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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 differences

in squares of the neutrino masses (∆m2) 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 decay (ββ )

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. Normalββ decay is a two-neutrinoββ decay

(2νββ ), which conserves the lepton number and is allowed within the Stan-

dard Model and has been experimentally observed in a few isotopes [2, 3].

Neutrinolessββ 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 0νββ rate depends on the effective Majorana mass [4] and is given by

the following expression:

(T 0ν
1/2)

−1 = G0ν(Qββ ,Z)|M0ν |2 < mββ >2 (1)

whereG0ν(Qββ ,Z) is the phase-space factor for the emission of the two

electrons,M0ν is the nuclear matrix element and< mββ > 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 0νββ decay is a single peak at theQ value of the decay. Due to the large

uncertainty in the model dependent calculation of nuclear matrix element [5,

6], measurements of the 0νββ transition rate in different nuclei become

extremely important. Several experiments are undergoing and many are

planned to search for 0νββ decay using different detection techniques [7,

8].

For a rare process such as double beta decay (T1/2 >1020 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 and40K (T1/2 ∼ 109– 1010 years), setup materials and the detector

itself are the source of background. In case of124Sn, Qββ = 2292.64±

0.39 keV [9] is close to the Compton edge of the 2.614 MeVγ–ray, origi-

nating in the decay chain of232Th. Further, muon-induced interactions in
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the materials surrounding the detector give rise to additional background of

γ-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 background≥10−3

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 for 0νββ decay in124Sn 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

set up 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 of∼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 (by≥10%)

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 as241Am, 57Co, 65Zn etc., are used to scan the Ge crystal in

xxviii



directions parallel and perpendicular to its cylindrical axis. Measurements

are also done with sources over an energy range of Eγ = 100-1500 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 (< 5%) between the sim-

ulated and measured values of absolute photopeak efficiencies of different

γ–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 backgroundγ-rays with a 10 cm

thick low activity Pb (210Pb< 0.3 Bq/kg) and low activity 5 cm OFHC

Cu shield on all sides. The maximum sample size that can be mounted at

d∼1 cm is 9 cm× 9 cm× 5 cm. 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 cryostat,natSn and124Sn sam-

ples of different purity, NTD (Neutron Transmutation Doped) Ge sensors

etc. The sensitivity of the setup is∼ 1 mBq/g for232Th 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 content of40K, i.e., 1050(16) mBq/g.

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

Of the different sources of background, namely,α,β ,γ 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 ofnatU (mainly 238U) and Th present in the rocks

and surrounding materials. Neutrons are also produced from (α, n) reactions

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 0νββ decay124Sn. 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) atQββ , the ROI for background

estimation is taken as 2292.6± 25 keV (i.e.,Qββ ± 5σ ). The materials
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studied by the neutron activation technique are: ETPnatCu used inside the

cryostat; Torlon (4203), Torlon (4301) and Teflon – cryogenic materials

for detector holders;natPb, natSn and 97.2% enriched124Sn. 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 energyEp = 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)9B (Q = –1.850 MeV) [22]. In addition, nearly mono-energetic

neutrons were produced using anatLi target with the7Li(p,n)7Be (Q = –

1.644 MeV) reaction atEp = 12 MeV. The irradiated targets were counted

offline for the detection of characteristicγ-rays of reaction products. All the

observed gamma rays and the corresponding channels of production were

identified.

The Torlon/Teflon samples produced 511 keVγ-ray activity formed via

the reaction19F(n,2n)18F atEn ≥11.5 MeV. Both the Torlon samples showed

presence of Al which contribute to high energy gamma background of 2754

keV γ-ray from decay of24Na. The Torlon 4301 showed Fe which pro-

duces short-lived activity56Mn (T1/2 = 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 like46Sc (T1/2 = 83.79 d). Since there is no gamma background
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at Eγ > 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 of203Pb and204mPb and122,124Sb were seen in the Pb spectrum. Decay

of 124Sb produces aγ-ray 2294.02 keV near to theQββ of 124Sn but with a

small branching fraction (0.032%). ThenatCu showed short-lived activities

with T1/2 ranging from∼ min (62mCo and66Cu) to∼ h (64Cu and65Ni). Of

these,62mCo decay produces several high energyγ-rays such as 2882.3 keV.

The60Co (T1/2 = 5.27 y) was also produced from63Cu(n,α)60Co 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, namely,112Sn, 115Sn, 116Sn,

117Sn and122Sn were found in the Sn samples. Among the various Sn

isotopes formed123Sn has the longest half-lifeT1/2 = 129.2 d, while de-

cay of 116mIn produces high energyγ-ray 2112.3 keV. The contribution to

the gamma background (a lower limit) within the ROI had been evaluated

for an average neutron flux∼ 106 n cm−2s−1 integrated over neutron en-

ergy En = ∼ 0.1 to∼18 MeV. It is found thatnatSn will produce∼ 5(2)

times higher gamma background from the 2112.3 keVγ-ray produced in

decay of116mIn. Thus, for background reduction enriched Sn is preferable

as compared tonatSn.
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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 Ion 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 of238U (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 (0νββ ) experiments is presented together

with the importance and role of background studies for search of 0νββ

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 and (α,n)

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 inβ -decay [1]. For conserving energy, momentum and angular mo-

mentum, Pauli postulated that a neutral light particle was emitted in aβ -

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 theβ -decay of nuclei based on the Pauli assumptions and named

the proposed particle emitted in theβ -decay asneutrino [3].

In 1935, M. Goeppert-Mayer [4] pointed out the possibility of a double

beta decay (2νββ ) process, i.e. a transformation of a (A, Z) nucleus to a (A,

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

1



(A,Z)→ (A,Z +2)+2e−+2ν (1.1)

She also estimated the half-life to be∼ 1017 y for such a process. In 1937,

Majorana [5] theoretically showed that the conclusions of the theory ofβ -

decay remained unchanged even if only one type of neutrino existed (i.e.

ν ≡ ν). 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, Z± 1) 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 0νββ decay following Racah se-

quence, i.e. the (A, Z) nucleus transforms to the (A, Z + 2) nucleus by

emitting only two electrons:

(A,Z)→ (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 both 2νββ and 0νββ . This

provided a tool for distinguishing between the two processes. The under-

standing of theβ -decay and other weak processes changed drastically after
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the discovery of the non-conservation of parity in the weak interaction in

1957-58 [9, 10].

The 2νββ decay conserves lepton number (L) while the 0νββ decay

violates lepton number by two units (∆L = 2). Both are rare processes and

the decay rate of 0νββ decay is (at least∼ 106) smaller than the 2νββ

decay [11]. The 0νββ 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. Presently, 0νββ , also 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 field isψL(x) (or ψR(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:

ψ(x) = ψL(x)+ψR(x) (1.3)

whereψL,R = [1∓ γ5]ψ are the LH and RH components of the fieldψ(x).
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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:

LD(x) =−mDψ(x)ψ(x) =−mD (ψR(x) ψL(x) + ψL(x) ψR(x)) (1.4)

If the neutrino field is onlyψL(x) (or ψR(x)), then the mass term in

Eq. 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 fromψ(x) and its charge conjugate, which is defined as:

ψ(x)c =Cψ(x)
T
= iγ2(ψ(x))∗ (1.5)

where C is the charge conjugation matrix defined byC = i γ2 γ0 in the Dirac

representation. The chirality ofψc(x) is opposite to that ofψ(x). Thus

(ψL)
c(x) is right handed. Hence, LH and RH Majorana mass terms can be

constructed as:

LM =−mL

2
[(ψL)C(x) ψL(x)+h.c.] − mR

2
[(ψR)C(x) ψR(x)+h.c.] (1.6)

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

charge conservation.

1.2 Neutrino Mixing Matrix

The experimental discovery ofνe 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 based onK0 ↔ K
0 effects,

a quantum mechanical phenomena depending on the superposition princi-

ple [16, 17]. In 1962,νe ↔ νµ “virtual transmutations” were mentioned by

Maki, Nakagawa and Sakata [18]. This led to the conjecture that the flavour

(νe,νµ ,υτ) eigenstates and mass eigenstates (ν1,ν2,ν3) 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 (να (α = e,µ,τ)) are connected to the mass eigenstates (νi (i = 1,

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

matrix):

|να〉=
3

∑
i=1

Uα i|νi〉 (1.7)

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

mixing angles (θ23,θ13,θ12) and one (three) CP violation phases if neutrinos
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are Dirac (Majorana):

U =V23 W13 V12 diag(1,eiα1,eiα2) (1.8)

whereα1 andα2 are non-zero if neutrinos are Majorana particles.

V23=













1 0 0

0 c23 s23

0 −s23 c23













W13=













c13 0 s13e−iδ

0 1 0

−s13eiδ 0 c13













V12=













c12 s12 0

−s12 c12 0

0 0 1













(1.9)

whereci j = cos(θi j) andsi j = sin(θi j), respectively.

The mixing matrix takes the form:

U =













c12c13 s12c13 s13e−iδ

−c23s12− s23c12s13eiδ c23c12− s23s12s13eiδ c13s23

s23s12− c23c12s13eiδ −s23c12− c23s12s13eiδ c13c23













(1.10)

For CP conservation in the lepton sector, it is necessary to haveU∗ =U .

Thus, the phaseδ is responsible for effects of the CP violation andδ will

be equal to 0 if CP is conserved.

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

of a flavour eigenstate neutrino|να〉 into |νβ 〉 is given by:

Pαβ =| 〈νβ |να(t)〉 |2 (1.11)
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For ultra-relativistic neutrinos with small mass (pi ≃ p j ≡ p ≃ E):

Ei =
√

p2
i +m2

i ≃ p+
m2

i

2 E
(1.12)

whereEi andmi are the energy and the mass of the eigenstateνi, respec-

tively. Using the orthogonality relation〈ν j|νi〉= δi j and Eq. 1.12, the tran-

sition probability for an initialνα of energy E to get converted to aνβ after

traveling a distanceL(= t) in vacuum is given by:

Pαβ = δαβ −4∑
i> j

Re(U∗
α iU

∗
β jUβ iUα j)sin2

(

(m2
i −m2

j) L

4E

)

+2∑
i> j

Im (U∗
α iU

∗
β jUβ iUα j)sin2

(

(m2
i −m2

j) L

4E

)

(1.13)

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 parameter∆m2
i j = m2

i −m2
j 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 : ∆m2
21≪+(∆m2

32≃ ∆m2
31> 0)

IO/IH/IS : ∆m2
21≪−(∆m2

31≃ ∆m2
32< 0)

QD : m1 ≃ m2 ≃ m3 ≫ | ∆m2
i j |

1/2
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The Normal Ordering (NO) / Normal Hierarchy (NH) / Normal Spectrum

(NS) and the Inverted Ordering (IO) / Inverted Hierarchy (IH)/ Inverted

Spectrum (IS) are pictorially demonstrated in Figure 1.1.

Figure 1.1: A schematic diagram of neutrino masses and mixings of flavour eigenstates
in NH and IH. The red, blue and green colours representνe, νµ andντ 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 solarνe 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
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neutrino experiments together with their sensitivity for different parameters

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 determination of the oscillation param-
eters [28]. LBL (MBL) stands for LongBaseLine (MediumBaseLine)

Experiment Dominant ParametersImportant Parameters

Solar Experiments θ12 ∆m2
21, θ13

Reactor LBL (KamLAND) ∆m2
21 θ12, θ13

Reactor MBL (Daya-Bay, Reno, D-Chooz)θ13 |∆m2
3ℓ|

Atmospheric Experiments θ13 |∆m2
3ℓ|

Accelerator LBLνµ Disapp (Minos, T2K) |∆m2
3ℓ|, θ23

Accelerator LBLνe App (Minos, T2K) δ θ13, θ23, sign(∆m2
3ℓ)

Table 1.2: Three-flavour oscillation parameters from fit to global data* [29].

