
1764.5 29(4) 4(1) 9(2) -

2614.5 88(7) 13(1) 39(4) 15(1)

Hence the OFHC Cu (A) sample was chosen for the inner shield of the
TILES. Figure 3.14 shows a spectrum of the ETP Cu sample together with

the background spectrum, clearly indicating many gamma rays above the

background level.

Counts / 0.6 keV

139.4 keV
197.9 keV

595.9 keV

— ETP Cu
- Background

Figure 3.14: A gamma ray spectrum (red bold line) of the ETP &ue in the TILES
(only with 10 cm Pb shieldTq4a = 6 d). The ambient background without the sample
(black dotted line) is also shown for comparison and promtii@es are indicated with

stars.
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The observed gamma rays together with their origins and the correspond-

Ing measured activity are given in Table 3.9. Although the observed gamma

Table 3.9: Prominent gamma rays observed in the ETP Cu sam-
ple with 10 cm Pb shield.

Energy Reaction Channels/ Observed Activity
[0.5ex] (keV) | Radio-isotopes | (counts/day) (mBag/g)
139.4 74Ge(n, y™) 310(75) | 4.6(1.1)
159.3 53cu(n, y) 56(14) 1.7(4)
186.0 %5cu(n, y) 51(13) 0.7(2)
175.1 OGe(n,y) 56(14) 0.8(2)
197.9 OGe(n, yM) 301(69) | 4.0(9)
278.2 53cu(n, y) 69(12) 1.4(3)
326.0 2Ge(n, y) 76(18) 3.9(9)
385.8 %5cu(n, y) 16(6) 0.6(2)
499.9 OGe(n, y) 65(15) 1.5(3)
511.0 2081, 40K ann. 281(11) 6.3(3)
595.9 3Ge(n,y) 178(18) 3.9(4)
608.4 3Ge(n,y) 58(11) 7(1)
708.5 OGe(n, y) 30(11) 1.6(6)
802.2# - 39(10) 1.2(3)
867.9 3Ge(n,y) 52(11) 2.7(6)
961.1 3Ge(n,y) 9(4) 2.1(9)
1326.9 53cu(n,n'y) 9(6) 0.4(2)

" The branching fractions have been taken as 1.
# Unidentified gamma ray

rays are at much lower energies than the ROV, i.e. nea@ge(*2*Sn), the
coincidence summing and pile up of low energy gamma rays can contribute
to the background in the ROI. It can be seen that the overall background

level in the spectra with the ETP Cu sample is higher as compared to the
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ambient background. Hence, it will be essential to have a Pb shield around

the Tin detector array inside the cryostat in TIN.TIN.

3.5.2 Bodi West Hills (BWH) Rock

A rock sample (mass 23 g) bored from the depths of Bodi West Hills,
the site for INO cavern, was counted in the TiLES only with 10 cm Pb
shield. Figure 3.15 shows a spectrum of the rock sample together with the
background spectrum, clearly indicating the higff# content in the sam-

ple [95]. The estimated impurities in the BWH rock sample fromythrays

— BWH Rock
104 L g — Background (x 0.1)
> | £ £ )
X N = 2
2 oM | R F
210°] b &
8 N
@)
1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 1 Mi“““ 1111 I‘ II il
500 1000 1500 2000 2500 30

E, (keV)

Figure 3.15: A gamma ray spectrum (black line) of the rockarfrom the INO site (from
Bodi West Hills) in the TILES in a close geometry (only with Rbedd, Ty52 = 1 d). The
scaled ambient background (red line) without the sampléssshown for comparison.

visible above the background level are listed in Table 3.10.
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Table 3.10: Estimated radio-impurity concentrationg)(M the BWH rock sample from
the INO site with 10 cm Pb shield.

Element Ny Element Ny
(mBq/g) (mBa/q)

21%pp | 11.1(4) | “°K | 1050(16)
29pp | 1.7(4) 208T] 1.8(8)
228nc | 10.3(7) | 2Bi 7(2)

3.5.3 Sn Samples

Generally, large detector masses100 kg) are required for DBD stud-
ies. In case of Sn, the natural abundancé?6sn (isotope of interest) is
5.8% and its enrichment (to levels of 50-90%) on a large scale is a challeng-
ing task. Hence, in the initial stages of development of TIN.TIN detector, a
NS bolometer will be employed. Therefore, background from other stable
natural Tin isotopes also needs to be investigated. With this motivakien, t
nalsn (7N purity, mass- 630 mg),124Sn (97.2%, mass- 60 mg), 122Sn
(93.6%, mass- 100 mg) samples were counted in the TILES with 10 cm
Pb shield. The gamma ray spectrum of #8&Sn sample in the TiLES is
shown in Figure 3.16. Both th¥?Sn and'2*Sn samples (procured from
Isoflex) showed high level of 661.7 keV gamma activity fré#Cs. While
12251 has 3365(99) mBg/g 8#'Cs activity,12*Sn showed 1739(47) mBq/g
activity. Thel?Sn sample showed an additional unidentified gamma ray at

1064.6(2) keV at the rate of 12(4) counts/day. The gamma ray spectra of
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Figure 3.16: A gamma ray spectrum (black bold line) of tf&sn sample in the TIiLES
counted in a close geometry (only with 10 cm Pb shidlg;s = 8.5 d). The observed
additional 1064.6(2) keW-ray is shown in the inset. The scaled ambient backgrourt (re
dashed line) is also shown for comparison.

the"3Sn (Alfa Aesar) is shown in Figure 3.17 and the gamma rays detected
above the ambient background level are listed in Table 3.11"48e sam-

ple also showed a gamma ray at 1271.9 keV originating ft&f8n(n, y)
reaction. As mentioned earlier, the observed low energy gamma rays in the
Sn samples can affect background in the ROI due to coincidence summing

and pile up effects.
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Figure 3.17: A gamma ray spectrum of tfSn sample (black bold line) in the TiLES
counted in a close geometry (only with 10 cm Pb shigld,; = 4 d). The scaled ambient
background (red dashed line) is also shown for comparison.

Table 3.11: Gamma rays observed in tA&n sample with 10 cm Pb shield.

Energy| Radio-isotopes/ Observed Activity
(keV) | Reaction Channels(counts/day) (mBqg/g)
661.6 137cs 251(20) | 100(8)
51T Annihilation 23(1) 6.4(3)
1271.9 H25nn,y) 53(9) 29(5)
1460.8 40K 29(2) 168(12)
2614.5 208T] 30(3) 30(3)

" The branching fractions have been taken as 1.

3.5.4 Qualification of TIN.TIN Components

Many other components of TIN.TIN were investigated in the TiLES with

5cm Cu + 10 cm Pb shield. For low temperature (mK) thermometry in
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TIN.TIN, development of NTD Ge sensors is underway [71]. This involves
the thermal neutron irradiation of Ge wafers. Spectroscopic studies of the
NTD Ge samples, irradiated at Dhruva Reactor (BARC, Mumbai), were
done in the TILES to estimate a cooldown period for the radio-impurity lev-
els to reduce t&C 1 mBg/g [96]. Commercial NTD Ge sensor (AdSem, Inc.,
mass~ 2.4 mg) was also counted for comparison and was found to have
high levels 0f%Zn (T1/2 = 243.6 d) 7566(523) mBg/g (see Figure 3.18).

Silver paste is generally used in low temperature applications as an adhe-
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Figure 3.18: A gamma ray spectrum (black bold line) of the oercial NTD Ge sensor
in the TIiLES counted in a close geometry (with Cu + Pb shi€lgdq = 3 d). An expanded
view of they-rays in the range of 950-1500 keV is shown in the inset.

sive for making electrical contacts, e.g. to attach NbTi wires to W t

ends of Carbon sensor [97]. Hence, radio-purity of the Silver paste was
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checked by counting a small sample (mas80 g) in the TiLES and no
radio-impurities were observed at the measurement sensitivity. Torlon and
Teflon samples, which can be used in TIN.TIN as support structures, were
also counted in the TIiLES and did not show any measurable activity. All
the virgin samples, used for neutron activation technique (discussed in next
chapter) and Ge wafers prior to thermal neutron irradiation, were qualified
in the TILES. In addition"Zr foils were counted in the TiLES for estimat-

ing the sensitivity to measurement of DBD to excited stat&'#r, which

will be discussed in chapter 6.

3.6 Summary

A low background setup TILES comprising HPGe detector, surrounded
by Cu inner shield, Pb outer shield and active veto system using plastic scin-
tillators has been installed at TIFR. The OFHC Cu (Leico Industries, USA)

Is selected for an inner shield based on the radio-purity measurements in
the TILES. The digital DAQ based on a commercial CAEN digitiser has
been set up for the TILES. The CADFLAP program is developed to gener-
ate the anti-coincidence spectra between the HPGe detector and the plastic
scintillators. The setup has been extensively used for qualification and se-
lection of radio-pure materials to be used in the prototype bolometer R&D

as well as for background studies. The BWH rock sample from INO cavern
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was found to have considerably high level8K (1050(16) mBg/g). The
enriched Sn samples showed high levels of 661.7 ke¥y activity while

the "aSn (7N purity) samples has higher radioactivity”8K. In addition,
gamma rays from Tin isotopes other th&fiSn were observed in tH&'Sn
sample. Many gamma rays originating from neutron interactions were ob-
served in the ETP Cu sample, emphasizing that an additional Pb shield will

be essential around the Tin detector array inside the cryostat.
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Chapter 4

Study of Neutron-induced Background
and its Effect on OvB3 Decay in1%%Sn

4.1 Introduction

Of the different sources of background, namety3,y and neutrons,
background arising from neutrons is most difficult to suppress and hence
crucial to understand. In fact, neutrons are reported to be the limiting source
of background for dark matter search experiments since they can produce
nuclear recoils via elastic scattering off target nuclei resulting irgaas
similar to that of WIMPs (Weakly Interacting Massive Particle33$100].

