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Synopsis

Neutrino is a chargeless lepton in the standard model of elementary parti-
cles and interacts only via weak interaction. Understanding the properties
of neutrinos has been one of the prime interests in the field of nuclear
and particle physics research. Neutrinos exist in three different flavors:
electron neutrinos (v,) muon neutrinos(v,) and tau neutrinos (v;), associ-
ated with the respective charged leptons. Experiments in recent years have
conclusively shown that neutrinos oscillate in the flavor states implying
that neutrinos have a non-zero finite mass [[1, [2]]. However, it should be
noted that from the neutrino oscillation data only the differences in mass
squares can be extracted. The absolute mass and the true nature of neutri-
nos, i.e. whether neutrino and antineutrino are same (Majorana particle) or
different (Dirac particle), is still an open question. This has long standing
implications in understanding matter-antimatter asymmetry and can also

be important for explaining the smallness of the neutrino mass.

The Double beta decay (DBD) is a second order spontaneous nuclear

xli
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transition where a nucleus (A,Z) decays to an isobar (A,Z+2) by emitting

two electrons along with two antineutrinos.
(A,Z) > (A Z+2)+2e +2v,

The DBD is favoured when the single beta decay is energetically forbidden
or spin forbidden. If the neutrinos are Majorana particles, there is a
finite probability that neutrinos virtually annihilate each other leading to a
neutrinoless double beta decay (NDBD or Ov ). The decay rate, i.e. the

inverse of the half-life of the NDBD process is given by Equation 1 as,

(Tlo/vz)_1 = Go,(Opg, Z)| Moy |* < mgp >2 (1)

where G, (Qpp, Z) is the phase space factor, My, is the nuclear transition
matrix element (NTME) and mpgg is the effective Majorana mass of the
electron neutrino [3[]. At present, NDBD is perhaps the only viable ex-
periment, which can reveal the true nature of neutrino and also measure
the absolute effective mass of neutrino. A peak at the Q value in the sum
energy spectrum of the two electron would be an experimental signature
of the NDBD process. If the peak is observed after a measurement time t

<<T P/Vz the half-life can be expressed as

oy _ iNaMte

= 2
= ANoss 2)

where iNs M /A equates to the number of parent atoms in the source mate-
rial of mass M having isotopic abundance i, N4 is the Avogadro number, €
is the detector efficiency and Ny, gg is the number Ov 53 events observed.

If no peak is observed a lower limit on the half-life can be placed depending
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on the background fluctuation at the region of interest (ROI) as

oy _ iNae | M1
7o, > (3)
Af \| Ny AE

where AE is the energy resolution at the Q value, f is the number of
standard deviation corresponding to a given confidence level and Ny, is
the normalized background event rate per unit energy, per unit mass and
per unit time, referred to as background index. From above equation,
it is evident to achieve a high sensitivity (> 10** yrs), it is essential
to have high Q value, high detection efficiency, low background (~0.01
counts/kg/keV/year)and large mass detector (~100-1000 Kg) with high
isotopic abundance and very good energy resolution. Further, NTME
calculations involve large uncertainties and hence it is important to pursue
NDBD in different nuclei. The DBD is allowed in the standard model
and has been experimentally observed in 12 different nuclei with half-life
ranging from 10'® to 10>* years [4]. In contrary to that, Ov 82 is a lepton
number violating process and not yet observed. A worldwide effort is
underway to search for this rare decay in different nuclei. Till date the best
T7), limit is reported by KamLAND-Zen on '*°Xe as 1.07 x 10*° year at
90% C.L. [3]. Other two major experiments, namely, GERDA and CUORE
have reported Tlo/v2 limits (at 90% C.L) for 7°Ge and '3°Te as 8.0 x 10%
year [6] and 1.5 x 10?° years [7] respectively.

Given its importance, an experiment to search for NDBD in 2*Sn (Tin. Tin)
has been initiated in India [8]]. Moderate isotopic abundance (5.8 %) and

reasonably high Q-value of 2292.6 + 0.39 keV makes '>*Sn a suitable

isotope for this experiment. Since tin becomes superconducting at T¢ =
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3.17 K it can be made into a bolometric detector with very good energy
resolution. It is envisaged to house an array of tin bolometers (3 x3x 3
cm?) operating at ~ 10 mK at the upcoming underground facility of the
India-based neutrino observatory [9)]. Bacrania et.al have reported tin
micro-calorimeter with very good energy resolution [10]. However, large

mass superconducting tin bolometer has not yet been made.

At mK temperatures, various extraneous factors (vibration noise, elec-
tronic noise, micro-phonics etc.) limits the bolometer energy resolution
[11]]. Assessment and minimization of the contribution of these factors
is of utmost importance to improve the bolometer resolution operating at
mK temperature. In this thesis, work related to the development of a tin
bolometer is presented. A low noise electronics readout with NI based
data acquisition system has been set up. Improvements to the fabrication
of indigenous NTD Ge sensors and characterization of these sensors have
been performed [[12]]. A comparative study of the heat capacity of polymers
(Teflon, Torlon 4203 and Torlon 4301) is done in the temperature range
of 30-400 mK in order to choose a low heat capacity material for support
structure in the bolometer [13]]. Using a Mathematica based program, im-
plementing macroscopic thermal model, a sapphire bolometer is designed
and made. A detailed noise characterization, investigation of various noise
sources and its mitigation to improve the performance of the bolometer
detector is performed. The sapphire bolometer is tested with heater pulses
(0.3-10 MeV) and alpha pulses (~ 5 MeV), in order to understand the
systematic effects relevant for the performance of bolometer at mK tem-

perature. Preliminary studies have been carried out on a moderate size Sn
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sample (0.6 g) mounted on the Sapphire platform.

CFDR 1200 setup for cryogenic bolomter

A custom made high cooling power (1.4 mW at 120 mK) cryogen free
dilution refrigerator (CFDR1200) is installed at TIFR [14]] to facilitate
R&D related to cryogenic bolometer operating at mK temperatures. The
cryogen free design is chosen to carry out uninterrupted measurement over
a long duration in an underground laboratory. In the CFDR 1200, the 40
K and the 3 K stages are cooled with the help of a two stage pulse tube
cryocooler (Cryomech-PT415). The compressor for the PT is placed in
a separate room at a distance ~ 20 m from the cryostat to minimize the
acoustic noise. The valve motor control unit is detached from the PT and
mounted on a vibration damper, situated on the top of the tripod supporting
the cryostat, using a 65 cm long swan neck shaped bellow. It should be
mentioned that the pulse tube valve control motor can be powered by a
linear drive unit (LNX-G from Precision Motion Control 19 , Inc.), in lieu
of the standard stepper motor drive resulting in less noise at temperature
T < 100 mK. The CFDR1200 has a large cylindrical sample space (30 cm
diameter and 30 cm height) capable of supporting ~100 kg mass at the
mixing chamber (MC) and is provided with 300 readout wires enabling
simultaneous measurement of 75 sensors in four wire readout scheme. A
provision is also made for mounting electronics at 50 K plate for ultra-low
noise applications. The CFDR is placed inside a Faraday cage. The PT

and various vacuum gauges are interfaced with the PC via an optically
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isolated RS232 adapter. The temperature of the MC is measured using
a Carbon Speer sensor calibrated against a CMN (Cerium Magnesium
Nitrate) thermometer, which in turn is calibrated using a superconducting

fixed point device (FPD).

The CFDR1200 had a major problem when the *He circulation line de-
veloped a choke. The dilution unit comprising the 800 mK szill, 50 mK
heat exchanger and the MC, was completely dismantled to perform a sys-
tematic diagnosis. The choke was located in the secondary impedance
below the still and was repaired. The dilution unit was reassembled with
a new generation still containing pressure dependent primary impedances.
Subsequently, a leak in the *He circulation line was located in the solder
joint of the sintered silver heat exchanger just below the 50 mK plate and
was repaired. Diagnosis and repair of the dilution unit has been a part
of the thesis work. After repairs, a detailed assessment of the CFDR was
carried out by cooling power measurements. A cooling power of 1.36 mW

at 120 mK was recorded with an optimum s#ill heater current of 35 mA.

Improvements to NTD Ge sensor fabrication

Neutron transmutation-doped (NTD) Ge sensors are widely used as low-
temperature sensors owing to high sensitivity, low specific heat and rea-
sonably fast rise time. Development of NTD Ge sensors for use in 7in.Tin,
i.e. with tin bolometer at 10 mK, was initiated [15]. Initial attempts have
shown good performance down to 75 mK. The performance of NTD sensor

at mK temperature depends on several factors like thermal contact to the
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heat bath, strain/stress in the sensor mounting arrangement, electrical con-
tacts and external noise. Further, minimization of radioactive background
arising due to neutron irradiation in NTD Ge fabrication is of paramount
importance. This makes the fabrication and testing of NTD Ge sensors,
intended for rare decay studies with bolometer operating at mK tempera-
ture, very challenging. As a part of the thesis work, various improvements
in NTD Ge fabrication have been carried out. Several irradiations (13
batches) were carried out at Dhruva reactor, BARC, Mumbai with an aim
to achieve the desired neutron fluence of ~ 4 x 10'® /cm?2, which was shown
to be the optimum dose suitable for NTD sensors in 10-100 mK range [12].
In some cases, an independent estimate of the thermal neutron flux was
obtained using a monitor sample of "Zr. The irradiated "Zr samples
have been studied in TILES (Tifr Low background Experimental Setup)
and the thermal neutron flux is estimated from the activity of >>Zr. In some
cases, internal impurity of '23Sb in the device grade Ge sample (119 + 7
ppt), is also used to estimate the thermal neutron flux. Neutron irradiation
of the Ge sample leads to significant levels of long-lived radioactive impu-
rities on surface and could be removed by chemical etching ~ 50um of the
NTD Ge [16]. In the present work, it is shown that the etching of the Ge
samples prior to irradiation resulted in reduction of the surface impurity
levels by 40-80%. To improve the surface quality of the irradiated wafer,
optical finish polishing is done at the final stage, i.e., after post-irradiation
chemical etching. A 25 um thick Al wire is wedge bonded to AuGe contact
pads on the sensor for making an electrical readout connection. The mask

for depositing AuGe is modified for a wrap around contact, which ensures
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parallel electric field inside the sensor. This mask can be used for a batch

fabrication of upto ~ 150 sensors.

The electronic heat capacity of NTD Ge sensor varies linearly with tem-
perature (c =y T) and can contribute significantly at mK temperature [|17]]
when used in a small size bolometer. Hence, the reduction of the sensor
size is very important for such bolometers, to achieve a better energy res-
olution. Hence, fabrication and characterization of smaller size sensors
(1x 1x 1 mm?) was carried out. A ~500 nm Au layer is deposited on the
two opposite sides for electrical contact. These sensors are ~ 20 times
smaller in mass than the earlier sensors (3 X 6x 1 mm?) and are expected
to result in reducing the heat capacity addendum in a bolometer setup by a

similar amount.

NI DAQ setup

Commercially available AC resistance bridge is capable of low noise mea-
surement of thermistors with resistances only upto 2 MQ. Typical resis-
tance of NTD Ge sensors at T <50 mK is ~100 MQ to few GQ. Very low
noise and low excitation (fA to pA) is required to minimize self heating
while measuring the resistance of a NTD Ge sensor. A NI based data acqui-
sition system, suitable for bolometer R&D, is developed using LabView
software [[18]. The data acquisition system (DAQ) consists of a multi-
function I/O Module (NI PXI-6281) housed on NI PXIe 1082 chassis. The
PXI-6281 has two single ended 16 bit DAC output channels and 8 differen-

tial 18 bit ADC input channels. The chassis is interfaced with the PC via a
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high-speed optical fiber. The output of a DAC channel is supplied to a pair
of bias resistors connected in series with the NTD Ge sensor. The voltage
across the sensor is amplified using a low noise (5.5 nV/VH?z), variable
high gain (20 dB to 80 dB), high input impedance (1 TQ) differential am-
plifier (Femto DLPVA-100-F) and the output of the amplifier is acquired
using an ADC channel in PXI-6281. Measurements of current vs voltage
(I-V) characteristics of the sensors at low temperatures (10-400 mK) are
performed using customized data acquisition programs developed on the
LabView platform. For acquisition over prolonged periods, software has
a provision to automatically start a new file after preset interval (0.5 hour
was used). A typical noise of Vpp ~ 10 mV is obtained in the amplified

sensor output with 60 dB gain at temperature T < 50 mK.

Results

NTD Ge sensor characterization

NTD Ge sensors having different dopant concentrations are characterized
in 10400 mK temperature range. The temperature dependence of these
sensors is shown to be in good agreement with the variable-range hopping
mechanism (R = Ryexp(y/To/T)) in this temperature range. The extracted
To values show the expected dependence on doping density, but are higher
compared to the datain Ref [[19]. Data over a wider range of neutron fluence
are required for detailed comparison. The improved NTD Ge sensor (as

per procedure described in earlier section) is shown to be useful down to
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10 mK temperature. However, it should be mentioned that at T < 30 mK,

deviations from Mott behaviour are observed.

A set of 6 smaller dimension sensors (four of size 1 x 1x 1 mm?> and two
of size 2x 2x 1 mm?) are fabricated in a single batch from the M wafer
(N; = 4.2 x 108¢m™2 ). These sensors are found to have similar Mott
behaviour for R-T, in temperature range of 40 mK to 400 mK with + 15 %

variation in 7y as shown in Fig[0.1]
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Ficure 0.1: In R versus 77 together with fits to Mott’s curve for M sensors in the
temperature range 40-400 mK
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Heat capacity measurement of polymers

Amorphous organic polymers are widely used for structural applications
at cryogenic temperatures, as these polymers offer high strength to weight
ratio and low thermal conductivity. Some of the polymers, which do not
form dielectric glasses, can also exhibit low heat capacity at cryogenic
temperatures and are suitable for the use as structural supports in the low
temperature detectors. While thermal conductivity determines the decay
time of the detector, a material with high heat capacity can severely dete-
riorate the resolution of the detector. It is known that approximately one
third of the heat capacity of the thermal link would contribute to the total
heat capacity of the calorimetric detector [20]. Hence the heat capacity
and the thermal conductivity of these materials are very important to be
known. However, there is little or no such data for most of the polymers at
the detector operating temperature (typically few tens of mK). This moti-
vated us to measure the specific heat of Teflon (PTFE, virgin grade), Torlon
4203 and Torlon 4301 (polyamideimide; Solvay Advanced Polymers) in the
temperature range of 30-400 mK. Measurements are performed employing
thermal relaxation calorimetric technique and the results (see Fig.[0.2) are
consistent with the tunneling state models used to explain the observed
unusual low temperature specific heat of amorphous polymers. While this
work reports the specific heat of Torlon 4301 for the first time, it extends the
calorimetric data to lower temperatures for Teflon and Torlon 4203 down to
30 mK. The specific heat of Teflon is significantly smaller than Torlon 4203
(about 3 times) and Torlon 4301 (about 10 times) below 100 mK. The data
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for Teflon is in excellent agreement with the values reported by Boyer et al.
from 0.3 K to 20 K. Among Torlon, the specific heat of Torlon 4203 (3%
TiO 2 and 0.5% fluorocarbon) is appreciably lower than Torlon 4301 (12%
graphite powder and 3% fluorocarbon) over the entire temperature range

investigated in this work. Teflon is more suitable for cryogenic applications
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Ficure 0.2: Comparison of the specific heat of Torlon 4301, Torlon 4203 and Teflon

which require low heat capacity materials and are not strongly constrained
by mechanical design of the support structures. However, Torlon exhibits
higher tensile and compressive strength and would be preferable for appli-
cations with large mechanical load. In such cases, Torlon 4203 would be a

suitable material compared to Teflon and Torlon 4301.