Normal Ordering (∆χ2 = 0.97) Inverted Ordering (best fit) Any Ordering
bfp±1σ 3σ range bfp±1σ 3σ range 3σ range

sin2 θ12 0.304+0.013
−0.012 0.270→ 0.344 0.304+0.013

−0.012 0.270→ 0.344 0.270→ 0.344

θ12/
◦ 33.48+0.78

−0.75 31.29→ 35.91 33.48+0.78
−0.75 31.29→ 35.91 31.29→ 35.91

sin2 θ23 0.452+0.052
−0.028 0.382→ 0.643 0.579+0.025

−0.037 0.389→ 0.644 0.385→ 0.644

θ23/
◦ 42.3+3.0

−1.6 38.2→ 53.3 49.5+1.5
−2.2 38.6→ 53.3 38.3→ 53.3

sin2 θ13 0.0218+0.0010
−0.0010 0.0186→ 0.0250 0.0219+0.0011

−0.0010 0.0188→ 0.0251 0.0188→ 0.0251

θ13/
◦ 8.50+0.20

−0.21 7.85→ 9.10 8.51+0.20
−0.21 7.87→ 9.11 7.87→ 9.11

δCP/
◦ 306+39

−70 0→ 360 254+63
−62 0→ 360 0→ 360

∆m2
21

10−5 eV 2 7.50+0.19
−0.17 7.02→ 8.09 7.50+0.19

−0.17 7.02→ 8.09 7.02→ 8.09

∆m2
3ℓ

10−3 eV 2 +2.457+0.047
−0.047 +2.317→+2.607 −2.449+0.048

−0.047 −2.590→−2.307

[

+2.325→+2.599
−2.590→−2.307

]

* Note that∆m2
3ℓ ≡ ∆m2

31 > 0 for NO/NS and∆m2
3ℓ ≡ ∆m2

32 < 0 for IO/IS.
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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 (∆m2
i j), three mixing angles (θ12,θ23,θ13) and one CP violation

phase (δ ). 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. The 2νββ decay conserves lepton number (L)

and is allowed in the Standard Model. It has been experimentally observed

in about 12 isotopes [30]. The inverse half-life for 2νββ decay is given by:

1

T 2ν
1/2

= G2ν(Qββ ,Z) | M2ν |2 (1.14)

whereG2ν is obtained by integration over the phase space of four leptons

emitted in the decay and can be calculated exactly, theQββ is the Q value of

the transition andM2ν is the Nuclear Transition Matrix Element (NTME)
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for this process. For 0νββ decay the inverse half-life (or decay rate) is

given by:
1

T 0ν
1/2

= G0ν(Qββ ,Z) | M0ν |2 〈η2〉 (1.15)

whereG0ν is obtained by integration over the phase space of two leptons

emitted in the decay,〈η2〉 is the lepton number violating parameter andM0ν

is the NTME for 0νββ 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 mass< mee > and the

half-life is given by:

1

T 0ν
1/2

= G0ν(Qββ ,Z) | M0ν |2 < mee > |2
m2

e
(1.16)

whereme is the mass of the electron. To extract the effective neutrino mass

< mee >, accurate knowledge ofM0ν 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 constrain

the different parameters in nuclear models [33]. TheM2ν calculations can

be verified with the measured decay rates of 2νββ (see Eq.1.14) and these
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calculations can be extended toM0ν calculations for the same isotope. How-

ever, it should be mentioned that the intermediate states involved in 2νββ

and 0νββ decays are quite different. Therefore for accurate measurement

of effective neutrino massmee, it is essential to observe 0νββ decay in dif-

ferent nuclei.

The effective neutrino massmee in Eq. 1.16 is given by:

| mee |=| ∑
i

U2
eimi |=| m1c2

12c2
13 +m2s2

12c2
13e2iα1 +m3s2

13e2iα2 | (1.17)

whereUei are elements of PMNS matrix in Eq.1.10 andα1,α2 are the Ma-

jorana phases.

The 0νββ decay can also address the neutrino mass ordering as shown

in Figure 1.2. The experimental signature for 0νββ decay is a sharp mo-

noenergetic peak at theQββ 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 function of the lightest neutrino mass
in the normal (NO/NS, withmmin =m1) and inverted (IO/IS, withmmin =m3) neutrino mass
spectra before and after the Daya Bay measurement ofθ13 [34].

Figure 1.3: A schematic of the distribution of the sum of electron energies for
2νββand 0νββ modes of the DBD decay. The figure has been taken from the Ref. [35].
The curves were drawn assuming that the decay ratesΓ0ν is 1% ofΓ2ν and for a 1σ energy
resolution of 2%.
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If 0νββ decay is positively identified, then the half-lifeT 0ν
1/2 can be cal-

culated using the relation given by:

T 0ν
1/2 =

NA ln2 ε M a t
W Nobs

(1.18)

whereNA is Avogadro’s number,ε is the detection efficiency,a is the iso-

topic abundance in the source of the massM, W is the molar mass of the

source,Nobs is the number of events attributed to 0νββ (above all possible

backgrounds) andt is the time of measurement. In the absence of a clear

0νββ signal, a lower limit can be placed on the half-life of the process

assuming a Gaussian approximation for the background fluctuation:

T 0ν
1/2 >

NA ln2 ε a
W kCL

√

M t
Nbkg ∆E

(1.19)

whereNbkg is a background index (in kg−1keV−1y−1) defined as the number

of background events normalized to energy unit, source mass and measure-

ment time,∆E is the energy window of 0νββ decay andkCL is the number

of standard deviations corresponding to a given confidence level (e.g. 1.64

σ 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 size (M), preferably with a high isotopic abundancea.
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2. Large Q value of the transition leads to faster decay rate. TheQββ >

2.6 MeV is also desirable as the energy region of interest (ROI) will be

above potential backgrounds.

3. A low-background index (Nbkg). This is arguably the most impor-

tant and certainly the most challenging aspect of a 0νββ 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

2νββ decay is an inherent source of background for the 0νββ 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 (TeO2), 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
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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 againstα andγ particles.

2. Passive detectors:In 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 detection efficiency

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 in130Te in 1950 [37]. The first direct experimental evidence in

laboratory came in 1987 when Elliott et al. detected DBD in82Se [38]. The

discovery of neutrino oscillations confirming finite mass of neutrinos has

renewed interest in NDBD and many experiments are pursued worldwide.

The 0νββ decay has not yet been observed and the best current lower limits

are∼ T1/2 > 1025 y. It should be mentioned that theββ process can also oc-

cur in modes like double positron emission (β+β+), positron emission and
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electron capture (β+EC) and double electron capture (ECEC). These pro-

cesses are in general strongly disfavoured because of reduced decay energy

and available phase space. As a result,β+β+/ECEC modes are experi-

mentally more challenging to detect even though they provide additional

experimental signal (β+ annihilation or X-rays). The list of ongoing and

proposed 0νββ experiments is shown in Table 1.3 while Table 1.4 lists the

best reported results forββ processes taken from Ref. [39].

Table 1.3: Ongoing and proposed 0νββ experiments with detection techniques.

Experiment Isotope Technique

CANDLES [40] 48Ca Solid Scintillator
GERDA [41] 76Ge Semiconductor

MAJORANA [42] 76Ge Semiconductor
SuperNEMO [43] 82Se Tracking + Calorimeter
LUCIFER [44] 82Se Cryogenic Bolometer + Scintillator
AMoRE [45] 100Mo Cryogenic Bolometer + Scintillator
MOON [46] 100Mo Tracking + Scintillator
COBRA [47] 116Cd Semiconductor
CdWO4 [48] 116Cd Solid Scintillator
CUORE [49] 130Te Cryogenic Bolometer
EXO-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 forββ processes taken from Ref. [39]

Isotope T2ν
1/2 T0ν

1/2 | mee |
(1019 y) (1024 y) (eV)

48Ca (4.4+0.6
−0.5) > 0.058 < 19−36

76Ge (150±10) 22.3+4.4
−3.1 0.32+0.03

−0.03
> 21 < 0.17−0.29

82Se (9.2±0.7) > 0.36 < 1.23−1.88
96Zr (2.3±0.2) > 0.0092 < 5.24−10.83

100Mo (0.71±0.04) > 1.1 < 0.71−1.05
116Cd (2.8±0.2) > 0.17 < 1.64−2.69
130Te (70+9

−11) > 2.8 < 0.45−0.70
136Xe (217±6) > 1.6 < 2.10−3.37
150Nd (0.82±0.09) > 0.018 < 9.01−16.07

1.4 Sources of Background for0νββ Experiments

Given the rarity ofββ processes (T1/2> 1018 y) [39, 53, 54], background

reduction is very crucial to increase the sensitivity of the measurement of

T1/2. The background index is of paramount importance in the ROI defined

around theQββ region depending on the energy resolution of the detector.

The potential sources of background are listed below.

1. Natural radioactivity (α,β ,γ) which arises from the primordial activ-

ities of U, Th and40K chains withT1/2 ∼ 109−10 y. The dominant

background comes from the high energy gamma rays from various de-

cay products in the238U and232Th natural chains, eg. 2448 keVγ-ray

from 214Bi (222Rn progeny) and 2615 keVγ-ray from208Tl.
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2. Primary cosmic rays give rise to spallation neutrons and cosmogeni-

cally activated isotopes such as14C (T1/2 = 5700 y),7Be (T1/2 = 53.24

d), 68Ge (T1/2 = 271 d) (seen in GERDA),60Co (T1/2 = 1925 d),

56Co (T1/2 = 78 d) (mostly in cryostat materials like Copper).

3. The low energy background (< 2MeV ) arising from Radon which is

always present inside tunnels or mines [55]. The222Rn (T1/2 = 3.8 d),

220Rn (T1/2 = 55.6 s) and219Rn (T1/2 = 3.96 s) are short-lived gases,

produced in the natural radioactive chains of238U, 232Th and235U,

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 (mostly222Rn) is proportional to U, Th content

of the rock.

4. Neutron background arising from the spontaneous fission (SF) ofnatU

(mainly 238U), 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 via (α, 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 207Bi with T1/2 = 31.55 y.

6. The detector and its surrounding materials can be internally contam-

inated withβ -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 degradedα ′s coming from U and Th radioactive

chains. The contaminated surface can further produceβ + γ events. In

fact, above 2.6 MeV the naturalβ ,γ contributions from environmental

and material radioactivity tend to vanish andα ′s 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:

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

ground site for suppression of cosmic ray muons. Typically at 1 km
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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/Liq. 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 Lead (210Pb<

mBq/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 N2 gas 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 subtract214Bi contri-

butions from the measured spectrum.
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• 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< 10−2 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 distinguish a 0νββ

signal from a background signal. A 0νββ 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

isotopesQββ ∼ 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.β/γ 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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• GERDA: The GERmanium Detector Array uses bare Ge diodes (en-

riched in76Ge) in liquid argon supplemented by a water shield. With

an exposure of 21.6 kg y, GERDA phase I [61] has strongly disfavoured

the previous claim for a 0νββ signal in 76Ge [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 II of GERDA to reduce the gamma background

component [66].

• EXO-200 : Enriched Xenon Observatory-200 is a single liquid Xe de-

tector designed to search for NDBD in136Xe. With an exposure of 100

kg y, EXO-200 has placed a half-life limit of 1.9×1025 y for NDBD

in 136Xe [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 ββ decay daughter (136Ba++) as a further and unambiguous

signature of a DBD event. The Ba tagging technique has been demon-

strated.
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• CUORE : This is a cryogenic detector to search for 0νββ decay in

130Te using TeO2 crystal bolometers and is in advanced stages of con-

struction after the successful running of its prototype CUORE-0 [58].

Effective techniques for the cleaning of all the surfaces of bolometer

crystals have been developed.