As discussed in Chapter 1, neutrons are produced in the spontaneous fission
of "y (mainly 238U), Th present in the rocks and the surrounding materi-

als. In addition, alpha particles produced from decay of intermediate nuclei
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in the natural decay chains can react with light nuclei in the rocks to pro-
duce neutrons viad(, n) reactions [56]. Very high energy neutroiis, (~

GeV) are produced by muon-induced interactions in the rocks and materi-
als surrounding the detector. It has been reported that in an underground
laboratory, the low energy neutron flukE{< 10 MeV) from natural ra-
dioactivity is about two to three orders of magnitude higher than that from
the muon-induced reactions [56, 98, 101, 102]. Although the high energy
neutrons are more penetrating, the average neutron energy reduces from 100
— 200 MeV to~ 45 MeV [103] as they propagate through layers of shield
materials. Thus, it is important to understand the background arising from
low energy neutrons. With low energy neutrons, the inelastic scattering of
neutrons (n, ty) and neutron-capture (ry) with the source/detector and

the surrounding materials are main sources of gamma background. More-
over, these neutrons after thermalisation in the shield can produce significa
background by radiative capture reactions in the detector/source assembly.
In addition, any impurities in these materials could be potential sources of
neutron-induced background. The reaction products formed upon neutron
activation can have half-lives ranging frommin to ~ years. The short-

lived activities can be avoided by storing the material for prolonged periods

in underground locations but the long-lived activities are highly undesirable.
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This chapter presents measurements of the neutron-induced gamma back-
ground €, < 20 MeV) in TIN.TIN detector components. The aim of the
neutron activation studye, < 20 MeV) is two fold — the selection of materi-
als suitable for use in and around the cryogenic bolometer and the evaluation
of its effect on the gamma background level in the ROI r@gg(*2Sn).

The thermal neutron-induced backgrounddisn is also discussed.

4.2 Experimental Details

The Sn bolometer will be mounted in a specially designed low back-
ground cryostat. The neutron-induced gamma background from the cryostat
housing can be significantly reduced by mounting low activity Pb shield
Inside the cryostat (similar to CUORE [104]). Hence, only the neutron
activation of materials in the close vicinity of the detectors elemests |
of prime importance. For neutron-induced background study the materi-
als chosen were: ETP*Cu used inside the cryostat, Torlon 4203, Tor-
lon 4301 and Teflon — cryogenic materials for detector hold&f@p — the
common shielding material®Sn (7N purity) and 97.2% enriched*Sn.
Torlon 4203, 4301 and Teflon samples used were of standard commercial
grade. Elemental concentrations of Torlon and Teflon were obtained using
Time of Flight Secondary lon Mass Spectrometry (TOF-SIMS). Since all

the materials contain high percentage'®f, Secondary lon Mass Spectra
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were obtained in both positive and negative ion modes to ascertain the total
fluorine concentration. Final elemental concentrations were obtained after
suitable correction with weighted relative sensitivity factors (R6Findi-
vidual element [105] and are given in Table 4.1. Besides C, F and O, the
major element found in Torlon 4203 is Ti (contains %iQ106]) while Fe

was found in Torlon 4301, which could be undesirable for low temperature
applications. The samples also showed additional trace elements like Si, S
Cl and Mn but only dominant components with concentratiof.1% are

listed in Table 4.1.

Table 4.1: Elemental distribution of Torlon 4203, Torlon043and Teflon obtained with
SIMS.

Element Torlon 4203 | Torlon 4301| Teflon
(%) (%) (%)

12¢ 28 27 24.4
160 1.2 1.3 0.9
19F 66.2 67 72.3
23\a 0.1 0.2 0.2
242526\ 0.2 0.3 0.3
27 0.2 0.2 0.2
31p 0.2 0.2 0.2
394041y 0.2 0.2 0.2
40c4 0.1 0.5 0.1
46,47.48.4950T; 2.1 0.7 0.2
50,52,5354¢ 0.3 0.1 0.1
54,5657.58 @ 0.5 1.1 0.1
58,60,6162)|j 0.1 0.5 0.1
63650, 0.2 0.3 0.3
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The neutron activation was performed using proton beam on Be and Li
production targets in the neutron irradiation setup at the Pelletron Linac Fa-
cility, Mumbai [107]. Figure 4.1 shows a schematic diagram of the neutron

irradiation set up showing the production target and sample mount.

Feedthru for Proton beam
7 current measurement on Be target

Proton Beam from Pelletron

6M Vacuum Chamber Ta Collimetaor

[TT)
22 |V

ATV
- | El—Delri
vz | bz Pelrin
NN

Fast Neutrons Generation
(@ 6M / PLF

Figure 4.1: A schematic diagram of the neutron irradiatiehugp showing the production
target (red box) and sample mount (yellow grid) [107].
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Irradiation targets were mounted in a forward direction with respect to
the proton beam, close to the production target but outside the vacuum
chamber. This facilitated the change of irradiation targets without breaking
the accelerator vacuum. The setup is located in a well shielded area above
the analyzing magnet of the Pelletron, which permits the use of high pro-
ton beam currentv 120 nA on the production target. In the present study,
proton beams of enerdy, = 10-20 MeV on a Be target (5 mm thick) were
used to obtain neutrons of a broad energy range with readBefp,n)°B
(Q = —1850 keV) [108]. Beam energies were chosen to cover the energy
range of neutron spectra originating from fission aod ) reactions in
the rocks [56]. The energy dependence of the cross-sections of the pos-
sible reaction channels in different targets was also taken into coasider
tion. In addition, nearly mono-energetic neutrons were produced with the
Li(p,n)"Be (Q =—1644 keV) reaction by bombarding a 0.15 mm thick nat-
ural Lithium target (wrapped in & 2 u thick Ta foil) with proton beam
of energy 12 MeV. Contribution from th&Li (natural abundance 7.59%)
in the natural lithium target is expected to be negligible. Ept= 12 MeV,
due to the contributions from the excited state$R#, quasi-monoenergetic
neutrons are produced [109, 110]. The flux obtained in case of the Li target
was smaller than that in the case of Be by a factordf0. However, the

better definition of neutron energy was useful for identification of some of
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the reaction channels. It should be mentioned that neutron flux could not be
measured accurately in the setup and héfe target £ 5 — 6 mg/cm)

was used to estimate neutron flux with B88e(n,pf°Mn reaction. Multiple
irradiation targets (upto five) were stacked in a 3 cm long target holder (A
minum or Teflon) using Teflon spacers for an efficient utilization of beam
time. In this geometry, the solid angles subtended by the neutron beam at
the first and last target were 0.25 sr andv 0.04 sr, respectively. Thickness

of irradiated targets varied from 1.8 mg/éno 0.29 g/cm. Both short (2

— 3 h) as well as long (10 — 35 h) duration irradiation were carried out to
look for short-lived and long-lived products. In case of long irradiation ex-
periments, the access to target area was restricted due to theoadefety
limits and targets could be taken out for measurements only after sufficient
cooling time ¢ 20 min to~ 1 h). Hence, some of the short-lived activities
could not be observed.

The irradiated targets were counted offline for the detection of charac-
teristic y-rays of reaction products resulting from neutron activation. The
TILES (with Cu + Pb shield) was used for these spectroscopic studies. In ad-
dition, two HPGe detectors of R.E: 30% (D1 and D2) shielded with 5 cm
thick normal Pb rings were used (see Figure 4.2). The detectors D1 and
D2 were mostly used for identification of gamma-rays and half-life mea-

surements. Targets were mounted in a close geometry in these counting

94



Figure 4.2: A picture of the HPGe detectors D1 and D2 with 5 omal Pb shield.

setups to search for low levels of activity and coincidence summing sffect
had to be taken into account. Data were recorded with the CAEN N6724
digitizer and analyzed using LAMPS [84]. It should be mentioned that all
targets were studied in the TIiLES prior to irradiation and did not show any

radioactivity above the background level.

4.2.1 Estimation of Neutron Flux

As mentioned earlier, the neutron flux is estimated from the yield of
846.7 keVy-ray, produced vi&Fe(n, p)°®Mn reaction. Since the neutron
spectra produced from ti@e(p, n)°B reaction is continuous, energy inte-
grated neutron flux has been estimated in the energy rartge-ofL00 keV

t0 Emax, WhereEmax = Ep — Qi With Qiy = 2057 keV. The number of Mn
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atoms (wun) produced by irradiation of a Fe target with a constant neutron

flux ¢n (n cm~2 s71) for timet;;, is given by,

Nre (1— & ') 5& 0c(En)¢h(En)dEn
A

Nmn = (4-1)

whereNge is number of Fe target atomk,is the decay constant 8Mn and
oc(En) is the(n, p) cross-section ot°Fe(n, p)>®Mn reaction at the neutron
energyE,. The factor((1—e %) /)) arises from decay during irradia-
tion. TheNwn can be obtained from the measured photo peak &Ngaof
846.7 keVy-ray as,

Niin = Ny
M e M (1—e A0, g,

(4.2)

wheret. is the time elapsed between the end of neutron irradiation and start
of the counting (cool-down timej),is the counting period,, is the branch-

ing ratio andey is the photo peak detection efficiencyBf (846.7 keV) for

a finite size source in close geometry, computed using GEMS program [95].
Since the distribution of neutrons produced from%Be(p, n)°B reaction is
continuous, energy integrated neutron flux can be estimated as,

> £,0¢(En) ¢h(En) dEn
zEnO'(';(En) dEn

< (h>= (4.3)
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The numerator in Eq. 4.3 is extracted from Eq. 4.1 while the denominator
Is obtained using ENDF/B-VII library [111]. In case of Li target, since the
emitted neutrons are nearly monoenergetic, the measured value of neutron
capture cross section in the same setiyp; 65.88 (4.54) barn, at an average
neutron energ¥, = 9.85 MeV corresponding &, = 12 MeV is used [112].
Table 4.2 gives the extracted neutron flux at a distahee5 cm from the
production target (Be/Li) for different proton energies together with maxi-
mum energy of the neutronSax, average energy of the neutroase, >

and the average proton beam currerit>. The< E, > for p+°Be reaction

is calculated as,

< En > = ZI ZEn (En)EndEn (44)

Z| OzEn (p,n;) (En)dEn

where the summation runs ovef from ~ 100 keV toEqax anda(pjni)(En)

corresponds t8Be(p, n;)°B cross-section &, for theith channel of neu-
tron production [111]. Only(p,ng), (p,N1), (p,n2) and(p,n3) channels
are considered and others with total cross-sectiol@8s of (p,ng) are ne-

glected.
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Table 4.2: Estimated energy integrated neutron flux fP6Fe(n, p)>®Mn reaction for 12
and 20 MeV proton energies (dt~ 5 cm).