Tests with a sapphire bolometer

A macroscopic thermal model based on Mathematica [21] is formulated to
simulate transient thermal response of a bolometer to an incident heat pulse

at mK temperature. This is used to design sapphire bolometer components
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to obtain optimal performance. The sapphire possesses very low specific
heat (20 fJ/K/g at 10 mK), since Debye temperature is large (1042 K) and
has been tested at temperature as high as 1.5K as a bolometer[22]. The
sapphire bolometer (20 x 20x 0.4 mm?) is weakly coupled to the CFDR
mixing chamber stage by means of four low temperature Araldite glue
spots (dia ~ I mm and height 0.1 mm). Two NTD Ge sensors and a heater
is mounted on the sapphire using a thin layer of Araldite. The heater
element is made by evaporating a 100 nm Au meander on a Si substrate.
The resistance of the heater element, as measured using an AC resistance
bridge AVS-47B, is found to be 0.6 kQ at 1 K and remains constant over
the temperature range of 1 K down to 10 mK. With this setup the effect
of external noise is studied in detail and the response to heat pulses (i.e.
phonons) as well to alpha particles is investigated. Phonon pulses were
generated using a LabView based program, where periodic voltage pulses
of width 200 us were supplied to the heater using a DAC output and the
amplified output of the NTD Ge sensor was recorded in an ADC channel

with a sampling rate of 50 kHz.

Pulse height analysis program for bolometer

Unlike other particle detectors (e.g., Scintillator detector, HPGe detector),
the response time of a bolometric detector is comparatively slow. Typically
the rise time of a large mass (~ 100 g) bolometer is ~ 10 ms and decay
time ~ 0.1 - 1s[11]. A software tool in desirable for shaping and analysis

of the pulses. A ROOT based C++ program is developed for off-line
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pulse shape analysis of the bolometer signal. The program consists of two

parts. In the first part, smoothened signal (S0), first derivative (S1) and

second derivative (S2) of the digitally sampled raw pulse (S) are derived by

applying Savitzky-Golay technique [23] [24] as illustrated in Fig. [0.3] (lef?).

In the second part, when S1 crosses a certain preset threshold, various
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Ficure 0.3: An example of the pulse processing (left) and pile up rejection (right).

pulse shape parameters are extracted and are used to filter out spurious

pulses. The pulse height is extracted by integrating the derivative of the

signal, and hence it is immune to any slow baseline variations. Also it

takes into account the variation in the rise time. Further, the pileup pulses

are well separated in S1, yielding efficient pileup rejection as shown in

Fig.[0.3| (right). A rectangular gate was applied on the mean versus RMS

distribution of the baseline of width 100 ms (both before and after the

pulse), to reject pulses having unstable baseline. This analysis procedure

is applied to both heater pulses and pulses generated due to radiation like

o particles, muons etc.
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Effect of external noise

Minimization of external noise originating from the cryogenic system and
the associated electronics is very essential in order to achieve a good reso-
lution in the bolometer. Noise induced due to the mechanical vibrations is
one of the major drawbacks in a pulse tube based cryogenic system. The
effect of mechanical vibrations can propagate to the lowest temperature
stage and result in heating of the sensor, thereby affecting the performance
of the bolometer. In addition to acting as an additional thermal load, these
vibrations can also couple to the signal lines causing microphonic noise
pickup in the readout signal. The sapphire bolometer was tested in a con-
ventional wet dilution refrigerator [25] to assess the impact of vibration
due to pulse tube cooler. Efforts have been made to reduce the contribu-
tion of the pulse tube induced vibrational noise by implementing special
vibrational damping measures during the design of the cryostat [14]]. Other
major contribution in the external noise sources involves the intrinsic noise
of the mK thermometer and that induced by the front-end electronics.
Apart from these widely known external factors, there can be system spe-
cific noise sources like vacuum pumps and measurement electronics. An
efficient and proper ground connection of the system is necessary in order
to minimize the ground loops, which otherwise can result in noise pick-
ups in the operating frequency range. These various sources of pickups
can have a detrimental effect on the overall performance of the bolometer
and therefore, it is essential to investigate and eliminate the same. With

this motivation, the various noise source and its influence on the sapphire
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bolometer in the CFDR1200 system at TIFR [[14]] is studied. The detailed
noise measurements in the frequency span of DC — 25 kHz have been
carried out for the entire setup including the system related diagnostics,
control systems, and the readout including NI-based data acquisition sys-
tem (DAQ). The latter consists of multiple channels of high precision DAC
and ADC, distribution boards, high input impedance-high gain preampli-
fier, multi-core twisted pair cables as well as the multi- channel twisted pair
wiring internal to the cryostat. An efficient grounding configuration is im-
plemented to minimize the ground loops in the system. Several measures
are taken to minimize or eliminate unwanted pickups originating from var-
ious control and diagnostic modules of the cryogenic system, mainly the
vacuum pumps and vacuum gauges. It is shown that the presence of ground
loops can worsen the performance of bolometer significantly (~30%). Due
to efficient grounding an improvement in the base temperature of the MC
(5 mK as compared to 6.7 mK with sub-optimal grounding) was observed.
Consequently, the resistance of the NTD Ge sensor (DB27) had improved

to ~500 MQ as compared to ~80 MQ in sub-optimal ground condition.

Response to phonon pulses

As mentioned earlier, in order to understand various systematics affecting
the bolometer performance, the response of the sapphire bolometer in the
temperature range of 10-100 mK is measured with phonon pulses generated
by a heater. An understanding of the systematics will be useful to study

superconducting tin bolometer. Energy resolution (o) of the sapphire
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bolometer is measured with heater pulses of equivalent energy of 0.3-10
MeV in the temperature range 10 -100 mK. At each temperature pulse
height vs bias current measurement was done and an optimum bias current
(20 nA-1 pA) was chosen for the energy calibration measurement. The
rise time and the decay time of the bolometer signal at 10 mK are ~1 ms

and ~ 15 ms, respectively.

* Though the energy calibration is linear at low energy (< 3 MeV), a

deviation of ~8 Y% is observed at higher energy (10 MeV).

* It is found that energy resolution (o) decreases as function of the
MC temperature. However, in the range of 10-25 mK the energy

resolution is found to be nearly independent of the temperature.
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Ficure 0.4: Energy resolution of the sapphire bolometer at 15 mK with phonon pulses
in three different sets of measurements

* The energy resolution in this temperature range was repeated over
three different thermal cycles. A good reproducibility is observed

and data are shown in Fig.[0.4]
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* Itcan be seen that the energy resolution of the bolometer(o) is nearly

constant ~ 15 + 3 keV over the energy range of 0.3-5 MeV.

* Measurements were also performed with heater energy ranging upto
10 MeV where a non linear dependence of resolution (o at 10 MeV

=30 keV = 2 keV) with energy could be seen for energies E>3MeV.

* A moderate size tin sample of mass 0.6 g was mounted on the sap-
phire substrate using N-Grease and the energy resolution (o g,) in the
temperature range of 15 - 25 mK is compared with that for the blank
sapphire. No significant difference could be noted on the decay time
and the linearity of the energy calibration. It is observed that for
E<3 MeV, the o, is comparable to o but at higher energies o,
increases with E. This is surprising as thermal noise is temperature
dependent and not energy dependent. Also, most of other external

noise factors are expected to be independent of energy.

Response to alpha pulses

For tests with alpha particles, a weak 2>*Pu-2*! Am alpha source (~ 10 dps)
electroplated on a SS disk is mounted with a brass collimator (1 mm dia).
The mounting setup is shown in Fig.[0.5] Expected energies form the two
major peaks are 5.156 MeV and 5.485 MeV [26]]. The energy spectrum of
the source with the collimator was recorded using a silicon surface barrier
detector for reference. The alpha pulses were acquired for a duration of
~ 6-10 hours at different MC temperatures of 15 mK, 20 mK and 25 mK.

A LabView program was used to record the amplified voltage signal in
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Ficure 0.5: A schematic of the sapphire bolometer setup with the alpha source

leading edge trigger mode with a sampling rate of 50 kHz. The acquired
data was analyzed using the analysis technique as described earlier and the

spectrum is shown in Fig. [0.6 Although two peaks are visible, they are
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FiGure 0.6: Pulse height spectrum obtained with the alpha source

not very well separated. The peak at low energy (pulse height ~ 0.035
V) can arise due to energy deposition of cosmic muons. It is puzzling
to note that E, estimated from the heater calibration, namely, 3.3 MeV
and 3.6 MeV, are significantly lower than the actual source energies (5.156
MeV and 5.485 MeV, respectively). Discrepancy in the heater calibration
and radiation energy was earlier reported in Ref [27], but has not been
understood. The resolution o ~ 70-180 keV estimated from the energy

difference in peaks A E = 330 keV and is considerably worse than the o. It
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should be mentioned that baseline/peak drifts over larger acquisition period
could contribute to worsening of the resolution. Further investigation with

v sources and/or muons will be required.

To summarize, the first test of a cryogenic sapphire bolometer with in-
digenously made NTD Ge sensor is carried out. Response of the sapphire
bolometer is studied with phonon pulses and a energy resolution of 15 keV
+ 3 keV is obtained in the temperature range of 15 — 25 mK. Compared to
CUORE TeO; bolometer, this is worse by about a factor of 5. The energy
resolution of the sapphire bolometer with a Sn of mass ~ 0.6 g does not
show appreciable change below 3 MeV. The spectrum of alpha particles
is also measured with the cryogenic bolometer. This work provides key
inputs for the fabrication of tin superconducting bolometers to be used in

the TinTin experiment.



CHAPTER 1

Introduction

According to the standard model (SM) of elementary particles, the basic
building blocks of matter consist of three generations of quarks and leptons
which interact via three fundamental forces of nature: electromagnetic,
weak and strong forces mediated by their corresponding gauge bosons.
Neutrinos, neutral, spin %, fundamental particles, form a part of a doublet
with the corresponding charged leptons, namely: electron, muon and tau.
Neutrinos were predicted to be massless in the SM, but recent experiments
have conclusively shown that neutrinos have non-zero finite mass [1, [2].
Despite phenomenal progress in the field of neutrino physics, fundamental
properties like mass and nature of neutrinos (whether neutrino is it’s own
antiparticle or not) remain unknown. Neutrinoless double beta decay
(NDBD or OvBp), a lepton number violating process, proposed as an
extension of physics beyond the SM, holds the key to address some of these
issues. Given it’s extensive significance in the fundamental understanding

of the universe at large, an worldwide campaign to search for this rare
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decay process is continuing. In India, an initiative has been undertaken to
search of NDBD in '>*Sn using a cryogenic tin bolometer. Various aspects
related to R&D of the indigenous development of a cryogenic bolometer

are presented in this thesis.

1.1 Brief history of neutrinos

Neutrinos have been enigmatic ever since they came into existence. It was
very puzzling for physicists in the early twentieth century to comprehend
the continuous energy spectra of the electron emitted in a radioactive beta
decay observed. During that period the beta decay was believed to be a
two body decay and a discrete energy spectrum was expected as observed
in alpha or gamma decay. To solve this mystery, W. Pauli postulated the
existence of the neutrino in 1930 [28]. He proposed that in addition to the
electron, a chargeless light particle is also emitted escaping the detection
but carries the missing energy. Following which Fermi proposed the
theory of beta decay assuming the neutrinos to be Dirac particle [29]. The
experimental observation came two decades later when Reines and Cowan
experimentally observed neutrino originating from a nuclear reactor near
Savannah River, South Carolina in 1956 [30]. It took almost half a century
since then, to confirm that neutrinos oscillate from one flavour to another
as they propagate. Consequently, the flavour eigenstates (v, vy, v;) are
represented as a super position of three mass eigenstates (vy, vo, v3) with

mass mi, my and ms3.

viy= > Upwi (1.1)
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here | = e, u, 7 are the flavour eigenstates and i = 1,2,3 are the mass
eigenstates. The mixing matrix U is known as the PMNS matrix in the
honor of B. Pontecorvo, Z.Maki, M. Nakagawa and S. Sakata and has the

form
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(1.2)

where ¢;; and s;; are cos 6;; and sin 6;;, respectively, 6;; s are the mixing
angles and A; are the Majorana phases and are non-zero only if neutrinos
are Majorana in nature. The data from neutrino oscillation experiments in
solar, atmospheric, accelerator and nuclear reactor neutrinos have deter-
mined the matrix U with a reasonable precision [31]. The probability that

a neutrino v, of energy E will oscillate into v after traversing a distance

L can be expressed as

Pyyos (L E) = Sap =4 > Re (UsUgiUa;Up;) sin

i>j 4E (1 3)
Aml.zj L '
+2 ; Im (U UpiUajUp;) cos | —

It can be seen from Eqn. that the neutrino oscillations are sensitive
only to the difference of the squared masses Aml.zj = ml2 - sz Two
mass square differences have been measured and the global fit values

are shown in Table. However, the sign of Amg2 is not yet known.
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TaBLE 1.1: Globally fit neutrino oscillation parameters from Ref. [31]].

Parameter BestFit(+10) 20 range 3o range

Am3 [1075 eV?] 7.557039  7.20-7.94 7.05-8.14
Am§1| [1073 eV2] (NH) 2.50 + 0.03 2.44-2.57 2.41-2.60
Am2|[103 V2] (IH) 242709 234247 231251

Depending on this sign two different mass hierarchy are possible, i.e.,
normal hierarchy (NH) if it is positive with m; < my < mj3 or inverted
hierarchy (IH) if it is negative with m3 < m; < mj,. Currently, accelerator
based long-baseline experiments (NOVA [32]] and T2K [33]]) and reactor
based medium-baseline experiments (JUNO [34]]) are progressing, aiming

to determine the neutrino mass hierarchy.