• NEMO3, SuperNEMO : SuperNEMO aims to extend and improve

the successful NEMO3 technology which took data for∼ 9 y and stud-

ied DBD in seven different isotopes [60]. The SuperNEMO demon-

strator module after 17 kg y of exposure will reach a sensitivity of

6.5×1024 y in 82Se [67]. The tracking plus calorimetry technique em-

ployed in NEMO3 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.

• NEXT : This experiment comprises a Xenon TPC to search for 0νββ

decay in136Xe 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 levels in the 0νββ decay experiments.

Experiment AchievedNbkg ExpectedNbkg

(counts / (keV kg y)) (counts / (keV kg y))

GERDA [61] 1×10−2 1×10−3

CUORE [58] 1.9×10−2 1×10−2

EXO [57] 1.7×10−3 ∼ 10−4

NEXT [68] – 5×10−4

KamLAND-Zen [39] 1.5×10−4 –

temperature calorimeters which can simultaneously detect light and heat,

i.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 rejectα particles with very high

efficiency (∼ 100%). It has been shown thatα/γ 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. 42Ar in GERDA, alpha surface contamination in CUORE,110mAg in

25



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 dark matter

searches.

1.5 TIN.TIN Detector

In India, a feasibility study to search for 0νββ decay in124Sn has been

initiated using a Tin cryogenic bolometer [71]. The124Sn has moderate

isotopic abundance∼5.8% and a reasonably highQββ 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 contributions (∝ T 3). Thus, it can

be made into a bolometric detector at T< 100 mK. Very small size (∼ mg)

Sn bolometers have been employed for X-ray detection [73]. Cryogenic

bolometers have excellent energy resolution (0.2% atQββ ) and therefore are

well suited for search of 0νββ 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 in124Sn. The Qββ (
124Sn) is close to the Compton edge of 2.614 MeV
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γ–ray, originating in the decay chain of232Th. 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 TiLES 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

(α,β ,γ, 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

nearQββ (
124Sn) arising from the fast and thermal neutrons has been stud-

ied 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 124Sn 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 124Sn, the low backgroundγ-ray spectrometry technique with HPGe de-

tector is used. The low backgroundγ-ray spectrometry is a very powerful

method with sensitivity down to several tenths of aµBq/kg and enables

simultaneous identification of multipleγ-emitters present in a sample. To

assess the level of radio purity in the materials, samples are often counted

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 restricted to available

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 Eγ = 100-1500 keV as a function of distance to

estimate its active volume. The effective detector model is validatedwith

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 GEM75-95-LB-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 is surrounded

31



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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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 measurements.

Isotopes Energy Geometry
(keV)

241Am 59.5 point
57Co 122.1 extended

203Hg 279.2 extended
51Cr 320.1 extended

137Cs 661.7 volume
54Mn 834.8 extended
65Zn 1115.5 extended

152Eu 121.8, 778.9, 1408 point
60Co 1173.2, 1332.5 point

Measured absolute strengths of sources are in the range of∼ 1-90 kBq

with ∼ 0.8-1.5% uncertainty1. 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 of137Cs volume source, the liquid

1The strengths of the sources were measured using another calibrated HPGe detector.
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was sealed inside a perspex cylindrical vial of radius 3 mm and height 5 mm.

The distribution of137Cs 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 and lateral

scans are carried out with241Am, 57Co and65Zn 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 (r) at a distance of 5 mm in 3 mm steps and

covered a range of±6 cm w.r.t. the center of the detector. For the lateral

scan the source was moved parallel to its cylindrical axis (z) at 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 scan (d)

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 Eγ = 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 : 10µs). 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 with57Co and65Zn. 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 efficiency (εexp) was extracted using LAMPS soft-
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Figure 2.3: Gamma ray spectra obtained with (a)57Co atd = 10 cm, and (b)65Zn source
at d = 1 cm.

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 effectshave

been observed in the spectra. Errors were computed including statistical er-

rors and least-squares fitting errors in extracting the peak areas. Typical er-

rors obtained inεexp were : in radial/lateral scans∼3.7% for Eγ = 59.5 keV,
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0.2% for Eγ = 122.1 keV and 1.8% for Eγ = 1115.5 keV. It should be men-

tioned that differences in statistical errors are mainly due to the difference

in strengths of various sources and energy dependent variation in detection

efficiency. Similarly, for both the top and side distance scan errors inεexp

were∼2% and∼5%, respectively.

To verify the effective detector model, additional radial scans with57Co

and65Zn sources atd = 10.7 cm were carried out and distance scan (∼1–

30 cm) was done with various sources covering an energy range of 122.1–

1408 keV. In this case, multi-gamma sources such as152Eu and60Co were

used at a distanced >10 cm to ensure that the coincidence summing is

negligible. Measurements were also done with the volume source (Eγ =

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 of radius

R and thicknessL1 on a hollow cylinder of lengthL−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 isR. 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 andz in 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 efficiency (εMC) is determined using the ROOT analysis frame-

work [86]. In some cases where the source co-ordinates in the experiment

(ri, zi) were different from those in the simulation (diff.∼ 1 mm), theεMC

corresponding tori, zi was obtained by interpolation. Statistical uncertain-

ties are kept below 2%. For modeling the detector geometry, only absolute

photopeak efficiencies of differentγ–rays are taken into consideration. The

best fit values of detector parameters are obtained by two methods. In the

first method,χ2 is determined for a data set like radial/lateral/distance scan

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

χ2 =
1

n−1

n

∑
i=1

(εexp
E [ri]− εMC

E [ri])2

εMC
E [ri]

(2.1)
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where,εexp
E (ri) represents the measured absolute photopeak efficiency at ri

for a γ–ray of energy Eγ and εMC
E (ri) is the corresponding simulated ef-

ficiency. In the second method, following the procedure as in [78, 79] to

give similar weightage toεE for different energies, the total relative devia-

tion between measured and simulated efficiencies is calculated as defined in

Eq. 2.2,

σR =
1
n2

n2

∑
j=1

{

1
n1

n1

∑
i=1

| εexp
Ej

[ri]− εMC
Ej

[ri] |
εMC

Ej
[ri]

}

(2.2)

wheren1 is number of points in each data set andn2 is 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 of∼ 230 cm3, which is

significantly smaller (∼ 20%) than the number quoted by the manufacturer

(292 cm3). Further, a comparison ofεMC
E using default detector parameters

with εexp
E for Eγ = 122.1 to 1115.5 keV andd = 5 to 25 cm, resulted in a

large relative deviation,σR ∼ 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 restricted
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central volume of the detector. Figure 2.4 shows that theσR obtained is less

than 10% when measurements done with a collimator and without varying

any parameters in MC simulations.
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Figure 2.4: TheσR as a function of gamma ray energies atd = 25 cm, distance from the
top face of the detector using the 13 mm Pb collimator (unfilled square) and 35 mm Pb
collimator (unfilled triangle). TheσR 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 layer (t), side Ge dead

layer (s), front gap (g) i.e., the distance between the top carbon fiber and

the Al window, crystal radius (R), crystal length (L1 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, radius (Ri = 37.5 mm), length (Li = 55 mm), hole

radius (hi = 6.5 mm) and front gap (gi = 5 mm) were obtained by the best

fit to the scan data of Eγ = 1115.5 keV at close distance (d ∼ 1 cm), where

measurements are not strongly affected by the dead layers and surrounding

materials. For the front gap estimation, the fit has been restricted to the

central region i.e.r = ±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 layer (t) has been specified

by the manufacturer while the side dead layer (s) is quoted as 0.7 mm. The

uniform dead layer is employed in the simulations and values oft ands are

varied in the range of 0–1.2 mm and 0.7–1.5 mm, respectively. TheσR is

calculated for the central region of radial (lateral) scan, namely,r = ±3 cm

(z = ±2.5 cm), with 59.5 keV and 122.1 keVγ–ray sources mounted close

to the face of the detector (d ∼ 1 cm). Figure 2.5 and Figure 2.6 show the

variation of MC parameters oft,s together with the fit to the combinedσR of

59.5 keV and 122.1 keVγ–ray energies, respectively. The best fit values of

t ands extracted corresponding to a minimumσR aretopt = 1.04±0.02 mm
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andsopt = 1.27±0.02 mm. It should be mentioned that a 2% variation in

dead layer thickness results in∼ 2% change in the photopeak efficiency for

Eγ = 59.5 keV.
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Figure 2.5: (a) The radial scan data of Eγ = 59.5 keV with different values of parameters.
Symbols represent theεexp and the line corresponds toεMC, (b) The totalσR (59.5 keV
+ 122.1 keV) for radial scan. Symbols represent the experimental data and the line corre-
sponds to the parabolic fit.
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Figure 2.6: Same as Figure 2.5 for lateral scan. Thez range occupied by the crystal is
marked in the figure.

The germanium disc thicknessL1 was obtained by fitting theεexp(r = 0)

data of Eγ = 320.1 keV close to the detector top face. Since for this energy

half-value layer for germanium is∼ 5 mm, theεMC is expected to have

better sensitivity forL1 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

σR was found atL1−opt = 9.7±0.5 mm. Figure 2.7 shows the fit (forL1 =

8.3−11.5 mm) together with theσR as a function ofL1.
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Figure 2.7: TheσR for εexp(r = 0) data of Eγ = 320.1 keV. Symbols represent the experi-
mental data and the line corresponds to the parabolic fit.

Considering the physical length specified by the manufacturer (Lm), an

inactive Ge dead layer of thicknessb=Lm −L surrounded by a 3.5±0.5 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 Eγ = 122.1 keV atds = 1.5 mm showing the effect of an
inactive Ge dead layer of thicknessb and cylindrical Cu ring at the bottom of the crystal.
Symbols represent theεexp and the line corresponds toεMC. Thez range occupied by the
crystal is marked by the dotted lines in the figure.

For extractingRopt andLopt , simulations have been carried out by vary-

ing R andL in fine steps of 0.25 mm and 1 mm, respectively. Figures 2.9

and 2.10 showεexp together withεMC for the radial and lateral scan of Eγ

= 1115.5 keV, respectively. It is evident thatR andL are not independent

of each other. Therefore, the best fit values ofR andL are obtained by a

simultaneous fit to the radial and the lateral scan data for Eγ = 1115.5 keV.

Table 2.2 lists theσR for R = 37.25–38.0 mm andL = 52–56 mm for Eγ =

1115.5 keV.
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a function ofr (radial scan). The simulated valuesεMC (lines) for different combinations
of radii (R) and lengths (L) are shown in panels (a) to (d).
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Table 2.2: Total relative deviationσR as a function ofR andL for both radial and lateral
scans with Eγ = 1115.5 keV.