Production Target Ep Emax | <En> ¢h <>
(MeV) | (MeV) | (MeV) | (ncm2s71) | (nA)
9Be 12 9.9 3.9 |2.3(0.2x10°| 133

20 17.9 5.6 |9.9(0.7x1C° | 148
nay j [113] 12 10.1 9.85 | 1.3(0.2x10° | 112

The uncertainty in the neutron flux includes the erragiystatistical and
fitting errors in the photo peak area of 846.7 keYay (N,) and error in the
coincidence summing correction factor fiMn. It should be noted that
the neutron flux aEp = 10 MeV could not be measured since the activity

of 846.7 keVy-ray was not observed due to relatively lower yield.

4.3 Data Analysis and Results

Table 4.3 lists the details of the products formed in different samples
together with their half-lives and the expected most intgnrssys. The last
two columns of the Table 4.3 give the minimum neutron ené&;gat which
the cross-section for the respective neutron-induced reaction channel is
pb. In most of the cases, the half-liveg () of the reaction products were
measured and were found to agree within 20% of the reference values [111].
As the expected energy resolution of the Tin bolometer is 0.2—-0.5% (full

width at half maximum) aQgg, the ROI for background estimation is taken
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as 2292.6- 25 keV (i.e.,Qpp +50). The gamma-rays with energies within
this ROI as well as with B> Qgp are potential sources of background and

are highlighted in bold text in Table 4.3.
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Table 4.3: Neutron-induced reaction produdtg, and expecteg-rays in the irradiated
samples. The minimum neutron enerBy at which corresponding is > ub is also
listed [111].

Sample Reaction T12 Ey En o
channel (keV) (MeV) (barn)
natTj(n, X)4’Sc | 3.3492d 159.4
175.4, 983.5,

"atTi(n,X)*®sc | 43.67h
Torlon 4203 1037.5, 1312.1

natTj (n, X)46sc 83.79d | 889.3,1120.5
2TAI(n,a)?*Na | 14.997 h | 1368.62754.0| 4.6 | 1.4x10°°
2TAl(n,p)?"Mg | 9.458 min | 843.8,1014.5| 2.5 | 1.9x10°°

846.8, 1810.7
56 56 ’ y _6
Torlon 4301 Fe(n,p)°°Mn 2.5789 h 2113.1 4 6.0x10
2IAl(n,a)**Na | 14.997 h | 1368.6,2754.0| 4.6 | 1.4x10°°
Teflon 9F(n,2n)8F | 109.77 min 511 11.5 | 1.5x10°3
204pp(n,2n)2%%Pb | 51.92 h 279.2,4013 | g5 | 5141073
natppy 680.5
—1
204ppy . 1f)294Ph | 66,93 min 374.8,899.2,| 1.0 | 2.4x10
911.7, 1274
1215n(n,y)1??Sb | 2.7238d | 564.2,692.7,| 0.1 | 2.1x107?
602.7, 1690.9
1235n(n,y)*?sb | 60.20d | 2090.9,2182.6 0.1 |1.9x10°1!
2294.0

83Cu(n,y)®Cu | 12.701h | 511,1345.8 | 0.055 | 2.5x1072
63Cu(n,a)®%Co | 1925.28d| 1173.2,1332.5 2.5 | 1.1x10°?
naicy, %5Cu(n,y)®®Cu | 5.120 min 1039.2 0.06 | 1.1x10°2
1163.5, 1172.9

6

85Cu(n, a)$2"Co | 13.91 min | 2003.7,2104.9, 5 | 910
2301.9, 2882.3

5Cu(n, p)®°Ni 55175 1 | 1115.5,1481.8, 2.5 1.0x10°°

64Ni(n, y)®°Ni ' 1623.4,1724.9 0.553 | 6.5x10°3
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Table 4.3 continued...

Sample Reaction Ti2 Ey En (o)
channel (keV) (MeV) (barn)
12snn,np)ttin | 2.8047d | 171.3,2454| 12 | 4.9x10°°
1185n(n, np)t>Mn 14.5 | 7.6x10°°
1155n(n,p)t™Mn | 4.486h 336.2 5 1.9x10°4
130 (n,n")115Mn 0.5 | 6.4x10°3
416.9, 818.7,
1165n(n,p)1teMn | 54.29 min| 1097.3, 1293.6 8 1.5x10~%
nat124gp, 1293.6,2112.3
117Sn(n, n")117msn 0.2 | 2.9x1071
1165n(n,y)117Msn | 13.76d | 156.0,158.6| 0.1 | 5.5x10°?
1183n(n, 2n)7Msn 99 | 7.2x10°2
124 123 1
Sn(n,2n)<°MSn : 9 1.6x10
12251 y) 12375 40.06 min 160.3 03 | 124102
1245n(n, 2n)123sn 9 1.6x1071
1225n(n, y)123sn 129.2d 1088.6 0.3 | 1.2x10°2
1245n(n, y)125™Sn | 9.52 min 331.9
0.315 | 6.8x10°3
822.5,1067.1
124 125 )
Sn(n, y)*°Sn 9.64d 1089 2

It should be mentioned that many of these reaction products decay by
B~ emission and if th&@s > Qp(124Sn), electrons or bremsstrahlung re-
sulting from these electrons can contribute to the background in ROI. In
particular, the (ny) reaction ont?4Sn leads td2°Sn which3~ decays with
aQg (2357 keV) value close to th@g of 124Sn. Due to short range of elec-
trons, contribution to the background in the detector arising d@edecays

in the shield and support materials will be mainly from the surface events.
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This together with3-decays within the detector will affect the background,
which is not considered in the present work.
4.3.1 Neutron-induced Activity from Torlon and Teflon

Figure 4.3 shows the gamma ray spectra of the irradiated Torlon 4203,

Torlon 4301 and Teflon samples at different timigs&fter the neutron irra-

diation.
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S N K O © s b= 46 h (x 0.1
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Figure 4.3: Gamma ray spectra of the neutron irradiatedqddit 4203 withE, = 20 MeV,
tirr =3 h,Np ~ 1.31(9) x 10%, (b) Torlon 4301 wittE, = 20 MeV,tirr = 3 h,Np ~ 1.38(9) x
10'%and (c) Teflon wittE, = 20 MeV, tirr = 2 h,N, ~ 0.82(6) x 10 for differentt; — time
elapsed since the end of irradiation. The spectrum showa iis measured in the D2 setup
while spectra in (b) and (c) are recorded in the D1 setup. helsa(a) and (b), spectra
for largert. are scaled by 0.1 for better visualization. Tjeays originating from room
background are indicated with stafig{, = 1 h for each spectrum).
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Both Torlon 4203 and 4301 samples were exposed to similar neutron
dose, while the neutron dose received by the Teflon sample~w&3%
lower. It can be seen that the most dominant gamma-ray is 511 keV in all
the three samples, but the Torlon and Teflon samples show different lev-
els of activity and different impurities. The Teflon and Torlon samples
contain fluorocarbon in different proportions, which is reflected in the in-
tensity of the 511 keW-ray with Teflon having the maximum intensity.

As mentioned earlier, the Torlon 4203 contains J{@able 4.1) and many
gamma-rays originating from Ti(n,X)Sc reactions are clearly visilde ([&-

ble 4.3). Most of the Sc isotopes formed are short-lived and proguags

with E, < 1312 keV. However{°Sc has a relatively long half-life, namely,
Ty =83.79 d. It may be mentioned that the Large Underground Xenon
(LUX) dark matter experiment has observed background fté@e, which

was formed due to the cosmogenic activation of the LUX Titanium cryo-
stat [114]. In case of the Torlon 430-rays resulting fron?°Fe(n, p)>®Mn
reaction were observed (see Figure 4.3(b)). Both the Torlon samples have
traces of Al, which gives rise tg-ray of energy 2754.0 keV which is higher
thanQgg (*2*Sn) with aTy , = 14.99 h and is highly undesirable. Figure 4.4
shows the decay curves for 511 kg\ray in the irradiated Torlon and Teflon
samples. The background rate at 511 keV in the different detector systems

has been taken into account. The origin of 511 keV from!Hgn, 2n)18F

103



reaction is confirmed since the measured half-life agrees with th&tFof

within errors, namerTlr/e; =109.77(5) min [111].
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Figure 4.4: Decay curves for 511 kairay of 18F formed in the irradiated (a) Torlon 4203
with Ep = 20 MeV andtjrr = 10 h, (b) Torlon 4301 witlE, = 20 MeV andij,r = 3 h and (c)
Teflon withEp = 20 MeV andtjr = 2 h.