1.2 Dirac and Majorana neutrinos

A spin 1/2, free fermion of mass m can be represented with a 4-component

spinor field ¥ which satisfies the the Dirac equation

(iy'o, —myy =0 (1.4)
I 0 , 0 o
Here the 4 X 4 y-matrices are Y0 = , Y = and
0 -1 —0; 0
0 1
Y = ,
I 0

o; being the 2 x 2 Pauli Matrices. The y-matrices satisfies the anti-
commutation rule {y* y*} = 2¢*¥ and {y* v’} = 0 where g is the

Minkowski space-time metric (+1,—1,—1,—1). The four independent
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component of the field  represents the particles and antiparticles with
two possible helicities (H = +1). The Lagrangian density for the Dirac

field in the equation [[.4]can be written as

L =iyy o — mpy (1.5)

It should be noted from the above equation that the mass for a spin 1/2
particle is obtained from the term of the form y. Itis possible to represent
Y in the chiral basis as ¢ = ¥ + ¥ g where ¥ and ¥ g are the left-handed

and right-handed projections of the spinor ¢ as given below

1 1
Y =Py =5(1- YW g = PrYy = 51+ Y. (1.6

Where the P; and Pg are the projection operators and they obey the

following relations.
P; Pr=Pgr P, = Oand P, + Pr=1. (17)
Using the above relations the mass term in the equation [I.5]takes the form

Lp =—mpyy = —mpWL+Yr)WrL+YRr) = —mpWryr+yYryr) (1.8)

where mp is the Dirac mass of the particle. Thus in order for the neutrinos
to have a Dirac mass, right handed neutrinos (vg) and left handed an-
tineutrinos (vz) would be required. Since, in the SM only the left handed
neutrinos (vy) and right handed antineutrinos (Vg) exist, neutrinos are
massless in the SM. Further, the weak interaction acts only on the v; and
Vg hence, vg and v, would be non interacting or sterile. The fact that there
is no evidence of vg or vz, there should be a different mechanism by which

neutrinos get their mass.
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. . . . _ ¢
Since neutrinos are charge less, it possible to construct a field ¢ = ¢ +¢7
such that ¥ = ¢, which means that the neutrinos are equivalent to its
antiparticle, also known as Majorana fermions. The Majorana mass term

can then be written as
Lu = —SE@ + Vb0 - S v+ Uue) - (19)

Here, m; and mp are the Majorana masses for neutrinos. The Majorana
mass term directly couples particle and antiparticle which violates charge
conservation. Hence, only the neutrinos in the SM can have Majorana

mass. The most general mass term for neutrinos can be expressed as

Ly = = @ie + o) - SE @ + Vi) - SR G+ T

1 (— 125
:—5(1//2 l/,R)M . +h.c
Uk
(1.10)
where the mass matrix M is given by
mp m
m=|"" " (L11)
mp mpg

If it is assumed that m; = 0 and mgr > mp, then the matrix M can
be diagonalized with two eigenvalues mg and % This is known as the
see-saw model which predicts a light and a heavy Majorana neutrino, and
provides an explanation to the smallness of the neutrino mass as compared
to mp which is expected to have a mass similar to the charged Dirac

fermions.
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1.3 Double beta decay and neutrinoless double
beta decay

Maria Goeppert-Mayer in 1935 proposed the idea of double beta decay
(DBD or 2vB ) [35]. In DBD, an even Z - even N nucleus (A,Z) decays

to an isobar (A,Z+2) by emitting two electrons and two antineutrinos.
(A Z) > (A Z+2)+2e +2v, (1.12)

This is a second order spontaneous nuclear transition and is feasible only
for isotopes in which the single beta decay is either energetically forbidden
or spin forbidden. A schematic representation of this is shown in Fig.[I.1]

Maria Goeppert-Mayer also derived an expression for the decay rate and

Z+1A
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Ficure 1.1: A schematic of the energy level diagram for DBD, taken form Ref. [36]

estimated a half-life ~ 10!7 years. The idea of DBD was motivated by the
presence of few naturally occurring even-even nuclei even billion years af-
ter the formation, which otherwise were believed to be candidates for beta
decay and should have become extinct through radioactive disintegration.
Soon after Majorana put forward his symmetric theory of particles and

antiparticles [37]], Racah suggested another mode of double beta decay,
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where no antineutrinos are emitted in the final state, known as neutrino-
less double beta decay (NDBD or OvB ) [38|]. The NDBD is a lepton
number violating process (AL = 2) and possible only if neutrinos are Ma-
jorana particles. The Feynman diagram for the two processes is shown in

Fig.[1.2] The first calculation of the rate for Ov 88 decay was performed by
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Ficure 1.2: Feynman diagram for DBD (left and NDBD right), taken form Ref.[3|

W. H. Furry in 1939 [39]]. At that time decay rate of Ov 8 was predicted
to be 10° faster than the decay rate of 2v 38 due to increased phase space
in the former as the virtual neutrinos in the Ov 88 can have states upto 100
MeV following the Heisenberg uncertainty principle, whereas in 2v 85 the
states are limited only by the Q value of the decay. The NDBD decay rate
is suppressed as it is proportional to the tiny neutrino mass in the decay rate
(equation [I.T3). Primakoff calculated the energy and angular momentum
distribution of the electron providing an useful tool to distinguish between
2vpB B and Ov BB processes [40]. The decay rate, i.e. the inverse of the
half-life of the NDBD process is given by Equation[I.13]as,

(19" = Gou(Qpp. 2)| Moy I? < mpp > (1.13)
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where Go, (Qpp, Z) is the phase space factor, My, is the nuclear transition
matrix element (NTME) and mgg is the effective Majorana mass of the
electron neutrino [3]. The NTME calculations involve large uncertainties
and hence it is important to pursue NDBD in different nuclei [41]]. At
present, NDBD is perhaps the only viable experiment, which can reveal
the true nature of neutrino and also measure the absolute effective mass of

neutrino.

1.4 Experimental considerations for NDBD

There are 35 nuclei which are potential candidates for the DBD [42]. The
first geochemical observation of DBD was reported in 1950 [43].The first
direct detection of DBD occurred in 1987 in 32Se [44]. Since then it has
been observed in 12 different nuclei with half-life ranging from 10'8 to
10%* years [4]. A peak at the Q value in the sum energy spectrum of the
two electron would be an experimental signature of the NDBD process as

depicted in the Fig. If the peak is observed after a measurement time
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Ficure 1.3: Energy distribution of the two electrons emitted in 2v 8 B(dotted line) and
0v B B(solid line) (taken form Ref.[3])
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t<< Tlo/"2 the half-life can be expressed as

v _ iNaMie

== 1.14
1/2 ANOVﬁ,B ( )

where iNs M /A equates to the number of parent atoms in the source mate-
rial of mass M having isotopic abundance i, N4 is the Avogadro number, €
is the detector efficiency and Ny, gg is the number Ov 5 events observed.
If no peak is observed a lower limit on the half-life can be placed depending

on the background fluctuation at the region of interest (ROI) as

iNje Mt
T > 1.15
27 Af "\ NokoAE (1.15)

where AE is the energy resolution at the Q value, f is the number of
standard deviation corresponding to a given confidence level and Ny is
the normalized background event rate per unit energy, per unit mass and per
unit time, referred to as background index. Considering the equation[I.15]

the following aspects are important to be noted in a Ov 3 experiment.

Choice of isotope - The phase space factor for NDBD varies as
Q% 5 hence isotopes with high Qgg values are highly desirable. Also
the background arising due to the natural radioactivity is less for Qgg >
2.6 MeV. Isotopes with higher natural abundance or having possibility of

enrichment would be beneficial for increasing the sensitivity.

Low background - The ultimate sensitivity is limited by the back-
ground in the experiment. An underground facility is required for shield-

ing cosmic muons. All the materials used in the experiment including the
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source and the surroundings should have minimal radioactive contamina-
tion. Muon induced background gamma or neutral background should also

be considered.

Good energy resolution - Very good energy resolution is a funda-
mental requirement for the presence of unavoidable background from the

tail of the 2v 33 events.

High detection efficiency - NDBD is a very rare process. High
detection efficiency is very crucial. Assuming same background, a detector
with double the efficiency would require 4 times less mass to achieve the

same sensitivity.

Large exposure - Detectors of mass few tons are required to be
operated for few year to a reach the sensitivity that can probe inverted
mass hierarchy region. Current experiments are mostly of the size of ~10
kg to ~100 kg. The detector technology should have provision for easy

upscaling of size.

A worldwide effort is underway to search for this rare decay in different
nuclei employing different cutting edge detection technologies and a de-
tailed overview can be found in Ref [45]. Till date the best T{)/Vz limit is
reported by KamLAND-Zen on '3®Xe as 1.07 x 102 year at 90% C.L. [3].
Other leading experiments which have very recently reported half-life lim-
its > 10% years are GERDA(8 x 10%° year [6]), MAJORANA(1.9 x 10%
year [46])), EXO-200(1.8x 10 year [47]) and CUORE(1.5x 10 year [[7]).

However, no NDBD signal is observed as yet.
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1.5 The Tin.Tin experiment

Given its importance, an experiment to search for NDBD in '2*Sn (Tin. Tin)
has been initiated in India [8]]. Moderate isotopic abundance (5.8 %) and
reasonably high Q-value of 2292.6 + 0.39 keV makes '>*Sn a suitable
isotope for this experiment. Since tin becomes superconducting at T¢ =
3.7 K it can be made into a bolometric detector with very good energy
resolution. It is envisaged to house an array of tin bolometers (3 X 3x 3
cm?) operating at ~ 10 mK at the upcoming underground facility of the
India-based neutrino observatory. Tin micro-calorimeter with very good
energy resolution have been reported earlier [27,/10]. However, large mass
superconducting tin bolometer has not yet been made. This thesis focuses
on the various aspects related to the development of a cryogenic bolometer

for the TinTin experiment.

1.6 The cryogenic bolometer detector

Cryogenic bolometer is a low temperature calorimetric detector in which
the energy deposition due to an impinging radiation is measured from the
temperature rise in an absorber. These detectors are very attractive for ap-
plications in nuclear, particle and astroparticle physics experiments where
a very low energy threshold or very good energy resolution is required.
Conventional calorimetric detectors measure the energy deposited by a
particle in the form of ionization energy loss or scintillation light. Energy

resolution of such detectors is limited by the statistical fluctuation in the
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total number of charge carriers or photoelectrons generated in an event
and the best achieved energy resolution with such detectors is already very
close to the theoretical limit. A large fraction of the total energy deposited
is available in the form of the heat, which remains unaccounted in such
detectors. Cryogenic bolometer measures the total energy deposition by
detecting the phonons or quasi-particles (in superconductor). Hence, en-
ergy quanta for cryogenic bolometers are at least 100 times smaller than
the other detectors allowing them to have much higher resolution and very

small energy threshold.

1.6.1 Brief history

Historically, the bolometer was first introduced by S. P. Langley when he
used a Wheatstone’s bridge with two metal strips as virtual arms to mea-
sure the infrared spectrum of solar radiation and the solar constant in the
year 1878 [48]]. Simon suggested to use bolometer at low temperature as a
calorimetric device to achieve better sensitivity exploiting the reduced heat
capacity at low temperature in 1935 [49]]. Implementing his idea D.H. An-
drews, R.D. Fowler and M.C. Williams made the first cryogenic bolometer
in 1949, using a superconducting strip of NbN mounted on a copper holder
and reported the detection of a-particles from a Po source [50]. The de-
sign of a composite bolometer i.e., using an absorber thermally coupled
with a separate temperature sensor was used by N. Coron, G. Dambier and
J. Leblanc in 1972 [51]. T. Niinikoski and F. Udo proposed the idea of

using cryogenic bolometers for detecting neutrinos in 1974 [52]]. A decade
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later, Fiorini and Niinikoski realized the potential use of bolometers in

neutrinoless double beta decay experiments [S3]].

1.6.2 Basic principle of a cryogenic bolometer

A cryogenic bolometer mainly consists of three parts: an absorber, a
temperature sensor and a thermal link weakly coupled to a heat bath. When
a particle or radiation deposits energy in the absorber the temperature of the
absorber increases which is measured with the help of a temperature sensor,
strongly coupled to the absorber. A particle interaction produces phonons
that are far from the equilibrium. These phonons lose their energy by
electron-phonon, phonon-phonon interactions and interaction with lattice
irregularities and come to an approximate equilibrium distribution. This
thermalization time can vary from few us to few 10 ms depending of the
size of the absorber, which limits the count rate of cryogenic bolometer
to few Hz to few kHz. The temperature profile of an absorber with heat
capacity C for an energy deposition of E at a base temperature of 7p can

naively be represented as

E
T(t) :TQ+E

exp(—L)—exp(—TLr)] (1.16)

Td — Tr Td

Here 7, and 7, are related to the rise time and decay time of the pulse.
While the 7, is related to the thermalization time in the absorber material,

74 is given by

Tq = (1.17)

Qla
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G being the thermal conductance of the thermal link. The temperature rise

after complete thermalization of the deposited energy is

E
AT = — 1.18
C (1.18)

From equation[I.18]it is evident that materials with low specific heat at low
temperature are desirable for absorber. The specific heat for non-magnetic
solids at low temperature can be generalized to have two contributions

namely the electronic, vibrations of the atoms or phonons specific heat.
C = Co + Cpp (1.19)

For crystalline insulators the most dominant contribution comes from the
phonons. Applying the Debye model, the specific heat of a pure insulating

crystal can be expressed as

T \3
Cinsulator = Cph = ﬁ(%) (1.20)

here 8 = 125”4 - Nakp = 1944 I mol~' K~! and 6 is the Debye’s temper-

ature of the crystal [54]. In metals, in addition to the lattice vibrations,
thermally excited electrons also contribute to the specific heat

T \3
Cmetal = Cph + Ce = ﬁ(%) +yT (L.21)

v is Sommerfeld constant and it depends on the material. As the electronic
specific heat varies linearly, at temperature <1 K the lattice contribution
becomes negligible compared to the electronic counterpart. In supercon-
ductor, due to formation of cooper pairs, the thermally excited electrons

across the energy gap of the super conductor starts to decrease drastically
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and the specific heat due to quasi-particles decreases exponentially as given

below.

T\3 1.57,
Cse = Cph + Ce = ,8(%) +9.17y Tcexp(— T C) (1.22)

Therefore, at T <« T, specific heat of superconductor is dominated by
lattice vibrations, which makes it a favourable absorber material for making

a cryogenic bolometer.

1.6.3 Temperature sensor

Resistive thermometers, like semiconducting thermistors [19] and super-
conducting transition edge sensors (TES) [55]] are commonly used as a
thermometer where the resistance varies as a function of temperature.
Sensitivity of such sensor are compared with the dimensionless quantity

dlogR T dR
o = = ——
dlogT'  RdT

(1.23)

These sensors are incorporated in a bias electronic circuit and the tem-
perature rise is extracted as a voltage signal. In TES, a thin film or strip
is made from a superconducting material and is operated in the narrow
temperature range between normal and superconducting phase where the
resistance varies from zero to Ry (resistance at normal conducting state)

with very high sensitivity of @ ~ 1000.

A heavily doped semiconductor with dopant concentration slightly below
the metal insulator transition is used as a semiconductor thermistor. The
temperature dependence of the resistance of such sensors at low tempera-

ture (<~ 10 K) is well explained by the phonon assisted electron hopping
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mechanism or commonly known as “variable range hopping” (VRH) [56]

T
R= Roexp‘/%) (1.24)

Homogeneous doping and good reproducibility are essential for the semi-

and is given by the formula

conductor thermistor. This can be achieved by either ion implantation
or neutron transmutation doping (NTD). Ge wafers are irradiated with
thermal neutrons to fabricate NTD Ge sensor. In "Ge samples, thermal
neutron capture by various isotopes leads to production of Ga, As, Se and
results in p-type Ge. The doping concentration is controlled by the neutron
fluence. Since the neutron capture cross-section is small for Ge it leads to
a uniform and controlled doping [57]. Compared to TES, NTD Ge has two
order magnitude less sensitivity. However, the readout and temperatures
stability is simpler in NTD. Moreover, NTD can be used continuously over
a wide range of temperature allowing it to study many thermal properties

of the detector as a function of temperature.

Apart from NTD and TES other devices that are commonly used as temper-
ature sensors are Microwave Kinetic Inductance Detector (MKID), Mag-
netic Calorimeters (MMC) [58]] and Superconductive Tunnel Junctions
(STJ) [59]. MMC and KIDS are magnetic thermometers and are non-

dissipative as these sensors do not require readout power.