Radius Length σR Radius Length σR

mm mm (%) mm mm (%)

37.25 52.0 6.09(4) 37.50 51.0 6.33(5)
37.25 53.0 4.27(3) 37.50 52.5 4.87(3)
37.25 54.0 3.93(3) 37.50 53.0 3.88(3)
37.25 55.0 3.73(3) 37.50 54.0 3.67(2)
37.25 56.0 3.62(3) 37.50 55.0 3.71(2)
37.25 58.0 5.15(4) 37.50 56.0 4.58(3)

37.75 50.0 7.19(4) 38.00 50.0 5.89(2)
37.75 52.0 4.22(2) 38.00 52.0 3.71(2)
37.75 53.0 3.67(2) 38.00 53.0 3.67(2)
37.75 54.0 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 theσR for radial and lat-

eral scan. It can be seen that the minimum is rather shallow. The projec-
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Figure 2.11: Total relative deviationσR as a function ofR andL for both radial and lateral
scans with Eγ = 1115.5 keV.
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tions inL space corresponding to different values ofR (37.25 mm to 38.00

mm) are shown in Figure 2.12. TheRopt andLopt are then obtained from
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Figure 2.12: TheσR for radial scan data of Eγ = 1115.5 keV as a function ofL for a given
R. Symbols represent experimental data and the line corresponds to the parabolic fit.

this weighted mean asRopt = 37.6±0.3 mm andLopt = 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 values ofRopt andLopt ,

the hole depthLh = 44.3±1.0 mm was obtained corresponding toLopt–L1.
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The remaining unknown parameter, hole radiush, was extracted from

the distance scan with high energyγ–rays. From the best fit to the distance

scan data (1–25 cm) of Eγ = 834.8 and 1115.5 keV, thehopt was found to

be 7.5±0.6 mm. As mentioned earlier, the bottom dead layerbopt was set

to the difference betweenLm andLopt . 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 radius (R) 38.45 37.6±0.3
Ge crystal total length (L) 63.0 54.0±0.9
Ge disc thickness (L1) 12.3 9.7±0.5
Hole depth (L−L1) 50.7 44.3±1.0
Hole radius (h) 5.5 7.5±0.6
Top Ge Dead Layer (t) - 1.04±0.02
Side Ge Dead Layer (s) 0.7 1.26±0.02
Bottom Ge Dead Layer (b) - 9.0±1.0
Front gap (g) 4 5.0±0.7
Top carbon fiber* 0.9 0.9
Side carbon fiber* 1.8 1.8
Cu Cup thickness* 0.8 0.8
Ge Crystal Volume (V ) 292 cm3 232±6 cm3

* 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 asteriskin

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 scan with low

energy gamma-rays, addition of the bottom dead layer (Lm − Lopt = b) is

crucial to reproduce the shape inz = –9 to –6 cm region (see Figures 2.13b

and 2.14b). It should be mentioned that at low energy (Eγ = 122.1 keV), the

effective linear dimension of the crystal (radius/length) seems to be lower

than that for the high energy (Eγ = 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 atd ∼ 10 cm (Eγ = 122.1 and 1115.5 keV) is shown in Figure 2.16.

Though the overall fit is good (σR = 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 Eγ = 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 detector is∼ 40 keV.
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Figure 2.13: The radial (left panel) and lateral (right panel) scan data of Eγ = 59.5 keV
with optimized detector parameters. Symbols represent theεexp and the line corresponds
to εMC. Thez range occupied by the crystal is marked in the figure.
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122.1, 834.8 and 1115.5 keV with optimized detector parameters. Symbols represent the
εexp and the line corresponds toεMC.
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Figure 2.16: The radial scans data showingεexp (unfilled circles) andεMC (lines) for (a)
Eγ = 122.1 keV and (b) Eγ = 1115.5 keV with optimized detector parameters atd =
10.7 cm.

The effective detector model was also used to simulate the volume source

geometry (Eγ = 661.7 keV) and results are plotted in Figure 2.17. The ex-

cellent agreement between measured and simulated values indicate that the
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optimized model works very well for different source geometries. The ef-

fective detector model is further tested with distance scan measurements

with many sources, Eγ = 59.5, 279.2, 1173.2 and 1408 keV, and results are

shown in Figure 2.18.
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Figure 2.17: Theεexp (unfilled circles) as a function ofd for volume source geometry (Eγ =
661.7 keV). TheεMC for both optimized parameters (bold line) and for nominal parameters
(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

σR for Eγ = 122.1, 279.2, 834.8 and 1115.5 keV as a function ofd = 5–

25 cm. It can be seen that the optimized model yieldsσR = 5.46(3)% as

opposed to 29.2(3)% obtained with nominal parameters. With inclusion

of low energy data of Eγ = 59.5 keV, theσR worsens to∼8.37(4)%. The

measured energy spectra for54Mn source (Eγ = 834.8 keV) atds = 25 cm
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= 5–25 cm obtained with optimized detector parameters (filled symbols) and with nominal
parameters (open symbols). The bold line is the average and the RMS deviation is indicated
by dashed lines. Errors are within the point size.
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and137Cs source (Eγ = 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 red) for54Mn extended source (Eγ =
834.8 keV) atds = 25 cm (left panel) and137Cs volume source (Eγ = 661.7 keV) atd
= 15 cm (right panel) together with the simulated spectra (blue) after folding in energy
resolution of the detector. The room background with suitable time normalization has been
added to the simulated spectrum for comparison. The gamma rays originating 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 a 0νββ 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 0νββ 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 FPGAs

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 temperature

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 amplitudeA, rise timetrise and decay timetdecay. Figure 3.1 shows

the parameters involved in the trapezoidal filter algorithm. The digitizer

Figure 3.1: Trapezoidal filter with the relevant parameters[91].

parameters, namely, input signal decay time (Tdecay), trapezoidal rise time

(Trise), trapezoidal flat top time (Tf lattop) and Baseline Restorer (number of

points for moving average) are optimized for best resolution. TheTrise is

functionally equal to integration time of spectroscopic amplifier. Optimum

pole-zero cancellation of trapezoidal signal is obtained by varyingTdecay.

It has been found that ballistic deficit error could be well compensated by

settingTf lattop ≥ 3trise. The moving average takes care of the jitter due to

least count in signal digitization and baseline fluctuations. TheTf lattop is

optimized to get best energy resolution and minimum pulse pile up. The

59



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 filter settings

together with HPGe detector sizes and preamplifier output signal parame-

ters.

Table 3.1: Optimum trapezoidal filter settings for two different detectors.

Detector Dia. L Pulse shape parametersDigital filter parameters

(mm) (mm)
trise tdecay Trise Tdecay Tf lattop

(ns) (µs) (µs) (µs) (µs)

Bruker Baltic (30%) 53 63 140 120 3.5 70 0.5
TiLES (70%) 78.3 63 400 150 5.5 50 1.5

It may be noted thatTrise andTf lattop is higher for the larger HPGe detec-

tor as expected. A gamma ray spectrum of152Eu 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 andDSP.

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 with152Eu 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 stability

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 of∼ 50 kHz.

Figure 3.3 shows a spectrum for high activity54Mn 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 illustrates
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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 with54Mn using the CAEN digitizer
(bold black line) and analog electronics (dashed red line).Both 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 facilitate

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 placed∼ 1 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 g/cm3) and high atomic number

(Z = 82). The intensity of 3000 keV gamma ray falls to 0.06% and 0.001%

after transmission through 10 cm and 15 cm thick Lead, respectively. The

210Pb (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 210Pb produces210Bi and210Po (see Figure 3.4). Subsequently, the beta

Figure 3.4: Decay Schemes of210Pb,210Bi and210Po [92].
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emission of210Bi 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 of210Pb is highly desirable for

ultra-low background experiments like 0νββ decay. In the TiLES low ac-

tivity Pb bricks (210Pb< 0.3 Bq/kg) of sizes 20 cm× 10 cm× 5 cm and

10 cm×10 cm×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 of210Bi 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 :

• 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.

• Increase of Compton scattering in the inner layer and probability of

gamma rays scattering towards the HPGe detector is high forEγ < 500

keV.

• The outer Pb shield requirement increase in proportion to the inner low

Z shield thickness. The overall shield size is also constrained by overall

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 falls to∼ 5% after

transmission through 5 cm thick Cu and hence is expected to be adequate

for attenuating bremsstrahlung from210Bi.

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 cm−2) 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 cm× 50 cm× 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.

Ge crystal

To Cryostat

P1
P2

muons

Pb

Cu
γ

γ

Figure 3.5: A schematic of the TiLES with the plastic scintillators 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 scintillators,

CADFLAP (CAen Digitiser oFfLine Anti-coincidence Program). The anti-

coincidence window can be adjusted in the program and is defined to be

±2.5 µs. 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 scintillator signal.

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 rate (r) defined as:

r = r1× r2×∆T (3.1)
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wherer1,r2 are the rates of the pulser and plastic scintillator, respectively.

The∆T is the width of the coincidence window. Figure 3.7 shows that the

observed and the expected random coincidence rate (r) between 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 random coincidence rate (r)
between the pulser and scintillator as a function of the energy threshold of P1.

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

as,

R = (1− NHPGe . N̄Plastic

NHPGe
)×100% (3.2)

whereNHPGe andNPlastic are the events in the HPGe detector and plastic

scintillator, respectively. The reduction ratioR depends 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 sidesof the

detectors with active veto shield. In the TiLES, two plastic scintillators have

been used which give coverage of∼ 0.72 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 II, inner Cu shield was added and finally the active veto system

comprising plastic scintillators was installed (Stage III). Figure 3.8shows 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 shielding arrangement.
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Figure 3.9: Gamma ray spectra of room background with (blacklines) and without (red
lines) Pb shield (Tdata = 1 d).
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Table 3.3: Reduction in intensity of the major gamma rays with10 cm Pb shield.

Energy Radio-isotopes Without shield (A) With Pb shield (B) Reduction factor

(keV) (counts/day) (counts/day) B/A(%)

238.6 212Pb 44839(680) 64(15) 0.14(3)
351.9 214Pb 30709(394) 17(7) 0.06(2)
511.0 208Tl,40K, ann.* 14995(407) 959(28) 6.4(3)
609.3 214Bi 33721(264) 33(11) 0.10(3)
661.7 137Cs 35325(427) 243(12) 0.69(3)
806.4 214Bi 931(121) 13(6) 1.4(7)
835.6 228Ac 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 214Bi 9617(156) 19(5) 0.20(5)
2614.5 208Tl 24326(74) 96(7) 0.39(3)

* 511 keV gamma rays can also originate from annihilation process due to differentβ+

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 (TiLES

Stage II). 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 simulations. It

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

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

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 Cu +10 cm Pb (blue
lines), with only Pb (black lines) and without shield (red lines) (Tdata = 1 d).

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

Energy Radio-isotopes With Pb shield With Cu + Pb shield Reduction factor

(keV) X (counts/day) Y (counts/day) Y/X (%)

70-500 32835(181) 46951(72) 143(1)
511.0 208Tl,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 208Tl 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.
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Figure 3.11: Gamma ray spectra of room background in the HPGedetector with veto (red
dotted lines) and without veto (black solid lines) in the energy range of 200 – 5000 keV
(Tdata = 1 d).

Due to the saturation of the HPGe preamplifier around∼ 55 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 I is shown

in Figure 3.5 while the configuration II 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 regions for the two configurations of
the setup geometry.

Energy Range R (I) R (II)
(keV) (%) (%)

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 spectra measured in the TiLES with
full shield - Cu + Pb + active veto system (Tdata = 42.6 d). The expanded view showing
the 139.4 keV and 197.9 keV gamma rays from74Ge(n,γm) and 70Ge(n,γm) 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 TiLES with full shield - Cu + Pb + active
veto system.

Energy Reaction Channels/Observed Activity

(keV) Radio-isotopes (counts/day)

139.4 74Ge(n,γm)75Ge 34(6)
197.9 70Ge(n,γm)71Ge 43(5)
351.9 214Pb 26(4)
511.0 208Tl,40K, ann. 291(7)

594.4-604.9* 74Ge(n, n′γ)74Ge 34(1)
609.3 214Bi 21(2)
661.7 137Cs 113(3)
669.6 63Cu(n, n′γ)63Cu 17(2)

690.1-704.2* 72Ge(n, n′γ)72Ge 33(1)
962.1 63Cu(n, n′γ)63Cu 26(3)
1115.5 65Cu(n, n′γ)65Cu 12(2)
1120.5 214Bi 9(1)
1173.2 60Co 6(2)
1332.5 60Co 4(1)
1460.8 40K 36(2)
1764.5 214Bi 6(1)
2614.5 208Tl 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 137Cs is also observed. In addition, gamma rays produced by de-

excitation from the metastable state formed on thermal neutron capture via

reactions74Ge(n,γm), 70Ge(n,γm) were observed in the background spec-

tra [94]. The sensitivity of the TiLES with the full existing shield and

Tdata = 6 d is ∼ 1 mBq/g for232Th,∼ 2 mBq/g for40K .