Considering the threshold energy ~ 11.5 MeV for 1%F(n, 2n)18F re-
action [111], this channel is not expected to be activated at lower neutron

energies. The gamma ray spectra of irradiated samplgs-atl2 MeV are
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shown in Figure 4.5 for Teflon (in dotted red lines) and in Figure 4.6 for
the Torlon samples. It can be clearly seen that'fteis not populated at

En < 9.9 MeV (Ep = 12 MeV) and yield of 511 keW-ray is significantly
reduced, whereas most of the reaction channels in Torlon are populated even
at lower neutron energy (see Table 4.3). It may be mentioned that the ob-
served peaks at 1022 keV ardb85.6 keV in the Teflon spectrum, originate
from summing of two 511 ke\y-rays and from summing of 511 keV with

backscattered gamma-rays, respectively. This is also seen'iAiGhesam-

ple.
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Figure 4.5: Gamma ray spectra of the neutron irradiated efith E, = 20 MeV, tj;y =

2 h andN,, ~ 0.82(6) x 10 (shown by solid black lines) together wilty = 12 MeV,tj;r =

13 h andNyp ~ 1.27(9) x 10*° (shown by dotted red lines). Both the spectra have been
measured after similar cooling timg)(14 min and 10 min, respectively, in the D1 setup
(Tgata = 1 h for each spectrum). Stars have same meaning as in Figure 4.
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Figure 4.6: Gamma ray spectra of the neutron irradiated ¢epi 4203 (N, ~ 1.4(1) x
10'% and (b) Torlon 4301N, ~ 1.3(1) x 109 with Ep = 12 MeV andtir = 13 h. Both
the spectra are recorded in the TiILER{£s = 1 h for each spectrum). Stars have same
meaning as in Figure 4.3.

Even though the 511 keY-ray activity in Teflon is significantly larger
(~15.5 (1.2) times) than that in Torlon 4301, there is no gamma background
at energies higher than 511 keV in Teflon. Therefore from the neutron-
induced gamma background consideration, Teflon seems to be a better can-

didate as compared to the Torlon for use in TIN.TIN detector.
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4.3.2 Neutron-induced Activity from "Pband "3Cu

The Lead shield is generally closer to the detector assembly and the
gamma rays produced by neutron-induced reactions in Lead can deterio-
rate the background levels. It has been previously reported in Ref. [103]
that inelastic scattering of neutrons in Lead can be a significant source of
background for DBD experiments. The gamma ray spectra of the irradi-
ated"Pb and"®Cu samples are shown in Figures 4.7 (a) and (b), respec-
tively. Gamma-rays originating from decay #°Pb and?%*"Pb (see Ta-
ble 4.3) are seen in the spectrum. In addition, Sb impurities are also found in
the Lead sample. It should be noted that the decdy&b produces many
gamma-rays> Qgg (+24sn) but with small branching fractions: 2294.0 keV
(0.0320%), 2323.5 keV (0.00243%), 2455.2 keV (0.0015 %), 2681.9 keV
(0.00165%), 2693.6 keV (0.0030 %) and 2807.5 keV (0.00147%) [111]. In
the present work, only 602.7 keV is observed in the gamma-ray spectrum
above the detection limit of the TILES. B, = 2294.0 keV may be a
crucial source of background in an underground laboratory with improved

sensitivity.
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Figure 4.7: Gamma ray spectra of the neutron irradiate@{@p with Ep =20 MeV, tj;, =

2 h andN, ~ 0.69(5) x 10 for different cooling timet, (b) "¥'Cu with Ep = 20 MeV, ti

=10 h,N, ~ 5.9(4) x 100 for different cooling timet; and (c)"¥Cu with E,, = 20 MeV,

tirr = 2 h andNp ~ 1.09(8) x 10%°. The spectrum shown in (a) is measured in the D2 setup
while those in (b) and (c) in the TILES{4a = 1 h for each spectrum). In panels (a) and
(b), spectra for largete are scaled by 0.1 for better visualization. Stars have saeaaing

as in Figure 4.3.

In the gamma ray spectrum B¥Cu (see Figure 4.7(b)) short-lived ac-
tivities (Ty /2 ~ h) such a$“Cu and®Ni are seen. The long-lived products
like ®°Co (T;/, = 5.27 y) are visible in the spectra after sufficient cooling
time ~10 h, when the overall gamma background level due to the decay of

the short-lived nuclei is reduced. Short-lived produdtg A~ min) such
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as%2MCo and®Cu formed in the Copper sample are visible where spectra
could be measured after shorter cooling time. Figure 4.8 shows the half life

tracking of some of the products formedfPb sample.
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Figure 4.8: Decay curves for (a) 279 keMay of 293Pb and (b) 899 ke\y-ray of 204™Pp
formed in the neutron irradiaté@Pb withE, = 20 MeV.

Figure 4.9(a) shows the decay curve of 511 kekay in"2Pb sample. A
single exponential fit indicatef ;, ~ 41(4) min, while a two component fit
resulted inTlt}2 andT{?2
of 511 keV in"Pb was not identified. Whereas the decay curve in Fig-

as 11(4) and 70(32) min, respectively but the origin

ure 4.9(b) for"®Cu givesT; , ~ 12.4(5) h, implying that the 511 keyray
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results from thé@3Cu(n, y)®*Cu reaction. It should be noted that H was
observed in thé@2Pb or"¥Cu samples, confirming that the Teflon sample

holder/spacers did not contribute to observed impurities in these samples.
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Figure 4.9: Decay curves for 511 kekray formed in the irradiated (df'Pb withEp =
20 MeV andt;; = 2 h, (b)"¥Cu with Ep = 20 MeV andtj;; = 2 h.

Refs. [104, 115] have reported the formation®€o in Copper due to
cosmogenic activation. In addition, tA€"Co decay produces several high
energyy-rays (see Figure 4.7(c)). Therefore for minimizing the Co activity,

it is essential to store Copper in an underground location.
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4.3.3 Neutron-induced Activity in "8Snand 1%4Sn

Figure 4.10(a) shows the gamma ray spectra of the neutron irradiated
(Emax = 17.9 MeV) enriched?*Sn (97.2%) sample. In addition to the
gamma rays originating from neutron activation8fSn, reaction prod-
ucts of other Sn isotopes, namel}?Sn, 115sSn, 1165, 117sn and!?2sn,
are also found in the enriched sample (see Table 4.3). Most of the isotopes
formed are short-lived, the longest-lived beittdSn with aTyp=129.2d.

The highest energy gamma riy = 2112.3 keV originates in the decay of
116mn. Some of the observed reaction products can be produced by different
Tin isotopes depending on the incident neutron energy and the relative cross-
sections. For exampléZ3™Sn can be formed either by2Sn(n, y)123™Sn

or by 124sn(n, 2n)23Msn reaction. The contribution frok4?Sn was probed

by low energy neutron irradiatiorEfax = 7.9 MeV corresponding t&, =

10 MeV) where thé?4Sn(n, 2n)123MSn reaction is unfavoured. The obser-
vation of significantly reduced (06%) but measurable activity 6£3™Sn

(Ey = 160.3 keV) at lower neutron energy clearly indicated the traces of
1223n in the enriched sample. Similarf>Mn (E, = 336.2 keV) can be
produced from131165n with high energy neutrons but at lower neutron en-
ergy only3In(n,n')115Mn (119n natural abundance 95.7%) is the possible

reaction channel. Thus, observation of 336.2 kekay with low energy
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neutrons implies presence of trace impurity*bin in the enriched Tin tar-
get. In the observed spectrarays 1088.6 and 1089.2 keV originating from
decay of-#3Sn (T; , = 129.2 d) and?>Sn (T; /, = 9.64 d), respectively, could

not be separated. Measurements dfter10 d showed that the relative yield

10"

i
OE:D @ 1245 — t = 9h
& = T t.=24h(x0.1

Counts / keV
=

=
OO

N

=
S

Counts / keV
=

o

=
(@)

P : it e S20%E e £ == E :;'
500 1000 1500 2000 2500 3C

Energy (keV)

Figure 4.10: Gamma ray spectra of the neutron irradiated®(®n with E, = 20 MeV,
tir = 10 h, N ~ 4.1(3) x 109 (solid black lines) and witlEp, = 10 MeV, tir =5 h and
Nn ~ 0.44(4) x 109 (dotted red lines)Tyata = 14 h), (b)"'Sn withEp = 20 MeV, i, = 2 h,
Nn ~ 1.9(1) x 10'° (solid black lines) and witlE, = 10 MeV,tirr =5 h,Np ~ 0.51(4) x 100
(dotted red lines). All spectra are recorded in the TiLES #wode corresponding to larger
tc have been scaled by 0.1 for better visualizatidg:§ = 6 h for each spectrum). Stars
have same meaning as in Figure 4.3.

of E, = 1089.2 keV was higher than that fay = 1067 keV confirming the
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formation of123Sn. It should be noted that 331.9 keV and 822.5 kehdys
from 12°MSn andl25Sn, respectively, were also visible.

Figure 4.10(b) shows the gamma ray spectra of irradigt&h sample
with low energy neutrons, where the gamma rays from reaction products
of 1125n,11651 and'22Sn are visible. The other stable isotopes of Sn upon
neutron activation form either long-lived and/or stable reaction products and
hence could not be observed. It should be noted that 336.2/kay from
115Mn was not visible in thé'Sn (7N) sample at the same detection sen-
sitivity as in case of?*Sn. Gamma rays originating from decay“Na
were observed in the samples irradiated in an Al target holder, produced via
2TAl (n, a)?>*Na reaction (see Figure 4.10(b)). No additional impurities are

seen in thé?'Sn (7N) sample.