The intrinsic energy resolution of a cryogenic bolometer arises from the

fluctuation in the number of phonons in the absorber and is given by [60]]

AE = \/kgT2C (1.25)
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It can be seen that the intrinsic energy resolution is independent of the
incident energy. In practical scenario the fundamental limit on the energy
resolution is extremely small as compared to the contribution from external
sources of noise e.g., Johnson noise of the load resistor, the amplifier noise,

vibrational noise, micro-phonics, EMI pickups etc [11, 61} 62].

1.6.4 Applications of cryogenic bolometer

In addition to the unprecedented energy resolution with extremely low
energy threshold, wide choices on the absorber material and high detec-
tion efficiency makes the cryogenic bolometer suitable choice for versatile
experiments e.g., X-ray astronomy, beta-gamma spectroscopy, heavy ions
physics, low energy neutrino detection using coherent scattering, NDBD
and dark matter (DM) search etc. [63, 64]]. Recent advances in the applica-
tion of cryogenic bolometer in various fields can be found in Ref. [65, 66]
and references therein. Depending on size of the absorber the bolometer
is characterized into two categories, microbolometer (mass<1 mg) and
macrobolometer of mass (mass>1 mg). The largest bolometer, reported
by Cardiani et al., [67], is a 2.13 kg TeO, bolometer with energy resolution
of 3.9 keV (at 145 keV) to 7.8 keV (at the 2615 keV). Macrobolometers
are best suited for rare event searches like NDBD or DM detection. The
direct detection of DM [68]] requires measuring the kinetic energy (few
keV) of the recoiling nucleus, for which a low energy threshold and high
efficiency detector, like a cryogenic bolometer is needed. Various experi-

ments that are using cryogenic bolometer for NDBD or dark matter search
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are summarized in Table [[L.2
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TaBLE 1.2: Dark matter and NDBD experiments experiments with macrobolometer

Experiment Application Location Absorber  Size  Sensor
Super CDMS [69] DM Soudan Ge 0.6 kg TES
EDELWEISS [[70] DM France Ge 0.8 kg NTD Ge

CRESST [71] DM LNGS Italy CaWO4; 0.3kg TES
COSINUS [72] DM LNGS Italy Nal 66 g NTD Ge
CUORE [7]] NDBD LNGS Italy TeO, 750 g NTD Ge
CUPID [73]] NDBD LNGS Italy TeO, 435 g NTD Ge
LUCIFER [[74] NDBD LNGS Italy ZnSe 430g NTD Ge
LUMINEU [75] NDBD LSM France LiMoO4 0.3kg NTD Ge
AMORE [[76]] NDBD Y2L S Korea CaMoOs 340¢g MMC

Since, the T, for Snis 3.7 K, it is possible to make Sn bolometers with very
good energy resolution when operated at temperature ~ 10 mK. Hence, a
Sn bolometer is considered to be a suitable detector to search for NDBD
in 12#Sn. In this thesis, work related to the development a mK cryogenic
bolometer for the Tin.Tin experiment is presented. Currently, NTD Ge
sensors are used for the R&D on the cryogenic bolometer for the Tin.Tin
detector. These sensors are made by irradiating Ge wafers from the Dhruva
reactor BARC, Mumbai. The preliminary results are reported in Ref. [[15].
Several improvements in NTD Ge sensor fabrication are carried out as
a part of the thesis. Characterization of NTD Ge sensor with different
carrier concentration in the temperature range of 100—400 mK to obtain
an optimized dopant concentration [12] is done. Performance of NTD Ge

sensors is studied down to 10 mK.

The thermal link plays a key role in obtaining an optimum response of

a cryogenic bolometer. In practical scenario C = Cyorar = Capsorber +
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Caddenaum 1s the total heat capacity of the detector. Bachmann et al. [20]]
have shown that about one third of the heat capacity of the thermal link
contributes to Cy,,; as addendum. Hence, it is very important to chose the
material for making the thermal link such that the addendum is minimal.
Few polymers, which do not form dielectric glasses, can also exhibit low
heat capacity at cryogenic temperatures. This polymers are mostly used
as support structure for the detector which also acts as the weak thermal
link. Heat capacity data for most of this polymers were not available close
to the detection operating temperature (~ 10 mK). With this motivation a
comparative study on the heat capacity of polymers (Teflon, Torlon 4203

and Torlon4301) is studied in the temperature range of 30-400 mK [13]].

A macroscopic thermal model for designing a sapphire test bolometer
is formulated. A LabView based NI based DAQ is setup with a low
noise electronics is setup. A ROOT and C++ based pulse shape analy-
sis program for bolometer is made [77]. Testing of a cryogenic sapphire
bolometer with indigenously developed NTD Ge sensor is carried out. As
discussed earlier, various extraneous factors (vibration noise, electronic
noise, micro-phonics etc.) limits the bolometer energy resolution at mK
temperature. Assessment and minimization of the contribution of these
factors is of utmost importance to improve the bolometer resolution oper-
ating at mK temperature. A detailed noise characterization, investigation
of various noise sources and its mitigation to improve the performance
of the bolometer detector is performed [78]. The sapphire bolometer is
tested with heater pulses (0.3—10 MeV) and alpha pulses (~ 5 MeV), in

order to understand the systematic effects relevant for the performance of
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bolometer at mK temperature. Preliminary studies have been carried out

on a moderate size Sn sample (~ 0.6 g) mounted on the Sapphire platform.

In the second chapter, the mK thermometry setup at TIFR for the de-
velopment of a cryogenic bolometer is explained. Chapter 3 describes
characterization of NTD Ge sensors. A comparative study on the heat
capacity of polymers (Teflon, Torlon 4203 and Torlon4301) in the temper-
ature range of 30-400 mK is presented in Chapter 4. In chapter 5, studies
related to a cryogenic sapphire bolometer is presented. A future outlook on
improving the bolometer resolution and making a large size tin bolometer

for the TinTin experiment is given after summarizing the thesis in chapter

6.
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CHAPTER 2

Experimental setup for low

temperature thermometry at TIFR

2.1 Introduction

The cryogenic bolometer detectors are mostly operated at temperature ~
10 mK. The evaporative cooling of liquid helium is limited by the low
vapour pressure below certain temperature. The lowest temperature that
can be obtained by evaporative cooling of “He and *He are ~ 1 K and ~ 0.3
K respectively. Continuous cooling below 0.3 K is achieved in a dilution
refrigerator by using mixture of *He and “He. This was first proposed
by H. London, G. R. Clarke, and Eric Mendoza in 1962 [79] following
H. London’s idea [[80]. Two years later Das et al. built the first dilution
refrigerator and obtained a lowest temperature of 0.22 K [[81]]. Frossati
has reported the lowest ever temperature recorded by a dilution refriger-

ator of ~2mK in 1992 [82]]. A custom designed cryogen free dilution

23
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CHAPTER 2. EXPERIMENTAL SETUP FOR LOW TEMPERATURE
THERMOMETRY AT TIFR

refrigerator (CFDR1200), with cooling power of 1.4 mW at 120 mK, has
been installed at TIFR for carrying out R&D on cryogenic bolometer [14].
In this chapter, after briefly discussing the basic working principle of a
dilution refrigerator, the CFDR1200 setup is described. Maintenance and
troubleshooting of CFDR1200 operation has been an integral part of the
dissertation. Diagnosis and subsequent repair of few of the major issues
are presented. The problem faced with the blockage in the helium gas
circulation line and replacement of the still is discussed. An electronics
readout and a NI based DAQ that has been set up for the development of a

cryogenic bolometer using NTD Ge sensors is described.

2.2 Basic principle of a *He/*He dilution

refrigerator

It is well known that the pure “He has a nuclear spin of I = 0 and obeys
Bose statistics. It undergoes a transition to superfluid at 2.177 K. With
the addition of 3He, the transition temperature of *He/*He mixture de-
creases. Eventually, the superfluid transition of the mixture is completely
suppressed at a *He concentration of x = 67.5 % and it meets a triple point
at 0.87 K as depicted in Fig.[2.1|[54]. Below this temperature the mixture
separates into two phases: a concentrated phase rich in *He and a dilute
phase rich in “He. The concentration of *He in the dilute phase varies with

temperature as

x =0.066 (1 +8.37T?) 2.1
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FIGURE 2.1: Phase diagram of a He/*He mixture at saturated vapour pressure [54]

Even at lowest temperature (T — 0) there exists a finite solubility of *He of
~6.6%, which is the key element for the working of a dilution refrigerator.
The *He rich phase floats on top of the dilute phase due to its low density.
The viscosity, entropy and specific heat of superfluid “He is almost zero
at T < 0.5K with infinite thermal conductivity. Hence, it acts as an inert
solvent for the *He in diluted phase. Also, the *He atoms in the diluted
phase acts as a Fermi gas. If the He atoms can be preferentially removed
from the dilute phase, then *He atoms from the concentrated phase migrate
into the dilute phase to maintain the equilibrium. This is analogous to the
evaporation of *He liquid. Since the enthalpy of 3He in dilute phase is

larger than that of pure *He, it results in cooling. The cooling power can
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be expressed as

O = risA H = 845i:T? (2.2)

here A H is the difference in enthalpy between >He in dilute phase and
pure 3He and n3 is the number of *He that crosses the phase separation
line and dissolves into the dilute phase. A schematic representation of
a *He/*He dilution refrigerator is shown in Fig. [54]. The mixing
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FIGURE 2.2: A schematic representation of a *He/*He dilution refrigerator [54]

chamber (MC) is connected to a >He distiller (still) as shown in Fig.
The gas mixture is chosen such that the phase separation occurs at the
MC and the pure *He liquid surface lies in the still. This is very crucial

for a dilution refrigerator. A high throughput vacuum pump, typically
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a turbomolecular pump backed by a roots pump, is used to pump the
still. Since the vapour pressure of “*He is significantly lower than the *He,
mostly *He evaporates from the still. The room temperature gas is then
purified via activated charcoal traps and added back to the concentrated
phase in the still after liquefaction. The concentration of He decreases in
the concentrated phase when the still is pumped. This creates an osmotic
pressure difference, which allows predominantly *He in the concentrated
phase to reach the still. This process is repeated in a closed loop system
for a continuous cooling. A heater is placed inside the still to control the
3He flow rate. The circulation rate increases with still heater power, which
in turn increases the cooling power following Eq[2.2] However, if the still
temperature is too high, the “He vapour pressure becomes significant and
the cooling power decreases. Typically the still temperature is maintained
at 0.7 K - 0.8 K, which results in ~90% of >He in the circulation. The
outgoing cold *He is used to cool the incoming *He via very efficient heat
exchanger. A sintered silver heat exchanger is used below 50 mK and

tube-in-tube heat exchangers is used for higher temperature.

2.3 CFDR 1200 setup for cryogenic bolomter

The dilution refrigerators can be classified into two categories a) Con-
ventional Wet Dilution Refrigerator b) Cryogen Free Dilution Refrigerator
(CFDR) [54]. While a liquid “He bath and 1 K pot is used in a wet refrig-
erator, a 3K heat exchanger followed by Joule-Thomson heat exchanger is

employed in CFDR systems for condensing the helium gas mixture. The
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3 K stage is maintained by means of a cryocooler. The CFDR was first
made by Uhlig et al. employing Gifford-McMahon cooler (GM cooler) in
1993 [83]]. The vibrational noise is significantly reduced when a pulse tube
cryocooler is used instead of GM cooler. Soon after Uhlig’s demonstration
in 2002 [84], the pulse tube based CFDR bacame very attractive for un-
derground experiments [85, 70, 69] with long runtime, owing to its easy,
automatic and uninterrupted operation, and cost effectiveness as compared
to wet refrigerator. Batey et al. have reported the lowest temperature of
3.253 £ 0.016 mK in 2014 [[86]] with CFDR. Review and details of devel-
opment of CFDR can be found in Ref [87]. In spite of the above listed
advantages, CFDR suffer from the vibrational noise induced by the pulse
tube [88]. Several techniques have been developed to reduce pulse tube
induced noise significantly [62, 89, 62, 90, 91, 92} 93, 94,195, |96] and the

CFDR is routinely used for bolometric application down to 10 mK.

A custom made high cooling power (1.4 mW at 120 mK) cryogen free
dilution refrigerator (CFDR1200) is installed at TIFR [14]] to facilitate
R&D related to cryogenic bolometer operating at mK temperatures. The
CFDR1200 setup at TIFR is shown in Fig.[2.3] The cryogen free design
is chosen to carry out uninterrupted measurement over a long duration
in an underground laboratory. In the CFDR 1200, the 40 K and the 3
K stages are cooled with the help of a two stage pulse tube cryocooler
(Cryomech-PT415). The PT is rigidly mounted on room temperature, 40
K and 3 K plates. The compressor for the PT is placed in a separate room
at a distance ~ 20 m from the cryostat to minimize the acoustic noise. Inlet

pressure variation of the PT, between 100 and 300 psi with a frequency of
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Ficure 2.3: The CFDR1200 setup at TIFR.

1.4 Hz, is realized by a remote valve motor control unit which is mounted
on a vibration damper and is rigidly fixed on top of a leg supporting the
main cryostat. The valve motor control unit is detached from the PT and
mounted on a vibration damper, situated on the top of the tripod supporting
the cryostat, using a 65 cm long swan neck shaped bellow. It should be
mentioned that the pulse tube valve control motor can be powered by a
linear motor drive unit (LNX-G from Precision Motion Control 19 , Inc.),
in lieu of the standard stepper motor drive resulting in less noise at temper-
ature T < 100 mK. The linear motor drive ramps up the micro step current
linearly instead of abruptly changing it, resulting less noise. In the CFDR
1200, the mixing chamber stage is protected from the radiation heat load
by graded shielding at 50 mK, s#il/, 3K and 50 K stage. The 50 K and the
3K shield is made up aluminum wrapped with multilayer mylar. The 3K
shield is mounted with a kapton gasket which also forms the inner vacuum

chamber (IVC). The volume between the room temperature container and
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the 3 K shield is referred as outer vacuum chamber (OVC). The still and
50 mK shields are fabricated using gold plated copper. The CFDR1200
has a large cylindrical sample space (30 cm diameter and 30 cm height)
capable of supporting ~100 kg mass at the mixing chamber (MC) and is
provided with 300 readout wires enabling simultaneous measurement of
75 sensors in four wire readout scheme. The readout wires inside the cryo-
stat are passed through ECCOSORB [97] and anchored at various places
to reduce EMI noise and vibrational noise. A provision is also made for
mounting electronics at 50 K plate for ultra-low noise applications. The
CFDR1200 is placed inside a Faraday cage. The PT and various vac-
uum gauges are interfaced with the PC via an optically isolated RS232
adapter. It should be mentioned that the CFDR1200 is provided with a
probe insert for quick sample changes. This is used for testing various
sensors, heaters and measurement setups. A radiation shield is used in the
absence of the probe insert. The temperature of the MC is measured us-
ing a Carbon Speer sensor calibrated against a CMN (Cerium Magnesium
Nitrate) thermometer, which in turn is calibrated using a superconducting
fixed point device (FPD). The materials used in the FPD and the corre-
sponding tradition temperatures are given in Table. 2.If The electronics
setup for the control and diagnostics of the CFDR is shown in Fig. [2.4]
The mixing chamber (MC) temperature is stabilized with a automatic PID
(Proportional-Integral-Derivative) controller with a temperature stability

of 0.1 %.
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TaBLE 2.1: Materials used in the FPD and corresponding transition temperatures.