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 observedin

excess of the background, the activityNx is estimated using Eq. 3.3 after

correcting for the ambient background:

Nx =
Nobs

εγ × Iγ ×m
(3.3)
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whereNobs is the observed yield of theγ-ray, εγ is the photopeak detection

efficiency computed using GEMS [95],Iγ is the branching fraction of the re-

spectiveγ-ray andm is the mass of the measured sample. It should be men-

tioned that in some cases whereIγ could 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 cm× 9 cm× 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 keVγ-ray

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 in the TiLES 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 (∼ 1−100 kg)

at this initial R&D stage various samples studied were of small size (∼ mg

– 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 investigatedfor inner shield.

Sample Mass Source
(g)

ETP Cu 13.2 Aurubis, Europe
OFHC Cu (A) 7.3 Leico Industries, USA
OFHC Cu (B) 2.6 Sequoia Brass and Copper, USA

OFHC Cu (C) 7.1
Non Ferrous materials Technology

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. It can

be seen that both OFHC Cu (A) and OFHC Cu (C) have similar levels of

radioactivity, but the OFHC Cu (A) sample has lower40K concentration.
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Table 3.8: Observed radio-impurities in different Cu samples (with 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.
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Figure 3.14: A gamma ray spectrum (red bold line) of the ETP Cu sample in the TiLES
(only with 10 cm Pb shield,Tdata = 6 d). The ambient background without the sample
(black dotted line) is also shown for comparison and prominent lines 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) (mBq/g)

139.4* 74Ge(n,γm) 310(75) 4.6(1.1)
159.3 63Cu(n,γ) 56(14) 1.7(4)
186.0 65Cu(n,γ) 51(13) 0.7(2)
175.1 70Ge(n,γ) 56(14) 0.8(2)
197.9* 70Ge(n,γm) 301(69) 4.0(9)
278.2 63Cu(n,γ) 69(12) 1.4(3)
326.0 72Ge(n,γ) 76(18) 3.9(9)
385.8 65Cu(n,γ) 16(6) 0.6(2)
499.9 70Ge(n,γ) 65(15) 1.5(3)
511.0* 208Tl, 40K, ann. 281(11) 6.3(3)
595.9 73Ge(n,γ) 178(18) 3.9(4)
608.4 73Ge(n,γ) 58(11) 7(1)
708.5 70Ge(n,γ) 30(11) 1.6(6)
802.2*,# – 39(10) 1.2(3)
867.9 73Ge(n,γ) 52(11) 2.7(6)
961.1 73Ge(n,γ) 9(4) 2.1(9)
1326.9* 63Cu(n,n′γ) 9(6) 0.4(2)

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

rays are at much lower energies than the ROI, i.e. near theQββ (124Sn), 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 higher40K content in the sam-

ple [95]. The estimated impurities in the BWH rock sample from theγ-rays
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Figure 3.15: A gamma ray spectrum (black line) of the rock sample from the INO site (from
Bodi West Hills) in the TiLES in a close geometry (only with Pb shield,Tdata = 1 d). The
scaled ambient background (red line) without the sample is also shown for comparison.

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

Element Nx Element Nx

(mBq/g) (mBq/g)

212Pb 11.1(4) 40K 1050(16)
214Pb 1.7(4) 208Tl 1.8(8)
228Ac 10.3(7) 214Bi 7(1)

3.5.3 Sn Samples

Generally, large detector masses (∼ 100 kg) are required for DBD stud-

ies. In case of Sn, the natural abundance of124Sn (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

natSn bolometer will be employed. Therefore, background from other stable

natural Tin isotopes also needs to be investigated. With this motivation, the

natSn (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 the124Sn sample in the TiLES is

shown in Figure 3.16. Both the122Sn and124Sn samples (procured from

Isoflex) showed high level of 661.7 keV gamma activity from137Cs. While

122Sn has 3365(99) mBq/g of137Cs activity,124Sn showed 1739(47) mBq/g

activity. The124Sn 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 the124Sn sample in the TiLES
counted in a close geometry (only with 10 cm Pb shield,Tdata = 8.5 d). The observed
additional 1064.6(2) keVγ-ray is shown in the inset. The scaled ambient background (red
dashed line) is also shown for comparison.

thenatSn (Alfa Aesar) is shown in Figure 3.17 and the gamma rays detected

above the ambient background level are listed in Table 3.11. ThenatSn sam-

ple also showed a gamma ray at 1271.9 keV originating from112Sn(n,γ)

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 thenatSn sample (black bold line) in the TiLES
counted in a close geometry (only with 10 cm Pb shield,Tdata = 4 d). The scaled ambient
background (red dashed line) is also shown for comparison.

Table 3.11: Gamma rays observed in thenatSn sample with 10 cm Pb shield.

Energy Radio-isotopes/ Observed Activity

(keV) Reaction Channels(counts/day) (mBq/g)

661.6 137Cs 251(20) 100(8)
511* Annihilation 23(1) 6.4(3)

1271.9* 112Sn(n,γ) 53(9) 29(5)
1460.8 40K 29(2) 168(12)
2614.5 208Tl 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

5 cm 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 to≤ 1 mBq/g [96]. Commercial NTD Ge sensor (AdSem, Inc.,

mass∼ 2.4 mg) was also counted for comparison and was found to have

high levels of65Zn (T1/2 = 243.6 d) 7566(523) mBq/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 commercial NTD Ge sensor
in the TiLES counted in a close geometry (with Cu + Pb shield,Tdata = 3 d). An expanded
view of theγ-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 the two

ends of Carbon sensor [97]. Hence, radio-purity of the Silver paste was
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checked by counting a small sample (mass∼ 30 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 TiLES 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,natZr foils were counted in the TiLES for estimat-

ing the sensitivity to measurement of DBD to excited state in94Zr, 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 level of40K (1050(16) mBq/g). The

enriched Sn samples showed high levels of 661.7 keVγ-ray activity while

the natSn (7N purity) samples has higher radioactivity of40K. In addition,

gamma rays from Tin isotopes other than124Sn were observed in thenatSn

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 on0νββ Decay in124Sn

4.1 Introduction

Of the different sources of background, namely,α,β ,γ 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 in a signal

similar to that of WIMPs (Weakly Interacting Massive Particles) [98–100].

As discussed in Chapter 1, neutrons are produced in the spontaneous fission

of natU (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 via (α, n) reactions [56]. Very high energy neutrons (En ∼

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 flux (En < 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, n′γ) and neutron-capture (n,γ) 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 significant

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 from∼ min 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 (En < 20 MeV) in TIN.TIN detector components. The aim of the

neutron activation study (En < 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 nearQββ (124Sn).

The thermal neutron-induced background innatSn 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 elements is

of prime importance. For neutron-induced background study the materi-

als chosen were: ETPnatCu used inside the cryostat, Torlon 4203, Tor-

lon 4301 and Teflon – cryogenic materials for detector holders,natPb – the

common shielding material,natSn (7N purity) and 97.2% enriched124Sn.

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 Ion Mass Spectrometry (TOF-SIMS). Since all

the materials contain high percentage of19F, Secondary Ion 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 (RSF) for indi-

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 TiO2 [106]) 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 concentration> 0.1% are

listed in Table 4.1.

Table 4.1: Elemental distribution of Torlon 4203, Torlon 4301 and Teflon obtained with
SIMS.

Element
Torlon 4203 Torlon 4301 Teflon

(%) (%) (%)

12C 28 27 24.4
16O 1.2 1.3 0.9
19F 66.2 67 72.3

23Na 0.1 0.2 0.2
24,25,26Mg 0.2 0.3 0.3

27Al 0.2 0.2 0.2
31P 0.2 0.2 0.2

39,40,41K 0.2 0.2 0.2
40Ca 0.1 0.5 0.1

46,47,48,49,50Ti 2.1 0.7 0.2
50,52,53,54Cr 0.3 0.1 0.1
54,56,57,58Fe 0.5 1.1 0.1
58,60,61,62Ni 0.1 0.5 0.1

63,65Cu 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.

Figure 4.1: A schematic diagram of the neutron irradiation set up 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 current∼ 120 nA on the production target. In the present study,

proton beams of energyEp = 10-20 MeV on a Be target (5 mm thick) were

used to obtain neutrons of a broad energy range with reaction9Be(p,n)9B

(Q = –1850 keV) [108]. Beam energies were chosen to cover the energy

range of neutron spectra originating from fission and (α, n) 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 considera-

tion. In addition, nearly mono-energetic neutrons were produced with the

7Li(p,n)7Be (Q = –1644 keV) reaction by bombarding a 0.15 mm thick nat-

ural Lithium target (wrapped in a∼ 2 µ thick Ta foil) with proton beam

of energy 12 MeV. Contribution from the6Li (natural abundance 7.59%)

in the natural lithium target is expected to be negligible. AtEp = 12 MeV,

due to the contributions from the excited states of7Be, 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 factor of∼ 10. 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 hencenatFe target (∼ 5 – 6 mg/cm2)

was used to estimate neutron flux with the56Fe(n,p)56Mn reaction. Multiple

irradiation targets (upto five) were stacked in a 3 cm long target holder (Alu-

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 and∼ 0.04 sr, respectively. Thickness

of irradiated targets varied from 1.8 mg/cm2 to 0.29 g/cm2. 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 the radiation safety

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 γ-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
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Figure 4.2: A picture of the HPGe detectors D1 and D2 with 5 cm normal Pb shield.

setups to search for low levels of activity and coincidence summing effects

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 TiLES 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 keVγ-ray, produced via56Fe(n,p)56Mn reaction. Since the neutron

spectra produced from the9Be(p,n)9B reaction is continuous, energy inte-

grated neutron flux has been estimated in the energy range ofEn ∼ 100 keV

to Emax, whereEmax = Ep −Qth with Qth = 2057 keV. The number of Mn
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atoms (NMn) produced by irradiation of a Fe target with a constant neutron

flux φn (n cm−2 s−1) for time tirr is given by,

NMn =
NFe (1− e−λ tirr) ∑En

σc(En)φn(En)dEn

λ
(4.1)

whereNFe is number of Fe target atoms,λ is the decay constant of56Mn and

σc(En) is the(n, p) cross-section of56Fe(n,p)56Mn reaction at the neutron

energyEn. The factor((1− e−λ tirr)/λ ) arises from decay during irradia-

tion. TheNMn can be obtained from the measured photo peak area (Nγ) of

846.7 keVγ-ray as,

NMn =
Nγ

e−λ tc (1− e−λ t) Iγ εγ
(4.2)

wheretc is the time elapsed between the end of neutron irradiation and start

of the counting (cool-down time),t is the counting period,Iγ is the branch-

ing ratio andεγ is the photo peak detection efficiency ofEγ (846.7 keV) for

a finite size source in close geometry, computed using GEMS program [95].

Since the distribution of neutrons produced from the9Be(p,n)9B reaction is

continuous, energy integrated neutron flux can be estimated as,

< φn >=
∑En

σc(En)φn(En)dEn

∑En
σc(En)dEn

(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 setup,σc = 65.88 (4.54) barn, at an average

neutron energyEn = 9.85 MeV corresponding toEp = 12 MeV is used [112].

Table 4.2 gives the extracted neutron flux at a distanced ∼ 5 cm from the

production target (Be/Li) for different proton energies together with maxi-

mum energy of the neutronsEmax, average energy of the neutrons< En >

and the average proton beam current< I >. The< En > for p+9Be reaction

is calculated as,

< En >=
∑3

i=0∑En
σ(p,ni)(En)En dEn

∑3
i=0∑En

σ(p,ni)(En)dEn
(4.4)

where the summation runs overEn from ∼ 100 keV toEmax andσ(p,ni)(En)

corresponds to9Be(p,ni)
9B cross-section atEn for the ith channel of neu-

tron production [111]. Only(p,n0), (p,n1), (p,n2) and (p,n3) channels

are considered and others with total cross-sections< 6% of (p,n0) are ne-

glected.
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Table 4.2: Estimated energy integrated neutron flux from56Fe(n,p)56Mn reaction for 12
and 20 MeV proton energies (atd ∼ 5 cm).