4.3.4 Effect of Neutron-induced Gamma Background folOv 3 Decay

in 1245n

Neutron-induced gamma background at energigs 2.1 MeV is esti-
mated for the measured neutron flux correspondirtgpte: 20 MeV. Activ-
ities of different reaction products in tH8'Cu, "@Pb and!?4"aSn samples
are calculated from the yields of obserwedays of 2003.7 keV, 602.7 keV
and 416.9 keV, respectively (see Table 4.3). Theszys could be observed

only in the close counting geometry in the TILES (high efficiency), in case
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of higher intensities in the respective decay chains. The activity thus ob-
tained for a particular reaction product was then used to estimate the ex-
pected background from gamma rays in the ROI using known branching
ratios (see Table 4.3). Table 4.4 gives the expected yield of such high en-
ergy gamma rays in tH&Cu, "@Pb and'?4"aSn samples. The neutron flux

is corrected for solid angle subtended by targets in the cascade geometry,
placed at different distanced)(from the production target. It should be
noted that the coincidence summing of low energy gamma rays in these de-
cay cascades can also produce gamma background in the ROI, which will
depend on the detector configuration.

Table 4.4: Estimated neutron-induced background from itje @nergyy-rays in Pb, Cu
and Sn samples.

Sample| Neutron fluence Reaction| Ty, E, of interest| Expected Intensity
ncm?(x10%) | Product (keV) of E, (Bqg?)
2182.6 0.0007(3)
na 124
Pb 0.30(2) Sb 60.2d 9294.0 0.0005(2)
: 2301.9 6(2)
na 62m,
'Cu 0.33(2) Co | 13.91min|  Sooo'2 a(1)
1245 1.6(1) 116mp | 5429 min|  2112.3 5(1)
nalgn 0.84(6) 16mp | 5429 min|  2112.3 24(6)

Most of the activities producing high energy gamma-rays are short-lived
and can be minimized by storage in an underground location prior to use in

the detector setup. Typical neutron flux in underground locatiofs, at
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10 MeV is 10°% n cm2s~1[116] and the required overall background level
will be <1072 counts/(keV kg y). Hence, contribution from Cu and Pb
samples in the region of high energy gamma rays would be negligible. From
Table 4.4, it can be seen tH&Sn will produce~ 5(2) times higher gamma

background of 2112.3 keV on neutron activation and can be of concern.

4.4 Thermal Neutron-induced Background in"®Sn

Fast neutrons after thermalisation in the shield can produce significant
background by radiative capture reactionsyj in the detector/source as-
sembly. To investigate the long-lived activities generated by thensad
trons, the"'Sn sample (7N purity, mass 1.9 mg) was irradiated with ther-
mal neutrons of flux 5 103 n cm 2 s~ 1 for 1 minute at Dhruva Reactor,
BARC. The irradiated samples were counted in the TiLES after a cool down
time of 90 d after the neutron irradiation time and the gamma ray spectrum
is shown in Figure 4.11. Table 4.5 lists the products together with their

respective half lives [111] for the observed gamma rays in the sample.
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Figure 4.11: Gamma ray spectra of tfn sample irradiated with thermal neutrons. The
time elapsed since irradiationtis=90 days Tgaia = 1 d).

Table 4.5: Thermal neutron-induced reaction produ€ts, and observed-rays in the
nalsn sample.

Sample Reaction T1/2 Ey
channel (keV)
1125n(n, y)13sn 115.09 d 255.1,391.7

1243y, ) 12590, 1255 n(n, y)125Sh | 2.75856 y 176.3,427.9, 463.4,

nalgp 600.6, 606.7, 635.9, 671.4
64zZn(n, y)®5zn 243.93d 1115.5
59Co(n, y)®Co 527y 1173.2,1332.5

It is not clear if the Zn and Co impurities were present in the sample or

were deposited from the reactor environment. It is evident from Table 4.5
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that most of the products formed are long-livad ¢ ~ y) and decay by3-
emission. The electrons produced W@ > Qg (*2Sn) will contribute to
the background. This emphasizes the need to study thermal neutron-induced

background in other surrounding materials.

4.5 Summary

Neutron-induced background, both at thermal and fast neutron energies,
has been studied in various materials to be used in TIN.TIN detector such
as Torlon 4203 and 4301, Tefloff'Cu, "¥Pb and!?4"a'sn. The contri-
bution to the gamma background has been evaluated for an average neu-
tron flux ~ 10° n cm?s~1 integrated over neutron ener@, = ~ 0.1 to
~18 MeV. Both Torlon samples show the presence of Al which will con-
tribute to high energy gamma background. In addition, Torlon 4301 has
Fe impurity while Ti in Torlon 4203 can produce long-lived impurities like
463c. Teflon shows only 511 kejtray activity resulting front°F(n, 2n)8F
reaction atE, > 11.5 MeV. Hence, Teflon appears to be a better material
for support structures in the Sn cryogenic bolometer from neutron-induced
background consideration. Although, tA&Cu sample and Sb impurity
in "@Ph produces high energy gamma backgrougd> 2.1 MeV) upon
neutron activation, the contribution in the ROl of @ decay in'?4Sn is

estimated to be negligible. The neutron-induced reactions form short-lived
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activities in botht?*Sn and"'Sn samples, which are of concern for the Tin
detector. Among the various Sn isotopes forti&$n has the longest half-

life Ty, = 129.2 d, while''®Mn produces high energyray of 2112.3 keV.
Thus, for background reduction enriched Tin is preferable as compared to
natural Tin. Thé"¥Sn produces- 5(2) times higher gamma background of
2112.3 keVy-ray than'?*Sn on neutron activation. Thermal neutrons can
produce long-lived isotopes 'Sn like*'3Sn (T , = 115.09 d). These re-
sults suggest that it would be necessary to store Sn material in underground

location for extended periods prior to use in the cryogenic bolometer setup.
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Chapter 5

Estimation of Neutron Flux at INO

Cavern

5.1 Introduction

As discussed in Chapter 1, neutrons are known to be an important source
of background for experiments like direct dark matter searches, double beta
decay experiments, solar neutrino measurements, etc. In underground lab-
oratories, neutrons originate from the presence of U and Th trace elements
in the surrounding rock. Neutrons induced by cosmic-ray muon interac-
tions with rock and shielding material are generally more penetrating be-
cause of higher energy¥f > 20 MeV) but expected flux is- 100-1000
times lower [101, 102]. To reach the desired sensitivity in the experiment,
the neutron background from rock, detector components and cosmic-ray

muons should be significantly suppressed. The neutron background from
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rock (En < 20 MeV) can be reduced by installing passive shield of hydrocar-
bon material or water surrounding the detector. MC simulations are required
to optimize the shield configuration and composition.

This chapter describes the estimation of the neutron flux in the cavern
from the BWH rock activity (spontaneous fission armd ) interactions).
A volume source distributed uniformly in a finite size rock element is con-
sidered in the simulations, where the strength of the source is derived from
the BWH rock composition. The total neutron flux is estimated at the cen-
ter of a 12 m long cylindrical tunnel of 4 m diameter and a concept design
of shield for reduction of this neutron flux is also presented. Based on the
shield requirement, the experimental hall dimensions for TIN.TIN detector

are projected.

5.2 Neutron Production in the INO Cavern

In an underground cavern, neutrons from the surrounding rock are pro-
duced in two ways : (1) spontaneous fission of U, Th present in the rocks,
(2) a particles emitted in the decay chains of U, Th induaes interac-
tions with the low Z elements present in the rock. Therefore, it is essential
to know the composition of the rock, mainly the content of U, Th and low Z

Isotopes.
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5.2.1 Elemental Analysis of BWH Rock

The INO cavern will be located in Bodi West Hills (BWH), Madurai, In-
dia [74]. The BWH rock is mainly Charnockite, which is the hardest known
rock, having a density of 2.89 g/cm®. The BWH rock composition is ob-
tained from TOF-SIMS method [105]. Table 5.1 shows various constituent

elements of the BWH rock together with respective concentrations. Since

Table 5.1: Elemental distributions of BWH rock obtained withA-SIMS method.

Element | Concentration Element | Concentration
(% Weight) (% Weight)
1H, 2H, 1.1 32g 0.1
6Li, “Li 0.001 394041 4
12¢c 2 40Ca 9.99
160, 320, 2.04 52Cr 0.49
23Na 5 S6Fe 1
24’25’26Mg 7 58’60Ni 0.55
27A 25 6365Cuy 1.2
282930g; 40 1071097 g 0.05
3lp 3 120G 0.6
197au 0.01

the SIMS method has limited sensitivity 100 ppb, the Inductively Cou-
pled Plasma Mass Spectrometry (ICPMS) method was used to obtain the U,
Th concentration in the rock [117]. It was found that the BWH rock con-

tains 60 ppb 038U and 224 ppb of32Th. In the present work, the BWH
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rock is assumed to be a homogeneous mixture of its constituent elements

and the U, Th impurities are distributed uniformly in the rock.

5.2.2 Neutron Yield from the BWH Rock

Table 5.2 gives the half-lives of spontaneous fissiq?ﬁq together with
the natural abundances of U, Th isotopes and the spontaneous fission neu-

tron yield. Due to very small isotopic abundance, contribution fféfd to

Table 5.2: The spontaneous fission neutron yield of the Us®topes [118].

Element| Nat. Abundance Tf;FZ Yield Neutron
(%) [111] ) n/(sg) Multiplicity
232Th 100 1.22x 1071 [119] | 9.99x 108 2.14
235 0.7204 3.5x 10 2.99x 104 1.86
238 99.2742 8.20x 10 1.36x 102 2.01

the neutron flux is expected to be negligible. Hence, &%y and?32Th
decays are considered here. The spectrum of the neutrons emitted in SF is
described by an analytic function, known as Watt spectrum [120], which is

given by:
W(a,b,E) = Ce ®/3sinh(vbE)
e/ 4a)

a

(5.1)
where C = \/(Z—Z)(

122



The parametera andb are empirically derived for each isotope (see Ta-

ble 5.3).

Table 5.3: The Watt spectrum parameters?8t) and?32Th.