Material 7. (mK)

In 3300
Al 1175
Zn 840
Cd 520
Auln, 208
AuAl, 161
Ir 97
\\ 15

Ficure 2.4: The electronics setup for the control and diagnostics of the CFDR1200.

2.3.1 Operating procedure for the CFDR1200

Before starting the cool down procedure the IVC and OVC is evacuated
to a vacuum level of < 5 x 1072 mbar and < 5 x 107> mbar and flushed
with pure “He and pure nitrogen respectively. The still and the condenser
line is evacuated and flushed atleast three times with residual helium gas
existing in the circulation line. After a base vacuum of < 1 x 10™* mbar in
the still is achieved, a throughput test is performed to assess the flow rate

of the primary impedances. If high pressure gas is applied at the input of
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main flow impedance (see Fig.[2.2)), then the still pressure would increase
depending on the impedance of the condenser line. In normal operating
condition it takes about 15 s for the still pressure to increase from 0.1 mbar
to 1 mbar when about 1.3 bar of gas is applied at the input of the primary
impedance. The liquid nitrogen pre-cooling and the PT cooling is started,
after filling the IVC with pure *He gas of ~10 mbar. The system takes about
6-8 hours to reach ~ 85 K before the liquid nitrogen supply can be stopped.
The 3 K stage reaches a temperature ~3 K in about another 6-8 hours. At
this time the IVC vacuum is (< 1 x 10™* mbar) due to cyo-pumping, due
to which the still and the MC stage gets thermally isolated from the 3 K
stage and remains at ~ 10 K. A current of 30 mA is applied to the sorb
heater which deteriorates the IVC vacuum to ~ 5—7 x 10~ mbar and helps
the MC and the still to equilibrate with the 3 K stage. The sorb heater
is them turned off for the IVC vacuum to recover. Once the IVC vacuum
is < 1 x 10~* mbar, the 4He and 3He gas is condensed. It takes about
two hours to complete the condensation procedure. A complete thermal
cycle, i.e., cooling down to mK temperature and vice versa is possible in
the CFDR system within 48 hours, which makes it very elegent for R&D

work.

2.3.2 Issues with CFDR1200 and repair

The CFDR 1200 had a major problem when the *He circulation line devel-
oped a choke. It was observed during the throughput test that the still was

taking almost few minutes to reach from 0.1 to 0.2 mbar only. The dilution
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unit comprising the 800 mK still, 50 mK heat exchanger and the MC, was
completely dismantled to perform a systematic diagnosis. The choke was
located in the secondary impedance below the still. To repair this, ~13
bar of *He gas was applied at the inlet of the secondary and the flow was
monitored by observing the bubbling at the outlet as shown in the Fig.[2.5a
After the blockage was cleared, the dilution unit was reassembled with a
new generation still containing pressure dependent primary impedances.
A picture of the old and the new still is shown in Fig. 2.5b] and Fig.

respectively. After repairs, a detailed assessment of the CFDR was carried

Ficure 2.5: (a) Arrangements for diagnosing the blockage in the secondary impedance
and subsequent repair, (b) The old still and (c) the new still showing the
pressure dependent impedances

out by cooling power measurements. A cooling power of 1.36 mW at 120
mK was recorded with an optimum stil// heater current of 35 mA as shown

in Fig. 2.6] After a few months of operation, it was found that the IVC
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Ficure 2.6: Cooling power vs still current before (green solid circle) and after (red half
filled circle and blue star) the repair.

pressure increases during condensation and a leak in the *He circulation
line was suspected. A systematic leak tests at room temperature was con-
ducted to locate the leak in the still and condenser lines after removing the
charcoal. The helium leak detector was connected at the exhaust of the

turbo pump (S1) as shown in Fig. 2.7} The leak detector was operated in

Ficure 2.7: The configuration of the still and the condenser line used for the leak test
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the vacuum mode with a background level of 8 x 10~/ mbar-l/s. When
the IVC is filled with 15 mbar of He gas, the background rises rapidly to
1.3 %1079 mbar-1/s. A major Leak (> 107 mbar-1/s) is found on the solder

joint of the condenser line entering the sintered silver heat exchanger (see

Ficure 2.8: The dilution unit below the still showing the location of the leak

To repair the leak the solder joint was touched up with using a 50 W
soldering iron. When the leak test was repeated, the background was
found to be stable at 6 x 107 mbar 1/s even with 650 mbar He filled in the

IVC.

2.4 Electronics readout and DAQ

Currently it is planned to use NTD Ge thermistors for measuring the

temperature rise in the TinTin bolometers. For this, NTD Ge have been
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fabricated by irradiating high purity Ge wafer with thermal neutron in
Dhruva reactor BARC, Mumbai [15]. Typical resistance of NTD Ge sen-
sors at T <50 mK is ~100 MQ to few GQ. A commercially available
AC resistance bridge AVS47B is used for measuring thermistor resistances
upto 2 MQ [98]]. A very low noise and low excitation (fA to nA) electron-
ics readout and DAQ is setup for measuring NTD Ge sensors of resistance

> 2MQ. The readout electronics is shown in Fig[2.9] A NI based data
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Ficure 2.9: Electronics readout for cryogenic bolometer employing NTD Ge sensor

acquisition system, suitable for bolometer R&D, is developed employing
LabView software [18]. The data acquisition system (DAQ) consists of
a multi-function I/O Module (NI PXI-6281) housed in a NI PXIe 1082
chassis. The PXI-6281 has two single ended 16 bit DAC output channels
and 8 differential 18 bit ADC input channels. The chassis is interfaced
with the PC via a high-speed optical fiber. The output of a DAC channel
is supplied to a pair of bias resistors connected in series with the NTD
Ge sensor. The voltage across the sensor is amplified using a low noise
(5.5 nV /\/Hz), variable high gain (20 dB to 80 dB), high input impedance
(1 TQ) differential amplifier (Femto DLPVA-100-F) and the output of the

amplifier is acquired using an ADC channel in PXI-6281. Measurements
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of current vs voltage (I-V) characteristics of the sensors at low temperatures
(10-400 mK) are performed using customized data acquisition programs
developed on the LabView platform. For acquisition over prolonged peri-
ods, software has a provision to automatically start a new file after preset
interval (0.5 hour was used).A typical noise of Vpp ~ 10 mV is obtained

in the amplified sensor output with 60 dB gain at temperature T < 50 mK.

24.1 Summary

The CFDR1200 setup at TIFR is described. Diagnostics and repair of the
CFDR1200 for two major issues, a blockage and a leak in the helium circu-
lation line is elaborated. After repair detailed assessments are performed.
A cooling power of 1.36 mW is measured after the repair. A low noise (Vpp
~ 10 mV) readout is setup with commercially available amplifier. A DAQ

system suitable for bolometer R&D is developed employing LabView.
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CHAPTER

NTD Ge sensors for Tin.Tin

3.1 Introduction

NTD Ge sensors are widely used as low temperature sensors owing to
high sensitivity, low specific heat, good reproducibility. These sensors
are preferred for a wide dynamic range and relatively simpler readout
compared to other temperature sensors like TES or MMC. As mentioned
in the first chapter, many experiments studying rare decays like neutrinoless
double beta decay and dark matter studies using large arrays of calorimetric
detectors have employed NTD Ge as the temperature sensor. NTD Ge is
produced by irradiating high purity Ge wafers with thermal neutrons in
a nuclear reactor. In "'Ge samples, thermal neutron capture by various
isotopes leads to production of Ga, As, Se and results in p - type Ge [99]
as shown in the Table 3.1 As compared to conventional metallurgical
methods, more uniform and precise doping can be achieved in the NTD

technique due to the moderate neutron capture cross section of Ge. An

39
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TasLE 3.1: Natural isotopes of Germanium and n-capture products [26], [[100].

Isotope | Abun. o Product T2
(%) | (barn)
OGe | 204 | 343 | "Ga 11.43d
2Ge | 273 | 098 | 7Ge stable
BGe 7.8 150 | 7*Ge stable
Ge | 36.7 | 0.51 B As 82.78m
6Ge 7.8 0.16 7Se | 11.3,38.8h

overview of properties of NTD Ge sensors can be found in Ref. [19].
The variation of resistance of NTD Ge sensor at low temperatures is well

explained by the variable range hopping mechanism and expressed as [56]]
T a
R =Ry exp [?"] 3.1)

where Ry depends on intrinsic properties of Ge, Ty depends on the doping
level and constant [101]] @ ~ 0.5. The performance of NTD Ge sensor at
ultra-low temperature depends on several factors like thermal contact to the
heat bath, strain/stress in the sensor, mounting arrangement, surface quality,
and electrical contacts. Further, minimization of radioactive background
arising due to neutron irradiation of impurities in NTD Ge fabrication is
of paramount importance. This makes the fabrication and testing of NTD
Ge sensors, intended for rare decay studies with bolometer operating at
mK temperature, very challenging. The fabrication of ohmic contact at the
metal semiconductor junction at mK temperature is very essential for the
functioning of NTD Ge sensors. Li [102] describes different techniques
for ohmic contact formation in semiconductors. Boron ion implantation
followed by Au film deposition is commonly used for making electrical

contacts in NTD Ge sensors owing to low contact noise [[103]]. While this
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is desirable for mass production, alloying or evaporation is simpler and

faster at R&D stage.

As mentioned earlier, in India, development of NTD Ge sensors for use in
TIN.TIN has been initiated [8, |15]. The preliminary results for indige-
nously fabricated NTD Ge sensors have been reported by Mathimalar et
al. [15]. As a part of this thesis work, various improvements in NTD Ge
fabrication have been carried out. Several irradiations (13 batches) were
carried out at Dhruva reactor, BARC, Mumbai with an aim to achieve the
desired neutron fluence of ~ 4 X 1018/cm2, which was shown to be the
optimum dose suitable for NTD sensors in 10-100 mK range [12]]. In some
cases, an independent estimate of the thermal neutron flux was obtained
using a monitor sample of "™Zr. The irradiated "™Zr samples have been
studied in the TIFR Low background Experimental Setup (TiLES) [[104]]
and the thermal neutron flux is estimated from the activity of >>Zr. In some
cases, internal impurity of '23Sb in the device grade Ge sample (119 + 7
ppt), is also used to verify the thermal neutron flux [16]. Neutron irradia-
tion of the Ge sample leads to significant levels of long-lived radioactive
impurities on surface and could be removed by chemical etching ~ 50um
of the NTD Ge [16]. In the present work, effect of etching of the Ge
samples prior to irradiation is studied. To improve the surface quality of
the irradiated wafer, optical finish polishing is done at the final stage, i.e.,
after post-irradiation chemical etching. The mask for depositing AuGe is
modified for a wrap around contact, which ensures parallel electric field
inside the sensor. This mask can be used for a batch fabrication of upto

~ 150 sensors. Fabrication and testing of NTD Ge sensors of smaller
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dimensions (2 x 2 mm? and 1 x 1 mm?) which are expected to have less
heat capacity contribution to the bolometer absorber is performed. Details

are described in the following sections.

3.2 Neutron irradiation of Ge

Ge samples (< 100 > n - type, 1 mm thick) from two manufacturers
with different purity level have been irradiated with thermal neutrons at
Dhruva reactor BARC to fabricate NTD Ge sensors. The device grade Ge
(5N purity) is from M/S University Wafer (Grade-I) [105] and is single
side polished (SSP), while the detector grade (13N purity) is from M/S
Umicore(Grade-II) [106] and is not polished on either side to study the
effect of surface impurities due to polishing. The Ge samples were cleaned
with HF (40 %) to remove the oxide layer, rinsed with de-ionized water
and finally blow dried with dry N, prior to thermal neutron irradiation.
Typically, 10 mm x 30 mm samples are cut from a 2”” wafer and wrapped in
an aluminum foil for the irradiation. The thermal neutron fluence estimated

from the reactor power (¢r) of different samples is given in Table. [3.2]

TaBLE 3.2: Thermal neutron fluence estimated from the reactor power.

Sample Average thermal neutron flux duration Or
(cm™?s7") (day) (cm™)
- - 4.57 x 1018

0.6 x 1013 4.1 2.11 x 108

*Data was retrieved from Hall effect measurement  Continued on next page



3.2. NEUTRON IRRADIATION OF GE 43

Table 3.2 — Continued from previous page

Sample Average thermal neutron flux duration OR
(cm™2s7h) (day) (cm™2)

F 0.6 x 1013 6.8 3.52x10'8
G 0.6 x 1013 6.9 3.57x 10'8
H,I 0.6 x 1013 3.5 1.8 x 10"
] 0.5 x 1013 6.9 2.98 x 10'3
K,L 0.6 x 1013 6.8 2.45x10'8
M,N 0.6 x 103 6.8 2.99 x 10'8
0 2.9x 1013 2.1 1.57 x 10'8
P 4.4x10" 2.1 2.39x 10'8
Q.R 0.6 x 103 6.8 3.52x 10'8
\Y% 1.5x 1013 7.8 4.64 x 10'8
W 0.6 x 103 6.8 2.28 x 10'3
AA-AD 0.6 x 1013 12.3 5.49 x 10'3

The irradiated samples were allowed a typical cool-down period of about

45 days.
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3.2.1 Estimation of thermal neutron flux from "“Zr
activity

In order to obtain an independent estimate of the thermal neutron flux,
nat7Zr is used in some of the irradiations. "“Zr can be used as thermal and
epithermal neutron monitors [107,/108,(109]. "*Zr contains 9471 with an
isotopic abundance of 17.4 %. The **Zr isotope produces radioactive *>Zr
through (n,y) reaction which emits characteristics y-rays of energy 724.2
keV with a half life of 66.032(0.006) days [26]]. The neutron fluence ¢z,

can be obtained from the activity of ®>Zr using the following equation

_ ANgtir
N1 - e in)g,

bzr (3.2)

where N, is the number of parent isotope (°*Zr), N, is the number of
daughter isotope (PZr), A is the decay constant of 9%7r and o, = 50 mb
is the cross section for the reaction and ¢;- is the duration of neutron

irradiation.