Production Target Ep Emax < En > φn < I >
(MeV) (MeV) (MeV) (n cm−2s−1) (nA)

9Be
12 9.9 3.9 2.3(0.2)×105 133
20 17.9 5.6 9.9(0.7)×105 148

natLi [113] 12 10.1 9.85 1.3(0.2)×105 112

The uncertainty in the neutron flux includes the error inεγ , statistical and

fitting errors in the photo peak area of 846.7 keVγ-ray (Nγ) and error in the

coincidence summing correction factor for56Mn. It should be noted that

the neutron flux atEp = 10 MeV could not be measured since the activity

of 846.7 keVγ-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 intenseγ-rays. The last

two columns of the Table 4.3 give the minimum neutron energyEn at which

the cross-section for the respective neutron-induced reaction channel is≥

µb. In most of the cases, the half-lives (T1/2) 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) atQββ , the ROI for background estimation is taken
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as 2292.6± 25 keV (i.e.,Qββ ±5σ ). The gamma-rays with energies within

this ROI as well as with E≥ Qββ 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 products,T1/2 and expectedγ-rays in the irradiated
samples. The minimum neutron energyEn at which correspondingσ is ≥ µb is also
listed [111].

Sample Reaction T1/2 Eγ En σ
channel (keV) (MeV) (barn)

Torlon 4203

natTi(n,X)47Sc 3.3492 d 159.4

natTi(n,X)48Sc 43.67 h
175.4, 983.5,

1037.5, 1312.1
natTi(n,X)46Sc 83.79 d 889.3, 1120.5
27Al(n,α)24Na 14.997 h 1368.6,2754.0 4.6 1.4×10−6

27Al(n,p)27Mg 9.458 min 843.8, 1014.5 2.5 1.9×10−5

Torlon 4301
56Fe(n,p)56Mn 2.5789 h

846.8, 1810.7,
4 6.0×10−6

2113.1
27Al(n,α)24Na 14.997 h 1368.6,2754.0 4.6 1.4×10−6

Teflon 19F(n,2n)18F 109.77 min 511 11.5 1.5×10−3

natPb

204Pb(n,2n)203Pb 51.92 h
279.2, 401.3

8.5 2.1×10−3

680.5

204Pb(n,n′)204mPb 66.93 min
374.8, 899.2, 1.0 2.4×10−1

911.7, 1274
121Sb(n,γ)122Sb 2.7238 d 564.2, 692.7, 0.1 2.1×10−1

123Sb(n,γ)124Sb 60.20 d
602.7, 1690.9

0.1 1.9×10−12090.9, 2182.6
2294.0

natCu

63Cu(n,γ)64Cu 12.701 h 511, 1345.8 0.055 2.5×10−2

63Cu(n,α)60Co 1925.28 d 1173.2, 1332.5 2.5 1.1×10−2

65Cu(n,γ)66Cu 5.120 min 1039.2 0.06 1.1×10−2

65Cu(n,α)62mCo 13.91 min
1163.5, 1172.9,

5
3.9×10−6

2003.7, 2104.9,
2301.9, 2882.3

65Cu(n,p)65Ni
2.5175 h

1115.5, 1481.8, 2.5 1.0×10−6

64Ni(n,γ)65Ni 1623.4, 1724.9 0.553 6.5×10−3
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Table 4.3 continued...

Sample Reaction T1/2 Eγ En σ
channel (keV) (MeV) (barn)

nat,124Sn

112Sn(n,np)111In 2.8047 d 171.3, 245.4 12 4.9×10−6

116Sn(n,np)115mIn
4.486 h 336.2

14.5 7.6×10−5

115Sn(n,p)115mIn 5 1.9×10−4

115In(n,n′)115mIn 0.5 6.4×10−3

116Sn(n,p)116mIn 54.29 min
416.9, 818.7,

8 1.5×10−41097.3, 1293.6
1293.6,2112.3

117Sn(n,n′)117mSn
13.76 d 156.0, 158.6

0.2 2.9×10−1

116Sn(n,γ)117mSn 0.1 5.5×10−2

118Sn(n,2n)117mSn 9.9 7.2×10−2

124Sn(n,2n)123mSn
40.06 min 160.3

9 1.6×10−1

122Sn(n,γ)123mSn 0.3 1.2×10−2

124Sn(n,2n)123Sn
129.2 d 1088.6

9 1.6×10−1

122Sn(n,γ)123Sn 0.3 1.2×10−2

124Sn(n,γ)125mSn 9.52 min 331.9
0.315 6.8×10−3

124Sn(n,γ)125Sn 9.64 d
822.5, 1067.1

1089.2

It should be mentioned that many of these reaction products decay by

β− emission and if theQβ ≥ Qββ (
124Sn), electrons or bremsstrahlung re-

sulting from these electrons can contribute to the background in ROI. In

particular, the (n,γ) reaction on124Sn leads to125Sn whichβ− decays with

aQβ (2357 keV) value close to theQββ of 124Sn. Due to short range of elec-

trons, contribution to the background in the detector arising due toβ -decays

in the shield and support materials will be mainly from the surface events.
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This together withβ -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 times (tc) after the neutron irra-

diation.
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Figure 4.3: Gamma ray spectra of the neutron irradiated (a) Torlon 4203 withEp = 20 MeV,
tirr = 3 h,Nn ∼ 1.31(9)×1010, (b) Torlon 4301 withEp = 20 MeV,tirr = 3 h,Nn ∼ 1.38(9)×
1010 and (c) Teflon withEp = 20 MeV,tirr = 2 h,Nn ∼ 0.82(6)×1010 for differenttc – time
elapsed since the end of irradiation. The spectrum shown in (a) is measured in the D2 setup
while spectra in (b) and (c) are recorded in the D1 setup. In panels (a) and (b), spectra
for largertc are scaled by 0.1 for better visualization. Theγ-rays originating from room
background are indicated with stars (Tdata = 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 was∼ 40%

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 keVγ-ray with Teflon having the maximum intensity.

As mentioned earlier, the Torlon 4203 contains TiO2 (Table 4.1) and many

gamma-rays originating from Ti(n,X)Sc reactions are clearly visible (see Ta-

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

with Eγ < 1312 keV. However,46Sc has a relatively long half-life, namely,

T1/2 = 83.79 d. It may be mentioned that the Large Underground Xenon

(LUX) dark matter experiment has observed background from46Sc, which

was formed due to the cosmogenic activation of the LUX Titanium cryo-

stat [114]. In case of the Torlon 4301,γ-rays resulting from56Fe(n,p)56Mn

reaction were observed (see Figure 4.3(b)). Both the Torlon samples have

traces of Al, which gives rise toγ-ray of energy 2754.0 keV which is higher

thanQββ (
124Sn) with aT1/2 = 14.99 h and is highly undesirable. Figure 4.4

shows the decay curves for 511 keVγ-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 the19F(n,2n)18F
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reaction is confirmed since the measured half-life agrees with that of18F

within errors, namely,T re f
1/2 = 109.77(5) min [111].
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Figure 4.4: Decay curves for 511 keVγ-ray of18F formed in the irradiated (a) Torlon 4203
with Ep = 20 MeV andtirr = 10 h, (b) Torlon 4301 withEp = 20 MeV andtirr = 3 h and (c)
Teflon withEp = 20 MeV andtirr = 2 h.

Considering the threshold energyEn ∼ 11.5 MeV for19F(n,2n)18F re-

action [111], this channel is not expected to be activated at lower neutron

energies. The gamma ray spectra of irradiated samples atEp = 12 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 the18F is not populated at

En ≤ 9.9 MeV (Ep = 12 MeV) and yield of 511 keVγ-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 and∼ 685.6 keV in the Teflon spectrum, originate

from summing of two 511 keVγ-rays and from summing of 511 keV with

backscattered gamma-rays, respectively. This is also seen in thenatCu sam-

ple.
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Figure 4.5: Gamma ray spectra of the neutron irradiated Teflon with Ep = 20 MeV, tirr =
2 h andNn ∼ 0.82(6)×1010 (shown by solid black lines) together withEp = 12 MeV,tirr =
13 h andNn ∼ 1.27(9)× 1010 (shown by dotted red lines). Both the spectra have been
measured after similar cooling time (tc) 14 min and 10 min, respectively, in the D1 setup
(Tdata = 1 h for each spectrum). Stars have same meaning as in Figure 4.3.

105



10
0

10
2

10
4

(a) Torlon 4203

(b) Torlon 4301

tc = 20 min

500 1000 1500 2000 2500 3000
Energy (keV)

10
0

10
2

C
ou

nt
s 

/ k
eV

 

tc = 95 min

48
S

c

48
S

c

24
N

a

48
S

c

*

*
*

48
S

c

47
S

c

*

*

*

*

24
N

a

56
M

n

24
N

a

* *
*27

M
g
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1010) and (b) Torlon 4301 (Nn ∼ 1.3(1)×1010) with Ep = 12 MeV andtirr = 13 h. Both
the spectra are recorded in the TiLES (Tdata = 1 h for each spectrum). Stars have same
meaning as in Figure 4.3.

Even though the 511 keVγ-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 natPband natCu

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-

atednatPb andnatCu samples are shown in Figures 4.7 (a) and (b), respec-

tively. Gamma-rays originating from decay of203Pb and204mPb (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 decay of124Sb produces many

gamma-rays> Qββ (124Sn) 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. ButEγ = 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 irradiated (a)natPb withEp = 20 MeV,tirr =
2 h andNn ∼ 0.69(5)×1010 for different cooling timetc, (b) natCu with Ep = 20 MeV,tirr

= 10 h,Nn ∼ 5.9(4)×1010 for different cooling timetc and (c)natCu with Ep = 20 MeV,
tirr = 2 h andNn ∼ 1.09(8)×1010. The spectrum shown in (a) is measured in the D2 setup
while those in (b) and (c) in the TiLES (Tdata = 1 h for each spectrum). In panels (a) and
(b), spectra for largertc are scaled by 0.1 for better visualization. Stars have same meaning
as in Figure 4.3.

In the gamma ray spectrum ofnatCu (see Figure 4.7(b)) short-lived ac-

tivities (T1/2 ∼ h) such as64Cu and65Ni are seen. The long-lived products

like 60Co (T1/2 = 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 products (T1/2 ∼ min) such
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as62mCo and66Cu 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 formed innatPb sample.
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Figure 4.8: Decay curves for (a) 279 keVγ-ray of 203Pb and (b) 899 keVγ-ray of 204mPb
formed in the neutron irradiatednatPb withEp = 20 MeV.

Figure 4.9(a) shows the decay curve of 511 keVγ-ray innatPb sample. A

single exponential fit indicatedT1/2 ∼ 41(4) min, while a two component fit

resulted inT t1
1/2 andT t2

1/2 as 11(4) and 70(32) min, respectively but the origin

of 511 keV innatPb was not identified. Whereas the decay curve in Fig-

ure 4.9(b) fornatCu givesT1/2 ∼ 12.4(5) h, implying that the 511 keVγ-ray
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results from the63Cu(n,γ)64Cu reaction. It should be noted that no18F was

observed in thenatPb ornatCu samples, confirming that the Teflon sample

holder/spacers did not contribute to observed impurities in these samples.

Figure 4.9: Decay curves for 511 keVγ-ray formed in the irradiated (a)natPb with Ep =
20 MeV andtirr = 2 h, (b)natCu with Ep = 20 MeV andtirr = 2 h.

Refs. [104, 115] have reported the formation of60Co in Copper due to

cosmogenic activation. In addition, the62mCo decay produces several high

energyγ-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 natSnand 124Sn

Figure 4.10(a) shows the gamma ray spectra of the neutron irradiated

(Emax = 17.9 MeV) enriched124Sn (97.2%) sample. In addition to the

gamma rays originating from neutron activation of124Sn, reaction prod-

ucts of other Sn isotopes, namely,112Sn, 115Sn, 116Sn, 117Sn and122Sn,

are also found in the enriched sample (see Table 4.3). Most of the isotopes

formed are short-lived, the longest-lived being123Sn with aT1/2 = 129.2 d.