Isotope a b
(MeV) | (MeV—1)

238 [120] | 0.7124| 5.6405
232Th[121] | 0.80 4.0

Table 5.4 lists the average energyE, > of the a particles emitted in
U, Th decay chains, the alpha deﬁy2 and alpha yield. It should be noted
that thea particles have a very short range 60 4 at E; = 10 MeV) in
the rock. The @,n) reaction rate will depend on the initial energy of the
emitted alpha particle, the reactiGhvalue and the Coulomb barrier. For

Table 5.4: Details of the alpha yield of the U and Th isotodds].

Isotope| < Eq > Tf;z Alpha Yield
(MeV) (v) (al (s-9))

238 419 | 447x10° | 1.2x104
232Th | 4.00 | 141x100| 4.1x103

the present work, the thick target (n) reaction yieldsN(E) - neutrons

per MeV) for low Z elements (£ 29) have been taken from Refs. [122]
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and [123]. The total thick target neutron yield is determined by the sum of
the individual element yield weighted by its mass ratio in the BWH rock
(as per Table 5.1). Since the neutron yield data*f@ra, 3!P could not be
obtained from literature, it is assumed to be the same as that of Si. The
neutron yields thus obtained, normalized to U and Th content of the BWH

rock, are shown in Figure 5.1. The (n) component dominates at lower

10
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o
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(@)) -12
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c

10

1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
0 5 10 15
E (MeV)
n

Figure 5.1: Neutron spectra for BWH rock with 60 pp?®tU and 224 ppb of32Th.

neutron energies while the SF dominates at higher energies. The data for
(a,n) was not available foE, > 8 MeV, but from the trend it is clear that

the (o, n) contribution is~ 100 times lower than that of the SF f& > 8

MeV.
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5.3 MC Simulation of Neutron Flux at INO Cavern

The underground observatory at the INO site will have a rock cover of
~ 1000 m on all sides. However, the neutron flux will get attenuated in
~ few meters of rock [124] and hence only a finite size rock element will
contribute to the neutron flux in the cavern. As can be seen from Figure 5.1,
neutron source in the rock material is very weak and the flux rapidly de-
creases with energy. This will necessitate the large scale simulatrahs
will be prone to errors due to statistical fluctuations. To overcome this
problem, an alternative approach using MC simulations has been employed.
For mono-energetic, uniformly distributed, isotropically emitted neutrons
within the volume of the rock element, energy spechgHj)) after trans-
mission through a rock element were computed. The size of the rock el-
ement was optimized such thBl(E;j) reaches a saturation value for the
highest incident neutron enerds, = 15 MeV (in steps of 1 MeV). The
transmission factof (E;, Ei) — the fraction of neutrons with initial energy
Ei and emerging with final energdy; is computed fors; = 1 to 15 MeV
for this optimal sized rock element. The neutron fNXE;) (in units of
cm2 s~1) per unit area at the surface of the rock is then computed using:

N(Ej) = T(Ej,E)N(E) (5.2)
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whereN(E;) is taken from the total neutron spectrum of the BWH rock given
in Figure 5.1. Finally the neutron flux seen by the detector is estimated at
the center of the tunnel by integrating over the entire cylindrical surface of
the tunnel.

The GEANT4-based MC simulation studies have been done using the
G4NDLA4.0 neutron cross-section library. Since the neutron flux rapidly de-
creases with energy (by aboutsix orders of magnitude &, = 15 MeV),
only E, <15 MeV is considered in the simulations. Typically,%1#/ents
were generated at each incident energy and final energy spectra is made

with bin widths of 1 MeV.

5.4 Neutron Transmission through the BWH Rock

As mentioned earlier, neutrons are attenuated as well as scattehsd in t
rock. To understand these effects as a function of neutron energy, simu-
lations were done for different configurations. For investigating the atten-
uation effect, a mono-energetic point source of neutrons placed behind a
40x 40 cn? BWH rock of different thicknesses was considered. Figure 5.2
shows the neutron transmission probabiliB(E;)) as a function of rock
thickness forE, = 1 — 20 MeV. It can be seen that the flux of neutrons
of E, = 15— 20 MeV reduces by two orders of magnitude after propaga-

tion through 30 cm thick BWH rock. It should be pointed out tR&E;)
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Figure 5.2: Neutron transmission probability as a functdbmock thickness for a mono-
energetic point source.

decreases because neutrons lose energy, and as a result the yield of low
energy neutronsN(E;j),Ej < E) is enhanced. However, the low energy
neutron yield is also affected by scattering in surrounding material. To un-
derstand the effect of the surrounding material, the rock volume was sub-
divided into inner cylinder and outer cylindrical shell. The inner cylinder
was further divided into two cylinders Rl and RIl with diametes= 30 cm

and lengthL = 30 cm. The outer shell (RIIl) dimensions were chosen to
be @ = 90 cm and L= 60 cm. These dimensions were chosen on the basis
of Figure 5.2. The schematic geometry of these sub-divided volumes (I, Il

and Ill) is shown in Figure 5.3. The figure also shows a thin detector of size
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@=30cmL =0.2 cm placed on the face of the RI for recording transmitted

neutrons.

Detector

Figure 5.3: Schematic geometry of rock elements RI, RIl and &itisidered in the simu-
lations.

Simulations were done for following three configurations with uniform

volume source :

e Case 1: RI-rock, RIl and RIII-Air : Neutrons in RI.
e Case 2: RI, RIl-rock, RIII-Air : Neutrons in RII.

e Case 3: RI, RII, RIll-rock : Neutrons in RI.

A typical spectrum for the first configuration is shown in Figure 5.4.
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Figure 5.4: Neutron spectra after propagation through Rinfident neutron energy, =
10 MeV.

The total transmitted neutron spectrum was generated using :
N(Ef) = > T(Er,E)N(E)
|
where N(Ej) = Ngd(E;)

The spectra for all three configurations after source strength normalization

are shown in the Figure 5.5.
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Figure 5.5: (a) Neutron transmission shown for Case 1 (rediegiand Case 2 (blue trian-

gle) and (b) Neutron transmission shown for Case 1 (red g¢jrClase 3 (blue triangle) (see
text for details)

It can be seen that the overall contribution from the RIl is only about 10%
of that of the RI. Further, reduction in the flux at higher energigs> 10
MeV) is greater than that at lower energies. The enhancement in the low
energy yield arising due to scattering in surrounding rock material islglear
visible in Figure 5.5(b) in the spectrum corresponding to configuration 3.
It is expected that after finite thickness the contribution due to scattering

effects will saturate.

5.5 Rock Element Size Optimization

In order to find the rock thickness where the scattering effects are satu-

rated, simulations were done for cylindrical rock elements of diamedigrs (
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(90, 100, 110, 130, 150 cm). In each case, length of the cylinder was kept
same as the diameter to ensure equal transmission length in all directions.
The transmitted neutron spectrum was generated for the highest incident
neutron energy, = 15 MeV and is shown in Figure 5.6 for one of the
configurations. Since the scattering is expected to enhance the low energy
yield, the transmission fractions for different energy ranges (0-5, 6-10, 11-

15 MeV) were studied for each geometry and are shown in Figure 5.7.
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Figure 5.6: Neutron energy spectra for incident neutromgnié, = 15 MeV for the rock
elemend =L =90 cm.
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Figure 5.7: Transmission fraction of neutron &y = 15 MeV as a function ofl = L of
the rock element for the different energy ranges. Each rteckent have been scaled to the
volume of element withl = L = 90 cm.

While for high neutron energieg{ > 5 MeV) the transmission fraction
Is nearly constant, the saturation value in the low energies win@gw-=(
1—5 MeV) is reached only for rock elements site- L > 130 cm. Hence
the optimal size of rock element is chosen tadbe L = 140 cm. Figure 5.8
shows the neutron spectra from this unit rock element which are used to

generate transmission matfiXE;, Ej) mentioned earlier.
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Figure 5.8: Neutron spectra of incident neutron energ¥ga) 5 MeV, (b) E, = 10 MeV
and (c)E, = 15 MeV for rock element = L = 140 cm.

The total neutron flulNs(E;) is obtained at the surface of this BWH unit
rock element using Eq. 5.2. It should be noted thatN§(&) thus obtained

represents the flux at any point on the surface of the cylindrical tunnel.

133



R

Figure 5.9: A schematic diagram of the underground tunmn&lraed as a cylinder. The
surrounding rock is shown by the shaded portion.

Assuming the experimental hall to be a cylindrical tunnel of radigs2
m andL = 12 m (see Figure 5.9), the neutron flNx(E) at its center can be

estimated as :

6

// /(A\E (';rdcpdz

@=0z=-6

6

r
~N(E)2m [ sz 5.3
z=—6

= Ns(E) 21 [arctan- )]z——6

— 7.84x Ng(E)

134



The half length of the cylinder was restricted to 6 m since the contribution
to the flux from larger lengths will be smaller than 10%. Moreover, ad-

ditional shield could be provided at this distance in the tunnel. It should
be mentioned that no additional scatterings from tunnel walls was consid-
ered in this estimation. Figure 5.10 shows the estimated neutroN{fli)

at the center of the tunnel in the rangg= 1— 15 MeV. The energy inte-

:
10—6__
E
D . ~8F
L 10
5
= 16°F
c
E
10—12__
E | | | | | | | | | | | | | |
0 5 10 15
E_(MeV)

Figure 5.10: The estimated neutron fluX;(E)) at the center of an underground tunnel

at INO site. The unfilled circle represents the MC data andlitteecorresponds to the
exponential fit in the range &, = 2— 15 MeV.

grated neutron flux obtained is3x 106 n cm 2 s~ from the rock activity.

This calculated spectrum can be approximately described by an exponential
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function:

N(E) = 3.8 x 10 %exp(—1.203E) (5.4)

It should be mentioned that neutrons will also originate from the radioactiv-
ity of the concrete of the experimental hall, the exact composition of which

IS presently not known.