The irradiated "*Zr samples were counted in the TiLES [[104] initially at 10
cm and in a close geometry for higher efficiency. Data was recorded using
a commercial CAEN N6724 digitizer (14-bit, 100 MHz). The analysis
is performed using LAMPS software and ROOT framework. Figure [3.1]
shows the gamma-ray spectra of Zr sample in a close geometry (on face)
counted for a period of 6 h in the TiLES. For unambiguous identification,
half-life (77 /2) of the observed gamma ray is measured and a half-life of
66(3) days was obtained which is in good agreement with the literature
value (64.032 d [26]]). The thermal neutron flux is estimated from the

activity of *>Zr, using equation In addition, the '2*Sb impurity (119 + 7
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Ficure 3.1: Gamma-ray spectra of neutron irradiated Zr sample (N2) in a close geometry
in the TiLES (counting time = 6 h). The inset shows the gamma rays of
interest.

ppt) is observed in some NTD Ge sample (Grade-I), which is used to
estimate the thermal neutron fluence (¢sp) [16]. Also, for a few samples,
neutron fluence (¢ ) were deduced from Hall Effect measurements [[110].
Neutron fluence obtained using different techniques are summarized in
Table [3.3] for comparison. Large discrepancies are seen for samples J, M
and Q sample. For the samples E and H, ¢ is in reasonable agreement (~
10 %) with ¢. For M sample neutron flence estimated from '?*Sb and
from %Zr activity agrees within 10%. Hence, neutron fluences estimated

form Zr/Sb activity are used for carrier concentration estimates.
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2

Sample PR dH bsb bzr
D - 4.57x 10" 4.26 x 10'® -
E 211x10"® 1.8x10" -
F 3.52x10'8 - 3.35x 108 -
G 357x10® - 3.88x 108 -
H 18x10"8 - 1.62x10'8 -
I 1.8x 10" 1.72x 10" 1.73x10'8 -
] 245x10'8 - 8.18 x 10'8 -
M 2.99x10" - 428 x 10" 3.79 x 10'8
N 299x10'® - - 3.65 x 10'8
Q 3.52x10"® 29x10"Y 2.24 x 10"
R 3.52x10" - - 2.18 x 10"
V  4.64x10"8 - - 8.42 x 10'®
W 2.28x10'8 - - 2.77 x 10'8

3.3 Improvements to sensor fabrication

3.3.1 Chemical etching prior to irradiation

We have earlier reported that the neutron irradiation of the Ge sample
leads to significant levels of long-lived radioactive impurities, which can
be removed by chemical etching ~ 50 um of the NTD Ge [16]. However,
Ge wafers can have trace impurities due to cutting and polishing process.
Therefore Grade-I SSP samples (where polishing is expected to leave more
residual impurities) were chemically etched to remove 20-40 um thickness.
Chemical etching of the samples was done using H,O, at 80°C in an

ultrasonic bath. All the Ge samples were then cleaned and prepared for
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neutron irradiation using the technique as described in section[3.2] Details

of various samples are given in Table[3.4]

TaBLE 3.4: Details of Ge samples studied

Name | Grade 0 Surface | Mass | Etched
depth
(Q-cm) (mg) | (um)
R1 | device 30 SSP | 556.5 0"
R2 | device 30 SSP | 10150 | 20
R3 | device 30 SSP | 1141.6 | 40
R4 | detector | 1.6x10° - 1429.2 0

* Etched depth = 0 um represents not etched samples.

The irradiated Ge samples were counted with an efficiency calibrated
standard HPGe detector (30% relative efficiency), shielded with 5 cm thick
Pb. Fig. shows the gamma-ray spectra of the irradiated Ge samples

(R1, R2) counted in a close geometry for a period of 4 h. It can be seen
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Ficure 3.2: Gamma-ray spectra of the irradiated Ge samples (R1, R2) counted in a
close geometry. The inset shows the expanded region of ''0"Ag

that etching the samples prior to irradiation reduces the level of radioactive
nuclides. The comparison of the two different grades of the irradiated

Ge samples is shown in Fig.[3.3] Each spectrum has been normalized to
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Ficure 3.3: Gamma-ray spectra of the irradiated Ge samples (R1, R4) counted in a

close geometry.

TaBLE 3.5: Impurity levels observed in the R2, R3, R4 samples w.r.t. the R1.

Isotope T /2 Ey Ar Aj Ay
(keV)
ey 27.7d | 320.1 | 0.33(5) | 0.30(5) | 0.5(3)
1246p | 602d | 602.7 | 0.6(1) | 0.6(1) | 1.6(3)
H0mAe | 249.76d | 657.8 | 0.25(4) | 0.19(3) | 4.3 (6)
45c | 83.79d | 889.3 | 0.43(4) | 0.47(4) | 0.58(7)
P Fe 445d | 1099.3 | 0.48(6) | 0.40(5) | 0.9(1)
Szn |243.66d | 1115.5 | 0.56(3) | 0.40(2) | 3.6(2)
0cCo 527y | 1173.2 | 0.62(2) | 0.6(1) | 72(12)

the mass of the R1 sample. The R4 sample showed overall higher levels

of activity and also additional ones like 1921 (13 ;2 = 73.8 d). Table

gives the observed levels of the impurities in the different samples in

comparison with R1 (the pristine device grade sample). That is, A; is the

ratio of counts observed in the i th sample w.r.t. the counts in the R1

sample for the corresponding gamma ray. It is evident that the etching of

the Ge samples prior to irradiation resulted in reduction of the impurity

levels by 40-80%. The detector grade Ge wafer (R4), which has much

higher resistivity, showed higher concentrations of long-lived nuclides like
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11()"’Ag, 1248h, 57n, ©°Co. However, on etching this sample by 20 um,
no activity above the sensitivity level of the counting setup was observed
implying that the activity in irradiated R4 sample is due to the surface
impurities. Hence, chemical etching prior to irradiation is required even

for the Grade-II samples which are not polished.

3.3.2 Fabrication of NTD Ge sensors

As mentioned in section [3.3.1] the irradiated Ge wafers are chemically
etched (~ 50 micron) to remove the radioactive surface impurities. After
etching, the samples are annealed at 600 °C for two hours in a vacuum
sealed quartz tube to recover the fast neutron induced damage in the Ge
crystal lattice structure [110] before it is taken for further processing.
During the course of the work, NTD Ge sensor of different dimension with
different electrical contact geometry were made and a schematic along

with the mounting scheme is shown in Fig. [3.4] The electrical contacts

7 %
12 7

— Type -1 Type -1l
Tvpe - | NTD Ge
yp <i) B ALG Cu-Pad
% s 2 Au-Ge
a=1,2 aI =51 = NTD Ge
Type - 111 Type - Il

Ficure 3.4: Schematics for Different types of sensor and their mounting scheme

were made by sputtering ~ 200 nm thick Au-Ge alloy (88% Au + 12% Ge)
using a suitable mask. Rapid thermal annealing at 400 °C for 2 minutes in

Ar atmosphere for the Au-Ge atom to make a metalized contact pad. The
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Type-I sensors are relatively larger in size and are appropriate for R&D
in initial stage as it’s simpler to make and easy to handle. The electronic
heat capacity of NTD Ge sensor varies linearly with temperature (c =
v T) and can contribute significantly at mK temperature when used in
a small size bolometer [17]]. Hence, the reduction of the sensor size is
very important for such bolometers, to achieve a better energy resolution.
Moreover, the electrical contact in the Type-I sensor is deposited on the
same surface which will result in a non uniform electric field when biased.
Also, the Type-I sensors are processed individually and this method is
therefore economically inefficient. A process aiming for batch fabrication
of sensor is required. With this motivation, fabrication and characterization
of smaller size sensors (Type-I and Type-1I) with contact geometry ensuring
parallel electric field was carried out. The impurities on the surface of a
NTD Ge can alter the behaviour at mK temperature. Hence, to avoid any
surface impurity, NTD Ge sensor is polished to optical finish surface after

the chemical etching. Some pictures showing various steps of fabrication
are shown in Fig.

A schematic picture of the sensor mounting arrangement on a cylindrical
gold-plated copper holder (¢ = 45 mm, h = 13 mm) is shown in Fig. 3.6
The Type I and Type II sensors were mounted on the copper holder using a
thin layer of GE-Varnish on a rolling paper to provide electrical insulation.
Type III sensors were mounted on copper pad using electrically conducting
silver paste which in turn is mounted on the copper housing using a thin
layer of araldite. For electrical readouts a circular PCB with 12 pin female

SMD connector was mounted on the copper holder. For Type-I and Type-II
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Ficure 3.5: Clockwise from left top, Teflon made fumehood for the chemical etching,
mechanical poslishing setup with different smoothness, mask for making
Au-Ge contact and the wire bonding machine for making electrical readout
with Al wire.

Gold-plated copper
thermal bath

NTD Ge sensor
Gold-plated copper pads

PCB
12 pin SMD connector

25 pm thick AI/Au wire

Au-Ge contact pad

FiGurE 3.6: A schematic picture of the experimental setup used for sensor tests.

sensors, thin Al wires (¢ = 25 um) were wedge bonded from each Au-Ge
contact pad on the sensor to the PCB, while Al wires were bonded on the top
surface and the copper pad in case of Type-III sensor (see Fig.[3.4). Twelve
shielded cables, each having a twisted pair of NbTi wire originating from a
24 pin molex connector, were connected to a 12 pin male SMD connector.
The setup was enclosed in a gold-plated annular copper cylinder for EMI

shielding and mounted on the CFDR 1200 probe which acts as a thermal
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bath for the sensors. The low-temperature measurements were performed

in CFDR-1200 setup as described in Chapter 2.

3.3.3 Characterization of NTD Ge sensors

The block diagram of the electronics using differential 1/O stages, imple-
menting the four wire resistance measurement for testing of Type-I sensor

is shown in Fig. To obtain V-I curves, current from a commercial

NTD Ge sensor

> Current Voltage

Output source amplifier
>—| CSE0INV INAIT6

NI DAQ
i t
Labview SE P Cryostat
~
Input P

T~

Ficure 3.7: Block diagram of readout electronics using NI based DAQ for measuring
R upto 10 GQ.

low noise current source (CSEOINV [111], range + 1 nA) was varied and
the corresponding amplified voltage signal (gain = 100) was measured. A
low pass digital filter (cutoff = 10 Hz) was used to reduce the noise in
the voltage measurements. Type-II and Type-III sensors are characterized
using the electronics readout as described in Chapter 2. Measurements
were performed with both polarities of the bias current in order to elim-
inate the voltage offset due to thermoelectric effect. The current source
and the voltage amplifier were powered by dc batteries to minimize 50 Hz
noise. For studying R as a function of T, mixing chamber was stabilized
at a selected temperature (within 0.1 %) with a PID controller and the sen-

sors were allowed to equilibrate thermally. Fig.[3.8 shows V-I data of the
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Type-I and Type-II sensor. For Type-III sensors, V-I measurement was not
performed and the resistance was measured with square wave excitation.

Schottky barrier like behavior was observed for higher bias current as seen
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Ficure 3.8: Voltage as a function of bias current for Type-I sensor at 25 mK and Type-II

sensor at 10 mK.

in Fig.[3.8] This could be due to the self-heating at higher bias current and
implies the need for improving thermal contact. Hence resistance values
in all measurements were extracted from the slope at the origin (low bias
current). It should be pointed out that the nonlinear behavior in the V-1
curves of NTD Ge sensor was reported earlier by Wang et al. [112] and
explained in terms of thermal decoupling between the electrons and the

phonons.

Resistance of different types of sensors are plotted in Fig. [3.9| (Left panel).
The variation of In R vs 1/VT together with the fitted function (Eq. )
is shown in Fig. (Right panel). The extracted parameters 7o and Ry
are listed in Table [3.6] To check the reproducibility, multiple sensors of
Type-II and Type-III were characterized and the Ty and Ry values are listed

in Table.
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Ficure 3.9: (a), (c) and (e) are R vs T for Type-I, Type-II and Type-III sensor respectively
and (b), (d) and (f) are the corresponding In R vs 705 plot together with

fits to Eq. (3.1)
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TaBLE 3.6: Extracted Ry and Ty values for sensors having different carrier concentration

Sample Carrier concentration ( Jem®)  Ry(Q) To(K)
D 1.11 x 10" 43+0.3 49+02
G 8.68 x 10'° 79+0.5 9.8+0.2
E 5.13x 106 45+09 41=+1
K 5.95 x 106 66+2 16.7+0.5
M 7.26 x 1016 26+13 102+1.0

TaBLE 3.7: verification of constancy of Ry and 7p of multiple K sensors (Type-1I) and M
sensors (Type-III)

Sensor Area (mm?) To(K) Ro(Q)

K102 3%x3 76+1 17.5+£0.2
K103 3x3 64+1 165+0.2
K104 3%x3 65+1 163+0.2
K105 3x3 701 163+0.2
K106 3x3 561 16.7+03
M708 1x1 34+£04 119+04
M709 Ix1 1.5+0.1 11.9+0.1
M710 1x1 69+12 11.2+£0.5
M711 1x1 20+£04 102+£0.5
M712 2x2 09+02 92+03
M713 2x2 09+0.1 83+0.2

It can be seen that even though the sensors are of very similar geometry,
fitted values of Ry are different which can arise due to contact, surface effect
etc. Also, Wang et al. [112] suggested that residual stress, unannealed
radiation damage and dislocations may also cause this variation at very
low temperatures. It should be pointed out that dR/dT (i.e., Tp) shows
expected dependence on doping level. The variation in Ty for Type-II
and Type-III sensors is = 5 % and + 15 %, respectively. The behaviour
of a Type-II NTD Ge sensor, made from the D-set (DB31) down to 10

mK is shown in Fig. [3.10] It can be seen that In R can be fitted linearly
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FiGURE 3.10: In R vs 779 together with fits to Eq. (3.1) (shown by solid line) for DB31
sensor in the temperature range 10 mK — 100 mK

with 770 following equation [3.1/down to ~30 mK. However, below this
temperature a deviation from the equation [3.1]is observed. This could
be due to surface impurities which can provide leakage path and can alter
the measured resistance at low temperature. It should be noted that even
though it deviates from the Mott-like behaviour, dR/dT is finite and the
sensor can be used upto 10 mK with empirical function. D sensors are

used for bolometer tests (described in Chapter 5)

3.4 Summary

Neutron Transmutation Doped (NTD) Ge sensors have been prepared by
irradiating device grade Ge with thermal neutrons at Dhruva research reac-

tor, BARC, Mumbai and are intended for use in TIN.TIN. Neutron fluence
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is estimated from the activity of "*Zr samples which were irradiated along
with Ge samples for few irradiations. For a particular sample the obtained
value could be compared with the measurement using '?*Sb activity which
agrees within 10%. The neutron fluence obtained form Zr/Sb activity was

found to be more reliable than that obtained from the reactor power.

It is shown that etching of the Ge samples prior to irradiation resulted in
reduction of the surface impurity levels by 40-80%. NTD Ge sensors of
different sizes have been fabricated and characterized. A neutron fluence of
4-5 x10'8 is found to be optimum for use as a bolometer sensor operating
at temperature of 10 mK. Sensors of smaller dimension (2x2 mm? and
1x1 mm?) have also been made and have shown promising results up to
40 mK. NTD Ge sensors fabricated using improved technique are shown

to be useful upto 10 mK with a Mott-like behaviour upto 30 mK.
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CHAPTER

Heat capacity measurement of

polymers

4.1 Introduction

Thermal properties of amorphous organic polymers make them particularly
attractive for structural applications at very low temperatures. Compared
to metals, the polymers have high strength to weight ratio, low thermal
conductivity and smaller heat capacity at cryogenic temperatures. They are
particularly suitable for low temperature detectors (operating at7 ~ 10 mK)
where polymeric materials are used as structural supports for the detector
elements [[113,114}/115,/116]. While thermal conductivity determines the
time scale over which the detector element thermalizes with the temperature
bath, a high heat capacity material can severely deteriorate the resolution
of the detector since one third of the heat capacity of the thermal link

contributes to the total heat capacity of the calorimetric detector [20].

59
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However, there is little or no data for thermal conductivity and specific heat
for most of the polymers at the detector operating temperature (typically
~ few tens of millikelvin). In the present work the specific heat of Teflon
(commercial grade), Torlon - 4203 and Torlon - 4301 (polyamide-imide;
Solvay Advanced Polymers) has been measured in the temperature range
of 30 - 400 mK. Torlon - 4203 nominally contains 3% TiO; and 0.5%
fluorocarbon while Torlon - 4301 contains 12% graphite powder and 3%
fluorocarbon [[117]]. Teflon is widely used as polymeric support for massive
calorimetric detectors but its specific heat data exists only in the range of
0.3-4.2 K [118]. Torlon is studied since it has better mechanical properties
like lower thermal expansion coefficient and higher tensile and compressive
strength than Teflon. While the specific heat of Torlon - 4203 has been
reported in the literature in the temperature range of 0.15 - 4.2 K [119],
no such data exist for Torlon - 4301. The present work reports the specific
heat of Torlon - 4301 for the first time while extending the calorimetric

data to lower temperatures for Teflon and Torlon - 4203.