The highest energy gamma rayEγ = 2112.3 keV originates in the decay of

116mIn. 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 example,123mSn can be formed either by122Sn(n,γ)123mSn

or by124Sn(n,2n)123mSn reaction. The contribution from122Sn was probed

by low energy neutron irradiation (Emax = 7.9 MeV corresponding toEp =

10 MeV) where the124Sn(n,2n)123mSn reaction is unfavoured. The obser-

vation of significantly reduced (0.16%) but measurable activity of123mSn

(Eγ = 160.3 keV) at lower neutron energy clearly indicated the traces of

122Sn in the enriched sample. Similarly,115mIn (Eγ = 336.2 keV) can be

produced from115,116Sn with high energy neutrons but at lower neutron en-

ergy only115In(n,n′)115mIn (115In natural abundance 95.7%) is the possible

reaction channel. Thus, observation of 336.2 keVγ-ray with low energy
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neutrons implies presence of trace impurity of115In in the enriched Tin tar-

get. In the observed spectra,γ-rays 1088.6 and 1089.2 keV originating from

decay of123Sn (T1/2 = 129.2 d) and125Sn (T1/2 = 9.64 d), respectively, could

not be separated. Measurements aftertc ∼ 10 d showed that the relative yield
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Figure 4.10: Gamma ray spectra of the neutron irradiated (a)124Sn with Ep = 20 MeV,
tirr = 10 h, Nn ∼ 4.1(3)× 1010 (solid black lines) and withEp = 10 MeV, tirr = 5 h and
Nn ∼ 0.44(4)×1010 (dotted red lines) (Tdata = 14 h), (b)natSn withEp = 20 MeV,tirr = 2 h,
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(dotted red lines). All spectra are recorded in the TiLES andthose corresponding to larger
tc have been scaled by 0.1 for better visualization (Tdata = 6 h for each spectrum). Stars
have same meaning as in Figure 4.3.

of Eγ = 1089.2 keV was higher than that forEγ = 1067 keV confirming the
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formation of123Sn. It should be noted that 331.9 keV and 822.5 keVγ-rays

from 125mSn and125Sn, respectively, were also visible.

Figure 4.10(b) shows the gamma ray spectra of irradiatednatSn sample

with low energy neutrons, where the gamma rays from reaction products

of 112Sn,116Sn and122Sn 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 keVγ-ray from

115mIn was not visible in thenatSn (7N) sample at the same detection sen-

sitivity as in case of124Sn. Gamma rays originating from decay of24Na

were observed in the samples irradiated in an Al target holder, produced via

27Al(n,α)24Na reaction (see Figure 4.10(b)). No additional impurities are

seen in thenatSn (7N) sample.

4.3.4 Effect of Neutron-induced Gamma Background for0νββ Decay

in 124Sn

Neutron-induced gamma background at energiesEγ ≥ 2.1 MeV is esti-

mated for the measured neutron flux corresponding toEp = 20 MeV. Activ-

ities of different reaction products in thenatCu, natPb and124,natSn samples

are calculated from the yields of observedγ-rays of 2003.7 keV, 602.7 keV

and 416.9 keV, respectively (see Table 4.3). Theseγ-rays 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 thenatCu,natPb and124,natSn samples. The neutron flux

is corrected for solid angle subtended by targets in the cascade geometry,

placed at different distances (d) 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 the high energyγ-rays in Pb, Cu
and Sn samples.

Sample Neutron fluence Reaction T1/2 Eγ of interest Expected Intensity
n cm−2(×1010) Product (keV) of Eγ (Bq g−1)

natPb 0.30(2) 124Sb 60.2 d
2182.6 0.0007(3)
2294.0 0.0005(2)

natCu 0.33(2) 62mCo 13.91 min
2301.9 6(2)
2882.3 4(1)

124Sn 1.6(1) 116mIn 54.29 min 2112.3 5(1)
natSn 0.84(6) 116mIn 54.29 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 locations atEn <
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10 MeV is 10−6 n cm−2s−1 [116] and the required overall background level

will be <10−2 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 thatnatSn 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 innatSn

Fast neutrons after thermalisation in the shield can produce significant

background by radiative capture reactions (n,γ) in the detector/source as-

sembly. To investigate the long-lived activities generated by thermalneu-

trons, thenatSn sample (7N purity, mass∼ 1.9 mg) was irradiated with ther-

mal neutrons of flux 5×1013 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 thenatSn sample irradiated with thermal neutrons. The
time elapsed since irradiation istc =90 days (Tdata = 1 d).

Table 4.5: Thermal neutron-induced reaction products,T1/2 and observedγ-rays in the
natSn sample.

Sample Reaction T1/2 Eγ
channel (keV)

natSn

112Sn(n,γ)113Sn 115.09 d 255.1, 391.7

124Sn(n,γ)125Sn,125Sn(n,γ)125Sb 2.75856 y
176.3, 427.9, 463.4,

600.6, 606.7, 635.9, 671.4
64Zn(n,γ)65Zn 243.93 d 1115.5
59Co(n,γ)60Co 5.27 y 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-lived (T1/2 ∼ y) and decay byβ -

emission. The electrons produced withQβ ≥ Qββ (124Sn) 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, Teflon,natCu, natPb and124,natSn. The contri-

bution to the gamma background has been evaluated for an average neu-

tron flux ∼ 106 n cm−2s−1 integrated over neutron energyEn = ∼ 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

46Sc. Teflon shows only 511 keVγ-ray activity resulting from19F(n,2n)18F

reaction atEn ≥ 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, thenatCu sample and Sb impurity

in natPb produces high energy gamma background (Eγ > 2.1 MeV) upon

neutron activation, the contribution in the ROI of 0νββ decay in124Sn is

estimated to be negligible. The neutron-induced reactions form short-lived
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activities in both124Sn andnatSn samples, which are of concern for the Tin

detector. Among the various Sn isotopes formed123Sn has the longest half-

life T1/2 = 129.2 d, while116mIn produces high energyγ-ray of 2112.3 keV.

Thus, for background reduction enriched Tin is preferable as compared to

natural Tin. ThenatSn produces∼ 5(2) times higher gamma background of

2112.3 keVγ-ray than124Sn on neutron activation. Thermal neutrons can

produce long-lived isotopes innatSn like113Sn (T1/2 = 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.

118



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 (En > 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 and (α,n) 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) α particles emitted in the decay chains of U, Th induces (α,n) 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/cm3. 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 with TOF-SIMS method.

Element Concentration Element Concentration
(% Weight) (% Weight)

1H, 2H2 1.1 32S 0.1
6Li, 7Li 0.001 39,40,41K 4

12C 2 40Ca 9.99
16O, 32O2 2.04 52Cr 0.49

23Na 5 56Fe 1
24,25,26Mg 7 58,60Ni 0.55

27Al 25 63,65Cu 1.2
28,29,30Si 40 107,109Ag 0.05

31P 3 120Sn 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 of238U and 224 ppb of232Th. 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 fission (T SF
1/2) together with

the natural abundances of U, Th isotopes and the spontaneous fission neu-

tron yield. Due to very small isotopic abundance, contribution from235U to

Table 5.2: The spontaneous fission neutron yield of the U, Th isotopes [118].

Element Nat. Abundance T SF
1/2 Yield Neutron

(%) [111] (y) n /(s g) Multiplicity

232Th 100 1.22×1021 [119] 9.99×10−8 2.14
235U 0.7204 3.5×1017 2.99×10−4 1.86
238U 99.2742 8.20×1015 1.36×10−2 2.01

the neutron flux is expected to be negligible. Hence, only238U and232Th

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−E/asinh(
√

bE)

where C =
√

(
πb
4a

)(
eb/4a

a
)

(5.1)
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The parametersa andb are empirically derived for each isotope (see Ta-

ble 5.3).

Table 5.3: The Watt spectrum parameters for238U and232Th.

Isotope a b
(MeV) (MeV−1)

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

Table 5.4 lists the average energy< Eα > of the α particles emitted in

U, Th decay chains, the alpha decayT α
1/2 and alpha yield. It should be noted

that theα particles have a very short range (∼ 50 µ at Eα = 10 MeV) in

the rock. The (α,n) reaction rate will depend on the initial energy of the

emitted alpha particle, the reactionQ value and the Coulomb barrier. For

Table 5.4: Details of the alpha yield of the U and Th isotopes [118].

Isotope < Eα > T α
1/2 Alpha Yield

(MeV) (y) (α/ (s-g))

238U 4.19 4.47×109 1.2×104

232Th 4.00 1.41×1010 4.1×103

the present work, the thick target (α, n) reaction yields (N(E) - neutrons

per MeV) for low Z elements (Z≤ 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 for40Ca,31P 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 (α,n) component dominates at lower
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Figure 5.1: Neutron spectra for BWH rock with 60 ppb of238U and 224 ppb of232Th.

neutron energies while the SF dominates at higher energies. The data for

(α,n) was not available forEn > 8 MeV, but from the trend it is clear that

the (α,n) contribution is∼ 100 times lower than that of the SF forEn > 8

MeV.

124



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 simulationsand

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 spectra (N(E j)) after trans-

mission through a rock element were computed. The size of the rock el-

ement was optimized such thatN(E j) reaches a saturation value for the

highest incident neutron energyEn = 15 MeV (in steps of 1 MeV). The

transmission factorT (E j,Ei) – the fraction of neutrons with initial energy

Ei and emerging with final energyE j is computed forEi = 1 to 15 MeV

for this optimal sized rock element. The neutron fluxN(E j) (in units of

cm−2 s−1) per unit area at the surface of the rock is then computed using:

N(E j) = ∑
i

T (E j,Ei)N(Ei) (5.2)

125



whereN(Ei) 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

G4NDL4.0 neutron cross-section library. Since the neutron flux rapidly de-

creases with energy (by about∼ six orders of magnitude atEn = 15 MeV),

only En ≤15 MeV is considered in the simulations. Typically, 106 events

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 scattered in the

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

40×40 cm2 BWH rock of different thicknesses was considered. Figure 5.2

shows the neutron transmission probability (P(Ei)) as a function of rock

thickness forEn = 1− 20 MeV. It can be seen that the flux of neutrons

of En = 15− 20 MeV reduces by two orders of magnitude after propaga-

tion through 30 cm thick BWH rock. It should be pointed out thatP(Ei)
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Figure 5.2: Neutron transmission probability as a functionof rock thickness for a mono-
energetic point source.

decreases because neutrons lose energy, and as a result the yield of low

energy neutrons (N(E j),E j < Ei) 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 RI and RII with diameterφ = 30 cm

and lengthL = 30 cm. The outer shell (RIII) dimensions were chosen to

beφ = 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, II

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

neutrons.

Figure 5.3: Schematic geometry of rock elements RI, RII and RIIIconsidered in the simu-
lations.

Simulations were done for following three configurations with uniform

volume source :

• Case 1: RI-rock, RII and RIII-Air : Neutrons in RI.

• Case 2: RI, RII-rock, RIII-Air : Neutrons in RII.

• Case 3: RI, RII, RIII-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 RI forincident neutron energyEn =
10 MeV.

The total transmitted neutron spectrum was generated using :

N(E f ) = ∑
i

T (E f ,Ei)N(Ei)

where N(Ei) = N0δ (Ei)

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 (red circle) and Case 2 (blue trian-
gle) and (b) Neutron transmission shown for Case 1 (red circle), Case 3 (blue triangle) (see
text for details)

It can be seen that the overall contribution from the RII is only about 10%

of that of the RI. Further, reduction in the flux at higher energies (En > 10

MeV) is greater than that at lower energies. The enhancement in the low

energy yield arising due to scattering in surrounding rock material is clearly

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 diameters (d)
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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 energyEn = 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 neutron energy En = 15 MeV for the rock
elementd = L = 90 cm.
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Figure 5.7: Transmission fraction of neutron forEn = 15 MeV as a function ofd = L of
the rock element for the different energy ranges. Each rock element have been scaled to the
volume of element withd = L = 90 cm.