5.6 Concept Design for Neutron Shield

The shield used for neutrons is made of hydrogen-rich materials such as
water, paraffin, etc. Boron is generally added to the paraffin to absorb ther-
mal neutrons. To estimate the required shield size, simulations have been
done with mono-energetic point neutron sourég £ 1 — 20 MeV) at the
rock surface. Borated (598'B) [125] paraffin of different thicknesses was
employed in MC simulations to study the neutron attenuation in the paraffin
shield. The Borated Paraffin (BPE) of thickness 20 cm reduces the neutron
flux of E, = 20 MeV to 0.4%. In hydrogenous materials neutron capture
by proton releases @ray of energy 2224.573(0.002) keV (the binding en-
ergy of Deuterium), which is close to ti@sg (*2*Sn). Hence additional Pb
shield needs to be inserted between the paraffin. The Pb thickness was var-

ied between 2-6 cm and optimum value was found to be 5 cm. Figure 5.11

136



shows the simulation geometry (panel a) together with the gamma-ray spec-

tra before and after the 5 cm thick Pb (panel b). It is evident that composite
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Target E £ Neut 8 | N
— g 8 % 'source Ol
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Figure 5.11: (a) Neutron shield using (BPE + Pb) between tbke aod experimental hall,

(b) Gamma-ray spectra after positions A and BEgr= 20 MeV.

BPE + Pb shield is required to reduce the net background from the rock.
Table 5.5 lists the gamma backgroumd|,X produced per incident neutron

after Layer | for a given neutron energy.

Table 5.5: Gamma background) produced per incident neutron after Layer | for differ-
ent incident neutron energies.

En | N, (0-10MeV)]| N, (2.2 MeV)

(MeV)
1 6.4x 104 25x10°°
5 1.0x 103 46x10°°

10 2.0x 102 7.9%x10°°
20 3.9x 102 1.9%x 103
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The transmission probability of low energy neutrons decreases rapidly
with absorber thickness and hence MC output will have large statistical er-
rors. To overcome this problem, the absorber thickmesas sub-divided
into smaller blocks of equal thicknes& ort/4. If T(Ej,E) is the trans-
mission probability for neutron of enerdy to emerge with energl; after
traversing the thicknedsthenT,(E;, E;) corresponding to thickness @.e.

t +1t) can be obtained as:
i
Tz(Ej,Ei) = Z T(Ej,Ek)T(Ek, Ei) (5.5)
k=]

In the present work MC simulation were done for5cm BBER£1—-5
MeV), 10 cm BPEE,=6—10 MeV) and 20 cm BPEH, = 11— 20 MeV).

The choice of thickness for different energy windows ensured that simula-
tion errors were around 3%. Figure 5.12 shows a comparison of neutron
transmission foE; = 10 MeV obtained by this method and from MC sim-
ulations (N = 10°). It is seen that the overall shape is well reproduced and
the errors in the folding approach are considerably smaller. Using this ap-
proach the neutron spectrum in the cavBi{E) (shown in Figure 5.10)
after 20 cm and 40 cm BPE is computed and is shown in Figure 5.13. It
Is clear that two layers of BPE (total 40 cm) will be sufficient to reduce

the neutron flux even &, = 15 MeV (~ 10-9). It would be of interest to
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Figure 5.13: Neutron spectrdl{(E)) at the center of an underground tunnel at INO site
after propagation through 20 cm and 40 cm BPE.
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study other neutron shield materials (wood, water) and the Boron fraction

to assess the impact on gamma background.

5.6.1 Laboratory Size Requirements for TIN.TIN

It is envisaged that the large scale TIN.TIN detector (of maskton)
will consist of an array of Sn bolometers in a cryostat. The sensitivity of a
large detector 1 ton (90% enrichment) is estimated<a$ng >~ 50— 100
meV in one year observation time assumin@.01 counts/(keV kg y) back-
ground [71]. As discussed in earlier chapters, a Pb shield is required inside
the cryostat for reducing the gamma background for the Sn array. Therefore,
the expected size of the cryostatisl.5 m diameter and- 3 m height. Ac-
cording to the estimates obtained in the previous section, two layers of BPE
(20 cm) + Pb (5 cm) are expected to be adequate for desired background
levels ¢~ 0.01 counts/(keV kg y)). However, if the neutron background in-
creases because of concrete or any other factor, then additional BPE + Pb
layer may be necessary. Assuming three composite layers of neutron shield
(BPE (20 cm) + Pb (5 cm)) around the cryostat, the required space for the
detector + shield will be of 3 nx 3 m. A minimum clearance of 1 m is
required from the walls of the experimental hall to reduce the background.
Considering this, the laboratory size of 10xm10 m and height of 5 m is

essential inside the cavern. Since the overall tunnel height in INO cavern i
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around 5 m, itis proposed to make a 10« m wide pit with a depth ot
6 m, which will provide a total height of 10 m. This will be required for
mounting/dismounting detector shields and accessories. In addition, under-

ground laboratories for material storage and processing will be necessary.

5.7 Summary

The neutron fluxE, < 15 MeV) resulting from spontaneous fission and
(a,n) interactions for BWH rock containing 60 ppb U and 224 ppb
of 232Th is estimated. Since the neutron source in the rock material is very
weak and the flux rapidly decreases with energy, an alternative approach
using MC simulations has been employed. It is shown that only finite rock
size contributes to the neutron flux at surface and a rock element of size
d =L =140 cm is optimal to evaluate the neutron background. The total
neutron flux at the center of a 4 m diameter, 12 m long tunnel in the un-
derground cavern is determined. The estimated flux at low en&rgy¥ (L5
MeV) is 3 x10°%ncm 2 s 1. The composite shield design of three layers
of BPE (20 cm) + Pb (5 cm) is proposed for significant reduction of neutron
flux at the target site. Since hydrogen-rich shield material produgesa

close toQBB(lz“Sn), shield design require special consideration for gamma
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attenuation. Based on this, the size requirements for the underground lab-
oratory for TIN.TIN are projected as 10 m 10 m and approximately 5 m

tall.
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Chapter 6

Summary and Future Outlook

Double Beta Decay is a rare second order transition which can take
place when single beta decay is energetically forbidden or highly suppressed
because of large spin differences. TheB38 decay where two electrons
and twoVve are emitted, does not violate lepton number and is allowed in
the Standard Model. ThevB[3 decay is predicted in about 35 even-even
isotopes and has been observed in about 11 isotopes so faffy4th-
1018 — 10?4 y. Other modes of double beta decay ligg3+, BTEC and
ECEC are also possible. Neutrinoless Double Beta Decay is a lepton num-
ber violating nuclear transition, possible only if neutrinos are their own an-
tiparticles. If the process is mediated by the exchange of a light left-handed
Majorana neutrino, its decay rate will depend on the square of the effec-
tive Majorana neutrino mass. Therefore, NDBD can provide information

on the absolute scale of neutrino mass. The effective neutrino mass also
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involves the two CP violating Majorana phases which cannot be probed by
the neutrino oscillation experiments. Hence, NDBD is regarded as a golden
channel to probe the fundamental nature of neutrinos. Worldwide, there are
many ongoing experiments like GERDA, CUORE, EXO, KamLAND-Zen,
etc. to study the NDBD in different isotopes. Until now, NDBD has not
been observed and only a lower limit By, ~ 107y has been set iffGe
and136xe.

In India, a feasibility study has been initiated to search ig8 8 decay in
1245 using a Tin cryogenic bolometer. The bolometer detector offers good
energy resolution (0.2% &pp). TheQpp value oft24Sn is 2292.64:0.39
keV and it has a moderate isotopic abundanc&.8%. TIN.TIN (The
INdia-based TIN detector) will be located at the upcoming underground
facility INO. Given the rarity of the DBD processes, background under-
standing and minimization is crucial to improve the sensitivity of the mea-
surement.

This thesis work involved radiation background studies g3 search
in 124Sn. For this purpose TIiLES (Tifr Low background Experimental Setup),
a low background counting setup with a special HPGe detector, has been
setup at sea level at TIFR. Detailed measurements are perforntedaint
and extended geometry sources to generate an effective model of the detec-

tor with GEANT4 based Monte Carlo simulations. The effective detector
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model agrees within 5.46(3)% with experimental data over a wide energy
range of 100-1500 keV. The GEMS program is developed for MC simu-
lation based efficiency computation for any source configuration in a close
geometry. The setup is shielded with 5 cm low activity Cu shield, 10 cm
low activity Pb #1%Pb < 0.3 Bg/kg) shield and active veto system using
plastic scintillators. The CADFLAP program is developed to generate the
anti-coincidence spectra between the HPGe detector and the plastic scintil
lators. The setup has been extensively used for qualification and selection
of radio-pure materials to be used in the prototype bolometer R&D as well
as for background studies. The BWH rock sample from INO cavern was
found to have considerably high level #K (1050(16) mBqg/g). The en-
riched Sn samples showed high levels of 661.7 kekay activity while
the "aSn (7N purity) samples has higher radioactivity8K. In addition,
gamma rays from Tin isotopes other th&iSn were observed in tH&'Sn
sample. Many gamma rays originating from neutron interactions were ob-
served in the ETP Cu sample, emphasizing that an additional Pb shield will
be essential around the Tin detector array inside the cryostat.
Neutron-induced background, both at thermal and fast neutron energies,

has been studied in various materials to be used in TIN.TIN detector such
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as Torlon 4203 and 4301, TefloPA'Cu, "@Pb and?4"a'Sn. The contri-
bution to the gamma background has been evaluated for an average neu-
tron flux ~ 10° n cm2s~1 integrated over neutron ener@; = ~ 0.1 to