4.2 Experimental Details

Thermal relaxation calorimetric technique was used to measure the heat
capacity of small samples [20} 54,120, |121,|122]]. The setup for measuring
the heat capacity is shown in Fig. It comprises a sapphire platform
(15 mm x 12 mm x 0.4 mm) on which the samples were mounted. The
platform was mounted on three hollow cylindrical Teflon supports (I ~ 5

mm; ¢ourer =5 mm and wall thickness ~ 1 mm) which provided the weak
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thermal link between the platform and the thermal bath.

Gold
plated Cu

Pt Heater on
sapphire plate

Teflon
supports

Carbon
sensor

Ficure 4.1: The setup used to measure the heat capacity of the polymer samples. The

sample masses and the Teflon support links were chosen such that the total
decay time constant for the relaxation curve was of the order of 5 - 20 secs.

A Platinum thin film of thickness ~ 50nm was deposited on the sapphire
platform which acted as a heater. Platinum is used because of it is re-
sistive to oxidation and has better adhesive properties compared to gold.
A carbon based thermistor has been fabricated for the temperature sensor
as suggested by Samkharadze et al. [123]]. The phenolic package of a 10
Q carbon resistor (from Ohmite Manufacturing Co.) is removed and the
carbon resistor is thinned down to a thickness of ~ 0.4 mm by polishing.
The carbon sensor is stuck to the sapphire using a thin layer of low temper-
ature araldite. Copper cladded NbTi wires (80 micron diameter) are used
for making electrical connection to the heater and the sensor. To reduce

the heat capacity addendum the copper cladding is etched except at the
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two ends of the wire. These wires are bump bonded to the heater with
indium and attached to sensor with a tiny amount of silver paste. Since
NbTi becomes super conducing below ~ 10 K, the power dissipation in the

readout wires is negligible.

Fig. shows a block diagram of the heat capacity measurement system.

The heater current was supplied by a Keithley 220 programmable current

Heater Sensor
KEITHLEY 220 AVS 47B
programmable M resistance PC
current source i

Sapphire substrate bridge

Ficure 4.2: A block diagram for the measurement system.

source and an AVS 47B a.c resistance bridge was used to measure the
change in the resistance (sampling rate ~ 2.5/sec). The measurements
were carried out in a high cooling power (1.4 mW at 120 mK) cryogen-free
dilution refrigerator setup at TIFR, Mumbai [14] as described in Chapter
2. To calibrate the carbons sensor, the mixing chamber temperature was
stabilized at different temperature range of 30-400 mK with an automatic
PID controller and the resistance of the carbon sensor (R¢) and temperature
of the probe was recorded. The temperature of the probe is measured using
a calibrated RuO; sensor. To avoid error due to thermal cycle, the carbon
sensor was calibrated for both heating and cooling cycle and the data was

fitted with a polynomial of order 9 as shown in the Fig.[4.3]

Tablef.T| gives details of sample sizes and masses. The samples were stuck

on the sapphire platform using a thin layer of GE-Varnish. The contribution
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Ficure 4.3: Calibration of the carbon sensor against the probe temperature.

of the thin layer of GE-Varnish to the measured heat capacity is estimated to
be negligible [[124]. The thermal conductance of the layer is also estimated
to be sufficient for the sample to equilibrate with the sapphire platform
when a steady state condition is reached.

TaBLE 4.1: Sample Details

Sample Mass (g) Size
Teflon 25460  12x 12x 7 mm’

Torlon - 4203  1.5267 8 x 7 x 6 mm?
Torlon - 4301 1.4013 ¢=12.7 mm; 7=8 mm

Fig. shows a typical thermal excitation and decay of heat pulse sensed
by the platform thermometer. The measured thermal relaxation curves for
all the samples showed a double exponential decay indicating a “lumped 1,

effect” [[125]]. This can be either due to the poor thermal conductance be-
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tween the sample and the platform, or due to the poor thermal conductance
of the samples which is expected for non-metallic amorphous materials.

The relaxation curve in such a system is given by

T=Ty+Are™/™ + Aye™'/™ (4.1)

where Ty is the heat bath temperature, and
A+ Ay =AT = P/K (4.2)
(A1T1 + Aa1) /(A1 + A2) = C/K (4.3)

K being the thermal conductivity between substrate and the heat bath and
C is the total heat capacity. The sample masses and the Teflon support
links were chosen such that the total decay time constant for the relaxation

curve was of the order of 5 - 20 secs.

106 T

104 |-
Double
exponential fit

T (mK)

102

100

0 20 40 60 80 100 120 140 160
Elapsed time (s)

Ficure 4.4: A typical temperature response of the Carbon sensor in response to a square

wave current applied to the heat on the platform (see text for details).
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The heat capacity data was fitted to equation[4.I|and the sample heat capac-
ity was extracted following the analysis procedure suggested in Ref. [[125]].
The relaxation calorimetry measures the heat capacity of the sample to-
gether with the addenda. The specific heat of the samples were obtained
by subtracting out the addenda contribution and normalizing it to the mass
of the sample. The addenda contribution was measured in a separate run

when no samples were present on the platform as shown in Fig.[4.5] All the

12

T T T T T T
m Addenda 1
10 - ——Fit: C=aT+bT* 4

-]

CIT (ud.K?)
[-2]

0 1 1 1
0.00 0.05 0.10 0.15

T (K%

Ficure 4.5: The measured specific heat of Teflon. The fitted result is in excellent
agreement with the values reported by Boyer er al. [118] (see text for
details).

samples were mounted using similar amount of GE-Varnish ensuring the
addenda to be constant. The thermal conductivity of the heat link during
all the heat capacity measurements is shown in Fig. d.6] It can be seen the

thermal conductivity remained unchanged as expected.
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Ficure 4.6: Thermal conductivity of the heat link in different runs.

4.3 Heat capacity of polymers

The low temperature specific heat of amorphous solids can be described by
phenomenological model called the tunneling-state model [[126}|127,128]].
The tunneling-state model predicts that specific heat of the amorphous ma-
terial at low temperature can be described by an anomalous linear behavior
with temperature, which is over and above the phonon contribution to the
specific heat. This is in clear contrast to the 7° dependence of specific heat
predicted by Debye theory for crystalline solids. The linear term can be
attributed to the tunneling transitions of small groups of atoms between two
configurations of very similar energy. The experimental data (below 1 K)

for various amorphous solids suggests that the specific heat of amorphous
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solids at very low temperatures can be described as

c(T)=aT' + p13 (4.4)

The value of 6 (0 < 6 < 0.5) is dependent on the density of the states avail-
able for excitation and hence, can be strongly influenced by the structural

disorder present in the amorphous solid.

The measured specific heat of Teflon is shown in Fig. and can be

represented by

cT)=aT + bT? (4.5)

a=(0.38+0.03) uJ K2g"!
where (4.6)

b=(34.7+1) uJ.K4g™!
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Ficure 4.7: The measured specific heat of Teflon. The fitted result is in excellent
agreement with the values reported by Boyer et al. [118] (see text for
details).

This is in excellent agreement with the values reported by Boyer ez al. [118]
for Teflon (a = 0.36 uJ.K~2g~! and b = 34.9 uJ.K~*g~!). The fact that
the first term is purely linear (6=0) indicates that the anomalies associated
with structural disorder are nearly absent in the case of Teflon and the
excitations would have a constant density of states in the energy range of
interest. This can be expected since Teflon, available in high purity, is
known to have a simple and well defined structure with a very high degree

of polymerization.

The measured specific heats of Torlon - 4203 and Torlon - 4301 are shown

in Fig. 4.8 and Fig. 4.9] respectively.
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Ficure 4.8: The measured specific heat of Torlon - 4203 (see text for details).
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Ficure 4.9: The measured specific heat of Torlon - 4301 (see text for details).

At low temperatures, the data for Torlon - 4203 and Torlon - 4301 deviates

significantly from a straight line in a ‘c/T” versus T plot. A better fit to
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the data was obtained using Eq.d.4] The structural disorder could be due
to the presence of other elements present in the polyamide-imide resin. As
mentioned before, Torlon - 4203 nominally contains 3% TiO, and 0.5%
fluorocarbon and Torlon - 4301 contains 12% graphite powder and 3%
fluorocarbon. The presence of these elements can significantly alter the
density of states at very low temperatures. The extracted parameter values

from the fits are given in Table 4.2}

TaBLE 4.2: Extracted parameter values from the fit of Torlon - 4203 and Torlon - 4301

in the temperature range of 30 - 400 mK.

a 0 b
(uJ K~ g1 (uJ K~*g™h
Torlon - 4203 7.2+1.3 0.52+0.06 23+6
Torlon - 4203 5.41+0.08 0.28+0.01 28.2+0.3
(Barucci et al. [[119)])
Torlon - 4301 9.4+1.6 0.30+0.07 102+8

1 Data in the range of 0.15 - 1 K.

As evident from Fig. the measured data agrees reasonably well with
that reported by Barucci er al. [119]] in the temperature range of 250 - 400
mK but deviates appreciably at lower temperatures. It should be noted that
the value for ¢ obtained for Torlon - 4203 in the present work is significantly
different from the value reported by Barucci et al., which was extracted

from measurements above 150 mK.

Fig.[d.10[shows the comparison of the specific heat of Teflon, Torlon - 4203

and Torlon - 4301 reported in this work.
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FiGure 4.10: Comparison of the specific heat of Torlon - 4301, Torlon - 4203 and Teflon
reported in this work.

The specific heat of Torlon - 4301 is significantly higher than Torlon - 4203,
while Teflon has the lowest specific heat among all three owing to its very
small coefficient for the linear term. Given its low specific heat, Teflon
seems to be a better choice as a thermal link for low temperature detectors
when minimization of heat capacity is a primary consideration. Torlon can
be used for applications which require better strength for support structures
and better thermal conductivity. In terms of specific heat, Torlon - 4203 is a
better candidate for polymeric support structures in cryogenic applications
than Torlon - 4301. Teflon is preferred for making support structure which

acts as the weak heat link in cryogenic bolometer
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4.4 Summary

Calorimetric measurements have been done to determine the specific heat
of Torlon - 4301, Torlon - 4203 and Teflon in the range of 30 - 400 mK
and has been analyzed in the framework of tunneling state model. The
specific heat for Torlon - 4301 has been reported for the first time while
the data for Torlon - 4203 and Teflon has been extended down to 30 mK.
The data for Teflon is in excellent agreement with the values reported by
Boyer et al. from 0.3 K to 20 K. The specific heat of Teflon is significantly
smaller than Torlon - 4203 and Torlon - 4301 below 100 mK and hence, is
more suitable for cryogenic applications which require low heat capacity
materials. Torlon would be preferable for applications which require higher
mechanical strength. Amongst Torlon, the specific heat of Torlon - 4203
(3% TiO; and 0.5% fluorocarbon) is appreciably lower than Torlon - 4301
(129% graphite powder and 3% fluorocarbon) over the entire temperature

range investigated in this work.



CHAPTER

Tests with a sapphire bolometer

5.1 Introduction

As described in Chapter 1, the tin based cryogenic bolometer is being
developed in India to study NDBD in 2*Sn [8]. An introduction to the
cryogenic bolometer is given in Chapter 1. In order to understand various
systematics affecting the bolometer performance, a sapphire bolometer is
studied. The sapphire possesses very low specific heat (20 fJ/K/g at 10
mK), since Debye temperature is large (1042 K [[129]]) and has been tested
at temperature as high as 1.5 K as a bolometer [22]. An understanding of

the systematics is essential to study superconducting tin bolometer.

In this chapter, design of a sapphire bolometer test setup is described. A
macroscopic thermal model based on Mathematica [21] to simulate thermal
response of the bolometer is presented. An off-line pulse shape analysis
technique developed for cryogenic bolometer is discussed. Studies on

identifying various noise source and its influence on the sapphire bolometer

73
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in the CFDR 1200 system at TIFR is discussed. Systematic studies on the
response of the sapphire bolometer to the phonon pulses generated from a

heater and alpha particles are presented.

5.2 Design of the bolometer

A picture along with a schematic view of the sapphire bolometer used

for the present study is shown in Fig. [5.I} It consists of a 0.4 mm thick

Wedge
bonded Al wire Araldif dot

NTD Ge (DB22)
Sensor-2

NTD Ge'(DB27)
Sensor-1
32019 )
paje|d pjoo

Heater

91e|d aJsyddes

Ficure 5.1: A picture of the sapphire bolometer setup (left) and a schematic view of the
same (right).

sapphire plate of area 20 mm X 20 mm which acts as the absorber. Two
NTD Ge sensors and a heater element are strongly coupled to the sapphire
bolometer with the help of a thin layer of low temperature araldite. The
heater element is developed by evaporating a 200 nm thick Au meander on
a Si substrate. The sapphire plate is connected to the gold plated Cu heat
bath using tiny dots of araldite (Dia. ~ 1 mm, Thickness ~ 0.1mm), which
provide a weak thermal link. The readout and the DAQ system is described

in Chapter 2. The resistance of the heater element (Ry), as measured
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using an AC resistance bridge AVS-47B, is found to be ~ 0.6kQ at 1 K
and remains constant over the temperature range of 1 K down to 10 mK.
Thus, Ry is substantially smaller as compared to the series resistor Ry,
(Rr2/2 = 1 MQ), making a constant current pulse of magnitude Iy ~ l;/_g'
The NTD Ge sensor was optimally biased with a DC voltage of 400 mV
from one of the DAC output. The other DAC output is used to power the
heater in pulsed mode (200 us wide square wave pulse @ 2Hz). Both
positive and negative heater pulses were used to avoid any error due to zero
offset. The sensor output voltage is amplified with a gain of 60 dB using a
commercially available differential voltage amplifier from FEMTO and the
amplifier output is recorded using an ADC input channel with a sampling

rate of 50kS/s. The thermal response of this bolometer simulated with a

macroscopic model is discussed in the following section.

5.3 Thermal modeling of the bolometer

To simulate the thermal response of a cryogenic bolometer a macroscopic
model is formulated. This model is used to design various parts of a
cryogenic bolometer e.g., the weak heat link, the sensor and the heater
coupling etc. aiming to obtain an optimal response with reasonable fall
time of the pulse. A schematic representation of a cryogenic bolometer is
shown in Fig.[5.2] If power Pj, P, and P3 are applied to the absorber, the
sensor and the heater, respectively; then conservation of energy leads to

the following matrix equation

CT =-KT +P (.1
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Sensor
C22!1-2

W
K22

K12

Absorber >
K CivTy g, K2s
11
13

Heater
c33IT3

FIGURE 5.2: A schematic representation of a bolometer.
where

T:(Tl p) T3),C:diag(cll Cx» C33)’SD:(P1 P P3)

and

K1+ K+ Kx» -Ki2 -Ki3
K = -Ki Ky + K2 + Ko3 —K»3
-Ki3 -K»3 K33 + K13 + Ko3

The C;; and K;; are the heat capacity and thermal conductivity, respectively,
of different elements as indicated in the Fig.[5.2] and 7; are the correspond-
ing temperatures. The temperature variation of various elements upon
energy deposition is obtained by solving the equation [5.1] numerically in
Mathematica [21]] with the following assumptions:

a) Energy is transferred to the phonons in a time scale which is negligible
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to the pulse evolution i.e., phonons are thermalized.

b) At every instant the thermal distribution of each component of the sys-
tem is in thermal equilibrium.

c¢) Heat capacities and thermal conductance’s independent of temperature
during pulse evolution.