While for high neutron energies (En > 5 MeV) the transmission fraction

is nearly constant, the saturation value in the low energies window (En =

1−5 MeV) is reached only for rock elements sized = L > 130 cm. Hence

the optimal size of rock element is chosen to bed = L = 140 cm. Figure 5.8

shows the neutron spectra from this unit rock element which are used to

generate transmission matrixT (E j,Ei) mentioned earlier.

132



1 2 3 4 5

0.01

0.1

2 4 6 8 10
0.001

0.01
T

ra
ns

m
is

si
on

 F
ra

ct
io

n

2 4 6 8 10 12 14
En (MeV)

0.001

0.01

Figure 5.8: Neutron spectra of incident neutron energy (a)En = 5 MeV, (b)En = 10 MeV
and (c)En = 15 MeV for rock elementd = L = 140 cm.

The total neutron fluxNs(E j) is obtained at the surface of this BWH unit

rock element using Eq. 5.2. It should be noted that theNs(E) thus obtained

represents the flux at any point on the surface of the cylindrical tunnel.
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Figure 5.9: A schematic diagram of the underground tunnel assumed as a cylinder. The
surrounding rock is shown by the shaded portion.

Assuming the experimental hall to be a cylindrical tunnel of radiusr = 2

m andL = 12 m (see Figure 5.9), the neutron fluxN f (E) at its center can be

estimated as :

N f (E) =

2π
∫

φ=0

6
∫

z=−6

Ns(E)
A

A
d2 r dφ dz

= Ns(E)2π
6
∫

z=−6

r
r2+ z2 dz

= Ns(E)2π [arctan(
z
r
)]6z=−6

= 7.84×Ns(E)

(5.3)
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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 fluxN f (E)

at the center of the tunnel in the rangeEn = 1−15 MeV. The energy inte-
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Figure 5.10: The estimated neutron flux (N f (E)) at the center of an underground tunnel
at INO site. The unfilled circle represents the MC data and theline corresponds to the
exponential fit in the range ofEn = 2−15 MeV.

grated neutron flux obtained is 3.2×10−6 n cm−2 s−1 from the rock activity.

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

N(E) = 3.8×10−6exp(−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 source (En = 1−20 MeV) at the

rock surface. Borated (5%natB) [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 En = 20 MeV to 0.4%. In hydrogenous materials neutron capture

by proton releases aγ-ray of energy 2224.573(0.002) keV (the binding en-

ergy of Deuterium), which is close to theQββ (124Sn). 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
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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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Figure 5.11: (a) Neutron shield using (BPE + Pb) between the rock and experimental hall,
(b) Gamma-ray spectra after positions A and B forEn = 20 MeV.

BPE + Pb shield is required to reduce the net background from the rock.

Table 5.5 lists the gamma background (Nγ) produced per incident neutron

after Layer I for a given neutron energy.

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

En Nγ (0-10 MeV) Nγ (2.2 MeV)
(MeV)

1 6.4×10−4 2.5×10−5

5 1.0×10−3 4.6×10−5

10 2.0×10−2 7.9×10−5

20 3.9×10−2 1.9×10−3
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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 thicknesst was sub-divided

into smaller blocks of equal thicknesst/2 or t/4. If T (E j,Ei) is the trans-

mission probability for neutron of energyEi to emerge with energyE j after

traversing the thicknesst, thenT2(E j,Ei) corresponding to thickness 2t (i.e.

t + t) can be obtained as:

T2(E j,Ei) =
i

∑
k= j

T (E j,Ek)T (Ek,Ei) (5.5)

In the present work MC simulation were done for 5 cm BPE (En = 1− 5

MeV), 10 cm BPE (En = 6−10 MeV) and 20 cm BPE (En = 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 forEi = 10 MeV obtained by this method and from MC sim-

ulations (Nn = 106). 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 cavernN f (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 atEn = 15 MeV (∼ 10−6). It would be of interest to
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5 10 15
En (MeV)

10
-18

10
-12

10
-6

n 
/ (

cm
2  s

)

Nf (E)

BPE (20 cm)
BPE (40 cm)
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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 mass∼ 1 ton)

will consist of an array of Sn bolometers in a cryostat. The sensitivity of a

large detector∼ 1 ton (90% enrichment) is estimated as< mee >∼ 50−100

meV in one year observation time assuming∼ 0.01 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 cryostat is∼ 1.5 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 m× 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 10 m× 10 m and height of 5 m is

essential inside the cavern. Since the overall tunnel height in INO cavern is
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around 5 m, it is proposed to make a 10 m× 5 m wide pit with a depth of∼

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 flux (En ≤ 15 MeV) resulting from spontaneous fission and

(α,n) interactions for BWH rock containing 60 ppb of235U 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 energy (En ≤ 15

MeV) is 3×10−6 n cm−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 produces aγ-ray

close toQββ (124Sn), 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. The 2νββ decay where two electrons

and twoνe are emitted, does not violate lepton number and is allowed in

the Standard Model. The 2νββ decay is predicted in about 35 even-even

isotopes and has been observed in about 11 isotopes so far withT1/2 ∼

1018− 1024 y. Other modes of double beta decay likeβ+β+, β+EC 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 onT1/2 ∼ 1025 y has been set in76Ge

and136Xe.

In India, a feasibility study has been initiated to search for 0νββ decay in

124Sn using a Tin cryogenic bolometer. The bolometer detector offers good

energy resolution (0.2% atQββ ). TheQββ value of124Sn is 2292.64±0.39

keV and it has a moderate isotopic abundance∼ 5.8%. 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 for 0νββ search

in 124Sn. For this purpose TiLES (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 performed with point

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 (210Pb < 0.3 Bq/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 of40K (1050(16) mBq/g). The en-

riched Sn samples showed high levels of 661.7 keVγ-ray activity while

the natSn (7N purity) samples has higher radioactivity of40K. In addition,

gamma rays from Tin isotopes other than124Sn were observed in thenatSn

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

145



as Torlon 4203 and 4301, Teflon,natCu, natPb and124,natSn. The contri-

bution to the gamma background has been evaluated for an average neu-

tron flux ∼ 106 n cm−2s−1 integrated over neutron energyEn = ∼ 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

46Sc. Teflon shows only 511 keVγ-ray activity resulting from19F(n,2n)18F

reaction atEn ≥ 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, thenatCu sample and Sb impurity

in natPb produces high energy gamma background (Eγ > 2.1 MeV) upon

neutron activation, the contribution in the ROI of 0νββ decay in124Sn is

estimated to be negligible. The neutron-induced reactions form short-lived

activities in both124Sn andnatSn samples, which are of concern for the Tin

detector. Among the various Sn isotopes formed123Sn has the longest half-

life T1/2 = 129.2 d, while116mIn produces high energyγ-ray of 2112.3 keV.

Thus, for background reduction enriched Tin is preferable as compared to

natural Tin. ThenatSn produces∼ 5(2) times higher gamma background of

2112.3 keVγ-ray than124Sn on neutron activation. Thermal neutrons can
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produce long-lived isotopes innatSn like113Sn (T1/2 = 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 (En ≤ 15 MeV) resulting from spontaneous fission and

(α,n) interactions for BWH rock containing 60 ppb of235U 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 (En ≤ 15 MeV) is 3

×10−6 n cm−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 produces aγ-ray close to

Qββ (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 is∼ 2 mBq/g for40K and∼ 1 mBq/g for

232Th with the present shielding configuration andTdata = 6 d. For fur-

ther improvement in background,222Rn contamination can be reduced by

purging the system with pure dry N2 gas. This will help in reducing the

background originating from214Pb and214Bi. In addition, pulse shape dis-

crimination can be applied betweenγ and (α + β ) 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 Qββ Natural Abun. Exc. state Expt. limits Theo. estimations
(keV) % T1/2 (y) T1/2 (y)

154Sm 1251 22.75 2+1 (123) > 2.3×1018 1.6×1018

94Zr 1144 17.4 2+1 (871) > 1.3×1019 1022−24

160Gd 1729.7 21.86 2+1 (87) > 2.1×1019 –
170Er 653.6 14.9 2+1 (84) > 3.2×1017 –

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 is94Zr (see Figure 6.1). It should be mentioned that single beta

decay in96Zr (natural abundance 2.8%) is suppressed by spin differences

and a limit can be placed onβ -decay in96Zr [133]. ThenatZr is available

Figure 6.1: Decay schemes of (a)94Zr and (b)96Zr [133].
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commercially in different forms. The FWHM at 871 keV gamma ray is∼ 2

keV in the TiLES.

Fast and thermal neutron induced background has been studied in the

natZr foils (99.9% purity from Princeton Scientific Corp.). The irradiation

time (tirr) 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 ofnatZr.

Ep tirr φn

(MeV) ( n cm−2 s−1)

12 MeV 12 h 2.3(0.2)×105

20 MeV 4 h, 13.7 h 9.9(0.7)×105

Thermal 1 min 1.3×1013

Table 6.3: Neutron-induced reaction products,T1/2 and observedγ-rays in the irradiated
Zr samples. The minimum neutron energyEn at which correspondingσ is ≥ µb is also
listed [111].

Reaction T1/2 Eγ En

channel Refn.[111] (keV) (MeV)

90Zr(n,p)90Y 3.19 h 202.5, 479.6, 681.8 3.2
91Zr(n,p)91mY 49.7 m 555.6 2.9
94Zr(n,γ)95Zr 64.0 d 724.2, 756.77 –
96Zr(n,γ)97Zr 16.7 h 743.3 –
90Zr(n,2n)89Zr 78.4 h 909.1, 1713.0 12.4
93Nb(n,2n)92Nb 10.15 d 934.4 9
86Sr(n,γ)87Sr 2.8 h 388.5 –
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present as impurities in thenatZr sample. From Table 6.3, it can be seen

that the most dominant reactions (n,γ) at thermal neutron energies give rise

to gamma background less than 871 keV gamma ray. ThenatZr foils were

counted in a close geometry in the TiLES to estimate the background sen-

sitivity in the ROI, i.e 871±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% in∼ 12 mm thick Zr plate. The counting

of natZr was done in phases with a mass increase of∼ 50 g at each level to

monitor the background in the ROI. Many gamma rays were observed in the

spectrum ofnatZr (see Figure 6.2), mostly originating from the gamma tran-

sitions occurring in97Nb populated from the decay of97Zr [134]. The back-

ground index obtained in the ROI, i.e. around 871 keV, is∼ 59 counts/(keV

kg d).
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Figure 6.2: The gamma-ray spectra ofnatZr 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 onT1/2 for DBD to the first excited state in94Zr is

obtained using:

T1/2 >
NA ln2 ε a

W kCL

√

M t
Nbkg ∆E

(6.1)

whereNA is Avogadro’s number,ε (∼ 2.33%) is the detection efficiency

of 871 keV, a (17.38%) is the isotopic abundance of94Zr (17.38%),W

(91.22) is the molar mass of Zr,M is 360 g,t(y) is the time of measurement,

Nbkg( g−1keV−1y−1) is the background index,∆E is the FWHM energy res-

olution of TiLES for 871 keV andkCL is 1 corresponding to a 68% CL. The
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T1/2 obtained for DBD to the first excited state in94Zr is 1.59(0.08)×1018

y for ∼ 35 g y exposure at 68% CL. The limit can be improved by∼ one or-

der of magnitude (similar to the existing experimental limits> 1.3×1019 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).

0νββ : Neutrinoless double beta decay

2νββ : 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

IO : 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

TiLES : 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 Ion Mass Spectrometry

ENDF: Evaluated Nuclear Data File

ICPMS : Inductively Coupled Plasma Mass Spectrometry

Tdata : Counting period of the gamma ray spectrum

tc : Cooldown time after neutron irradiation

BPE : Borated Paraffin

CL : Confidence Level
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