~18 MeV. Both Torlon samples show the presence of Al which will con-
tribute to high energy gamma background. In addition, Torlon 4301 has
Fe impurity while Ti in Torlon 4203 can produce long-lived impurities like
463c. Teflon shows only 511 keray activity resulting fromt°F(n, 2n)18F
reaction ate, > 11.5 MeV. Hence, Teflon appears to be a better material
for support structures in the Sn cryogenic bolometer from neutron-induced
background consideration. Although, tA&Cu sample and Sb impurity

in "2Ph produces high energy gamma backgrouBgd> 2.1 MeV) upon
neutron activation, the contribution in the ROl of @B decay in'?4Sn is
estimated to be negligible. The neutron-induced reactions form short-lived
activities in both!24Sn and"@'Sn samples, which are of concern for the Tin
detector. Among the various Sn isotopes forti&$n has the longest half-

life Ty, = 129.2 d, while'*®Min produces high energyray of 2112.3 keV.
Thus, for background reduction enriched Tin is preferable as compared to
natural Tin. Thé"¥Sn produces- 5(2) times higher gamma background of

2112.3 keVy-ray than'?4Sn on neutron activation. Thermal neutrons can
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produce long-lived isotopes 'Sn like'*3Sn (T; , = 115.09 d). These re-
sults suggest that it would be necessary to store Sn material in underground
location for extended periods prior to use in the cryogenic bolometer setup.
The neutron flux, < 15 MeV) resulting from spontaneous fission and
(a,n) interactions for BWH rock containing 60 ppb &#°U and 224 ppb
of 232Th is estimated. Since the neutron source in the rock material is very
weak and the flux rapidly decreases with energy, an alternative approach
using MC simulations has been employed. It is shown that only finite rock
size contributes to the neutron flux at surface and a rock element of size
d =L =140 cm is optimal to evaluate the neutron background. The total
neutron flux at the center of a 12 m long tunnel in the underground cav-
ern is determined. The estimated flux at low energy € 15 MeV) is 3
x107% n cm2 s~1. The composite shield design of three layers of BPE (20
cm) + Pb (5 cm) is proposed for significant reduction of neutron flux at the
target site. Since hydrogen-rich shield material producgsay close to
QBB(124Sn), shield design require special consideration for gamma attenu-
ation. Based on this, the size requirements for the underground laboratory

for TIN.TIN is projected as 10 m x 10 m and approximately 5 m tall .
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6.1 Possible Improvements in TiLES

The sensitivity of the TILES isv 2 mBq/g for*°K and ~ 1 mBg/g for
232Th with the present shielding configuration afigs, = 6 d. For fur-
ther improvement in backgroun&2Rn contamination can be reduced by
purging the system with pure dryoNyas. This will help in reducing the
background originating frorA'“Pb and®*Bi. In addition, pulse shape dis-
crimination can be applied betwegnand (a + [3) events. More plastic
scintillators can be added to the existing setup for a better muon coverage.
A cryo-free low background HPGe detector (Ortec, relative efficiency 30%)
has been successfully tested at TIFR [126]. This is desirable for under-

ground usage.

6.2 Rare Event Studies with TILES

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 [127-131]. The TiLES can be used for such rare decay
studies. For a number of nuclei DBD to excited states in their daughter
nuclei are energetically possible. Its experimental signature would be the
emission of a gamma ray from the nucleus. Table 6.1 gives the isotopes in

which DBD can be studied in the TiLES [132].
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Table 6.1: List of potential DBD Isotopes for TILES [132].

Isotope| Qpg | Natural Abun.| Exc. state| Expt. limits | Theo. estimations
(keV) % T12(Y) T12(Y)
%4sm | 1251 22.75 2/ (123) | >2.3x10'8 1.6 x 108
947y | 1144 17.4 2/ (871) | > 1.3x10'° 107224
160Gd | 1729.7 21.86 2/ (87) | >21x10' -
170gr | 653.6 14.9 27 (84) | >32x10 —

The low energy gamma rays around 100 keV offer good detection effi-
ciency but the background levels are dominated by the Compton continuum
of high energy gamma rays. The candidate selected to study DBD decay to
excited state i8%Zr (see Figure 6.1). It should be mentioned that single beta
decay in%%Zr (natural abundance 2.8%) is suppressed by spin differences

and a limit can be placed gB-decay in%®zr [133]. The"@Zr is available

6" 0 (a) (b)
T
0t 0 0’ 0 6") 0
% B
Qg = 163 keV f—i
Qqp = 3350 keV \\ i
\\U l 0
%Mo

Figure 6.1: Decay schemes of 4yr and (b)%¢zr [133].
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commercially in different forms. The FWHM at 871 keV gamma rayig
keV in the TIiLES.

Fast and thermal neutron induced background has been studied in the
natzy foils (99.9% purity from Princeton Scientific Corp.). The irradiation
time (;;) and neutron energies for the Zr irradiation are presented in Ta-
ble 6.2 while the observed gamma rays with the corresponding channels of

activation are given in Table 6.3. The Sr and Nb isotopes are found to be

Table 6.2: Details of Neutron Irradiation &¥Zr.

Ep tirr ¢h
(MeV) (ncm?sh

12 MeV 12h |23(0.2) x 10°
20 MeV | 4 h, 13.7 h| 9.9(0.7) x 1¢°
Thermal| 1 min 1.3x 10'3

Table 6.3: Neutron-induced reaction produdts, and observeg-rays in the irradiated
Zr samples. The minimum neutron enefgy at which corresponding is > ub is also
listed [111].

Reaction T1/2 E En

y

channel Refn.[111] (keV) (MeV)
907zr(n, p)%Y 3.19h |2025,479.6,681.8 3.2
917r(n,p)tmy 49.7m 555.6 2.9
97r(n,y)%zr 64.0 d 724.2,756.77 -
9zr(n,y)%zr 16.7 h 743.3 -
90Zr(n,2n)8%zr 78.4h 909.1,1713.0 | 12.4
9%3Nb(n,2n)%Nb | 10.15d 934.4 9
86Sr(n, y)8’Sr 2.8 h 388.5 —~

150



present as impurities in tH&Zr sample. From Table 6.3, it can be seen
that the most dominant reactions {f,at thermal neutron energies give rise

to gamma background less than 871 keV gamma ray. "f#e foils were
counted in a close geometry in the TiLES to estimate the background sen-
sitivity in the ROI, i.e 871t 2 keV. A Monte Carlo study with GEMS was
done to optimize the mounting geometry for 360 g of Zr foils. This was
essential to minimize the self-absorption of 871 keV gamma ray in the Zr
sample and maximize its detection efficiency. It was found that the 871 keV
gamma ray attenuates by 26%4n12 mm thick Zr plate. The counting

of "Zr was done in phases with a mass increase 60 g at each level to
monitor the background in the ROI. Many gamma rays were observed in the
spectrum of*3Zr (see Figure 6.2), mostly originating from the gamma tran-
sitions occurring i ’Nb populated from the decay &fZr [134]. The back-
ground index obtained in the ROI, i.e. around 871 ke iS9 counts/(keV

kg d).
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Figure 6.2: The gamma-ray spectra"8¥r foils counted for 8 d in the TiLES. The inset
shows the ROI around 871 keV gamma-ray.

The 871 keV gamma-ray was not visible above the background level and

hence a lower limit onily, for DBD to the first excited state iRZr is

Naln2ea M t
Ty > 6.1
122 Wkat \/ Nk OE (6.1)

whereN, is Avogadro’s numberg (~ 2.33%) is the detection efficiency

obtained using:

of 871 keV, a (17.38%) is the isotopic abundance YZr (17.38%),W
(91.22) is the molar mass of 2¥] is 360 gt(y) is the time of measurement,
Npkg( 9~ tkeV~ly~1) is the background inde&E is the FWHM energy res-
olution of TILES for 871 keV andkc_ is 1 corresponding to a 68% CL. The
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Ty, obtained for DBD to the first excited state3fyr is 1.59(0.08) x 10'°
y for ~ 35 g y exposure at 68% CL. The limit can be improvedsbgne or-
der of magnitude (similar to the existing experimental limit.3 x 10'°y)
with long counting period~{ 150 g y) at the current background level. This

also demonstrates the suitability/advantage of TiLES for rare event studies.
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Glossary A

Glossary

Glossary of terms / acronyms (in order of appearance in the chapters).
OvBp : Neutrinoless double beta decay
2v 3 : Two neutrino double beta decay
NDBD : Neutrinoless double beta decay
LH : Left-handed

RH : Right-handed

NH : Normal Hierarchy

IH : Inverted Hierarchy

IS : Inverted Spectrum

NS : Normal Spectrum

NO : Normal Ordering

1O : Inverted Ordering

PMNS : Pontecorvo-Maki-Nakagawa-Sakata
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SUSY : SUper SYmmetric

NTME : Nuclear Transition Matrix Element

NSM : Nuclear Shell Model

QRPA : Quasi-Random Phase Approximation

ROI : Region Of Interest

FWHM : Full Width at Half Maximum

TIN.TIN : The INdia-based TINdetector

INO: India-based Neutrino Observatory

BWH : Bodi West Hills

TIiLES : Tifr Low background Experimental Setup
MC : Monte Carlo

R.E. : Relative Efficiency

LAMPS : Linux Advanced Multi-Parameter System
DAQ : Data Acquisition system

NTD Ge : Neutron Transmutation Doped Germanium
DSP : Digital Signal Processing

DPP : Digital Pulse Processing

FPGA : Field Programmable Gate Array

OFHC : Oxygen-Free High thermal Conductivity
ETP : Electrolytic Tough Pitch

2N purity : purity at the level of 99%
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7N purity : purity at the level of 99.99999%

TOF-SIMS : Time Of Flight Secondary lon Mass Spectrometry
ENDF: Evaluated Nuclear Data File

ICPMS : Inductively Coupled Plasma Mass Spectrometry
Tqata - Counting period of the gamma ray spectrum

tc : Cooldown time after neutron irradiation

BPE : Borated Paraffin

CL : Confidence Level
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