Various parameters of the bolometer as listed in the Table. [5.T] are used as

an input for the numerical calculations.

TaBLE 5.1: Parameters of the bolometer setup used as inputs to the thermal model.

Parameter Material Dimension Value at T K Value 10 mK
Cii Sapphire 20x20x0.4 1.1 x 1078773 11 fI/K
Cx NTD Ge 3x6x1 9.9x 107°T 396 pJ/K
Cx3 Au meander on Si 4x6x1 1 x 107107 11 fI/K
K 4 araldite spots ¢ =1,h=0.05 1x10737T3 1 nW/K

K>, K33 Al wires 20um dia - 40 pW/K

K12, K13 Thin layer of araldite ~ 3x6x0.05 36 x 1073729 180 nW/K

A smoothly varying and trivially integrable function as given in equa-

tion [5.2] was used to generate the heat pulse.

Q

21,

(1 + cos [n(t —to)/t,]) for (to—1,) <1 < (to +1p),
Pi(1) =

0 otherwise
(5.2)

here, 2 ¢, is the width of the heat pulse and Q is the total deposited energy

given by
to+ip
0= Py (t)dt (5.3)

to—tp

A heat pulse of width 2 ms having energy of 5 MeV generated using

equation. [5.2]is shown in Fig. [5.3| (left) . The calculated temperature of
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the absorber, the sensor and heater when this heater pulse is applied on
the absorber at a base temperature of 10 mK is shown in Fig. [5.3] (right).

Since K1, >> Kj; and Kj3 >> K the temperature of the sensor and the

1.0 12.0
\ — T
0.8 115 .
\ T3
g 0.6 <
= € 11.0
o 0.4 -
10.5
0.2
0.0 [(1 )1 e
-0.001 0.000 0.001 0.002 0.003 0 1 2 3 4 5
Elapsed time (s) Elapsed time (s)

Ficure 5.3: The input heater pulse of energy 5 MeV (left) and the corresponding calcu-
lated thermal response (right).

heater follows the temperature of the absorber, as expected. The decay time
for the simulated pulse is ~0.4 s which is desirable for the current DAQ
system having low sampling rate as described in the Chapter 2. This is also
acceptable for rare event studies in a low background setup (< 0.01 counts
keV~'kg~!year™!) as the pileup is not a concern. The experimentally
obtained sensor output for a heater pulse of equivalent energy 5 MeV

is shown in Fig. [5.4] As it can be seen that the decay constant for the

|
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Ficure 5.4: Experimentally obtained signal for a 5 MeV heater pulse at a base tempera-
ture of 10 mK.
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experimentally obtained pulse (~13 ms) is significantly less as compared
to the calculated thermal response. The reason for this discrepancy could
not be ascertained, however this decay time was sufficiently large for further

measurements .

5.4 Pulse height analysis program for the
bolometer

Unlike other particle detectors e.g. Scintillator detector, HPGe detector
etc., the response time of a bolometric detector is comparatively slow. The
rise time of a large mass (~100 g) bolometer is ~10 ms and decay time
is ~ 0.1 s—1s. Commercially available hardware modules with on-line
pulse shape analysis are suitable for detectors with fast rise time and fall
time (ps to ns). Hence, a pulse analysis program is needed to extract the
best possible energy resolution of the bolometer detector. Moreover, if
the pulse characteristics varies with temperature which can be easily taken

care in an off-line pulse analysis program.

A ROOT based C++ program is developed for off-line pulse shape analysis
of the bolometer signal. The program consists of two parts. In the first part,
smoothened signal (S0), first derivative (S1) and second derivative (S2) of
the digitally sampled raw pulse (S) are derived by applying Savitzky-Golay
technique [24] as illustrated in Fig.[5.5] (left). In the second part, when S1
crosses a certain preset threshold, various pulse shape parameters as listed

in Table. [5.2] are extracted. The time ty defines the arrival time of the
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Ficure 5.5: An example of the pulse processing (left) and pileup pulses (right).

pulse and t; is a measure of the rise time, t, and tq are the peaking time
and decay time of the pulse, respectively. Pg, Py and P, are related to

the pulse height. The timing parameters are used to filter out spurious

TABLE 5.2: Pulse shape parameters

Parameter Definition
to Time when S1 crosses the threshold
t Time when S1 is maximum & S2>0
tp Time when SO is maximum & S1>0
%) S0 decays 63 % from the maximum
t; 1 -1
tp -1
tq 3-10
Pr Height of SO pulse
Py Height of S1 pulse
Pa Area under S1 pulse

pulses. The pileup pulses are well separated in S1 yielding efficient pileup
rejection (see Fig. [5.5] (right)). The sensor output for input heater pulses
of equivalent energy of 0.3 - SMeV is shown in Fig. [5.6] and the pulse
height (P4) as a function of heater energy is shown in Fig.[5.7] Though
the pulse height (P4) increases linearly with heater energy at low energy

(< 3 MeV), a deviation is observed at higher energy (10 MeV). Hence, the
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detector is calibrated by fitting the heater energy vs P4 plot using the 2nd

order polynomial as

E=aj Ps+ay P} (5.4)

here a; and a; are constants. It should be mentioned that Py is extracted
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Ficure 5.6: The sensor output for heater pulses of equivalent energy of 0.3 - 5 MeV at

20 mK.
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Ficure 5.7: The pulse height (P4) as a function of heater energy along with the fit to
equation[5.4at 20 mK.
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from the Sy signal and gets most affected due to baseline noise and results
in poorer resolution than Py or P, as expected. Since, P4 takes into
account the variation in the rise time it results in better resolution than

obtained from Py or Pg as shown in Fig. Since, the bolometer
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Ficure 5.8: The energy spectrum for thermal pulses comparing Pg, Py and Py.

signal is strongly dependent on the base temperature, any variation in the
baseline would deteriorate the energy resolution. In most of the cases the
baseline variation arises due to microphonics which deposits energy in the
absorber. Due to this the average temperature of the bolometer increases
and the pulse height decreases resulting a tail in the lower energy as shown
in Fig. (solid blue line). As an example 10 pulses contributing to
the low energy tail and the peak of the energy histogram (shown in solid
blue line in Fig.[5.10) is displayed in black and red, respectively in Fig.[5.9]

(left). Sample points from the baseline of 0-99 ms is taken from from the
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baseline and the mean vs sigma is plotted in a 2D histogram (see Fig.[5.9]
(right)). A suitable rectangular gate is applied to reject the noisy events as

result the resolution is improved and is shown in Fig.[5.10]
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Ficure 5.9: a) An example of pulses with noise baseline (black) and stable baseline
(red). b) The mean vs sigma distribution of the baseline of 0-99 ms.
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Ficure 5.10: Comparison between energy spectrum obtained with or without baseline
filter for a heater pulse of energy 5 MeV.

5.5 Effect of external noise

The resolution achieved with cryogenic bolometers is often not limited by
the intrinsic resolution of the bolometer, but by the external noise sources

in the system. The intrinsic resolution of the bolometer depends only on
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the bolometer temperature and the heat capacity, and is extremely small as
compared to the contribution due to external factors [130]. For example,
the intrinsic resolution (o) of a TeO, bolometer (5x5x5¢cm?) is expected
to be ~ 10 eV at 10 mK, while experimentally the best resolution achieved
is ~ 2.13 keV (FWHM ~ 5 keV) [131]. In the case of microbolometer
(< 10ug), resolution ~ few eV has been reported [132]. Therefore, a
major challenge for these experiments is to minimize the contribution of
external noise originating from the cryogenic system and the associated
electronics. Noise induced due to the mechanical vibrations is one of the
major drawbacks in a pulse tube based cryogenic system. The effect of
mechanical vibrations can propagate to the lowest temperature stage and
result in heating of the sensor, thereby affecting the performance of the
bolometer. In addition to acting as an additional thermal load, these vibra-
tions can also couple to the signal lines causing microphonic noise pickup
in the readout signal. Hence, some attempts to reduce the contribution of
pulse tube induced vibrational noise by implementing special vibrational
damping measures during the design of the cryostat have been reported
(95, 93, |133]]. Other major contribution in the external noise sources in-
volves the intrinsic noise of the mK thermometer and that induced by the
front-end electronics. Apart from these widely known external factors,
there can be system specific noise sources like vacuum pumps and mea-
surement units. An efficient and proper ground connection of the system
is necessary in order to minimize the ground loops, which otherwise can
result in noise pickups in the operating frequency range. These various

sources of pickups can have a detrimental effect on the overall perfor-
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mance of the bolometer and therefore, it is essential to investigate and
eliminate the same. With this motivation, we have studied the noise and
its influence on a test bolometer in the cryogen free dilution refrigerator
(CFDR-1200) system at TIFR [14]. The detailed noise measurements in
the frequency span of DC — 25 kHz have been carried out for the entire
setup including the system related diagnostics, control systems, NI- based
data acquisition (DAQ) system and the readout electronics. An efficient
grounding configuration is implemented to minimize the ground loops in
the system. Several measures are taken to minimize or eliminate unwanted
pickups originating from various control and diagnostic modules of the
cryogenic system, mainly the vacuum pumps and vacuum gauges. Con-
sequently, an improvement in the minimum achievable base temperature
and in the temperature of NTD sensor have been observed. The resolution
of the bolometer is also evaluated at 15 mK by applying external heater
pulses. Significant improvement has been observed in the resolution of the
bolometer. Details of various noise sources, measured noise levels over
a wide frequency range and corrective measures implemented to improve

the performance of a cryogenic bolometer is discussed in this section.

5.5.1 Effect of external noise on the bolometer

In the present experiment, only Sensor-1 (DB27) is used for assessing the
performance of the bolometer. The resistance (Ry) for the DB27 has been
measured as a function of mixing chamber temperature (7;¢ ) in the range

of 10400 mK. It was observed that the measured resistance of DB27
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showed a deviation from the Mott behaviour below 50 mK and saturated
at ~ 250 MQ, even though the mixing chamber cools down to 10 mK.
Since the sensor is coupled to the heat bath via a weak heat link, heat load
from the external factors such as various noise pickups and the pulse tube
induced mechanical vibrations, can affect the sensor cool down. To un-
derstand the impact of external noise on sensor temperature and bolometer
performance, noise spectra have been recorded using NI based DAQ sys-
tem and FFT analysis was done to understand different noise sources. All
noise measurements are done at the MC temperature (Ty;¢ ) of 10 mK and
the voltage gain of the amplifier is fixed at 80 dB. As mentioned earlier, one
of the major factors limiting the bolometer performance can be inefficient
ground connections involving several ground loops. A schematic block
diagram showing the optimized grounding scheme of different modules of
the setup is shown in Fig.[5.T1] Along with the CFDR cryostat, the NTD
sensor readout system consisting of differential amplifier and DAQ signal
box, the AVS preamplifier for diagnostic thermometry of different stages
of the cryostat and the AVS preamplifier for the NTD sensor readout at 300
K are enclosed within a Faraday Cage. The CFDR controls for 3He-*He
gas handling system (GHS) and accessories are routed through an optically
isolated USB — RS232 interface. The other modules such as PXI chassis,
AVS resistance bridges and PCs for acquisition and control are fitted in an
anodized metallic rack (outside the Faraday cage). The PXI is connected
to the PC with an optical link to reduce external EMI pickups. For min-
imizing the ground loops, a specially designated clean earth pit is set up

in the laboratory and ground connections are fanned out from this hub to
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Faraday Cage

NI-DAQ signal box N Avs-478 ¥
Amplifier i Preamplifier i
A | 1

PC for Control NI PXle-1082 AVS-47B
and Acquisition CHASSIS Bridge

Distribution
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FiGure 5.11: Schematic representation of optimized grounding scheme for the measure-
ment setup in CFDR-1200. Thick red lines- ground connections through
power distribution board; thin red lines- ground connections taken directly
from the clean earth pit; thin black lines- ground connections taken from the
NI PXI Chassis; blue dashed lines- communication link between different
modules; blue dashed lines with break- optically isolated communication
link; Communication between GHS and cryostat is not shown in the figure.

various units as shown in Fig. [5.11] The power line ground for different
PCs for control and acquisition, PXI chassis and AVS resistance bridge is
also derived from the clean earth pit. The PXI chassis acts as a master
ground for the DAQ signal box, the differential amplifier, the AVS pream-
plifier box as well as the cryostat. The instrument rack, which is directly
grounded, is also kept isolated from the body of the different extension
boards used for power connections to various instruments. Fig.[5.12]shows
the noise spectra in the frequency range of 0 to 500 Hz for an optimal and
a sub-optimal ground configuration. As an example of a ground loop in
the sub-optimal grounding, the master ground is assigned to the cryostat
body, which results in multiple ground connections for DAQ — through the
cryostat body as well as through the power connection. In this configu-

ration, the peak at 50 Hz with a magnitude of -50 dB is clearly visible.
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Ficure 5.12: FFT spectra of the output of the amplifier for DB27 showing the effect
of ground loops on 50 Hz noise. Measurements are done with a voltage
amplifier gain of 80 dB, T);C = 15 mK, Is;;;; = 20 mA and pulse tube
operating in a linear drive mode.

Higher order harmonics of 50 Hz are also visible in the sub-optimal ground
configuration. In the optimized configuration, the 50 Hz noise component
is below the sensitivity of the measurement, namely, -76 dB. It is observed
that the T)s¢ could not be stabilized at 10 mK in the sub-optimal ground
configuration. Therefore, Ty, is stabilized at a higher temperature of 15
mK with still current (Is;;; ) of 20 mA. It should be pointed out that both
the sensor resistance and the resolution of the bolometer are very sensitive
to the ground configuration. Further noise measurements have been car-
ried out with optimal grounding at Tj;c = 10 mK for four configurations:
Case-I: pulse tube operating with a normal drive, motor head mounted
on the cryostat Case-1I: pulse tube operating with a linear drive, motor
head detached from the cryostat Case-III: pulse tube operating with the
linear drive, motor head detached from the cryostat, electronics of IVC
(Inner Vacuum Chamber) vacuum gauge disconnected Case-IV: pulse tube

operating with the linear drive, motor head detached from the cryostat,
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electronics of all vacuum gauges disconnected. Noise spectra for the above
four configurations are measured with a fixed voltage gain of 80 dB and
are shown in Figures[5.13|to[5.16] The FFT spectra are taken over a wide
frequency range of 0 — 25 kHz and are divided into four blocks with the
frequency range of 20 Hz, 500 Hz, 2 kHz and 25 kHz. Initially, the noise
spectra for DB27 are recorded with the pulse tube in normal drive mode

to assess the impact of the pulse tube motor vibration. In Fig.[5.13] noise
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Ficure 5.13: FFT spectra of the amplifier output for DB27 sensor for Case I (See text
for details).

peaks at 9.75 Hz, 11.25 Hz and a broad peak at 140 Hz are mainly con-
tributed by the harmonics of 1.4 Hz, pulse tube induced noise. Pickups at
frequency 827 Hz and 985.5 Hz are contributed by vacuum pumps of the
CFDR. There are several peaks in the 25 kHz window, with a dominant

pair of peaks around 16 kHz with an output voltage of -55 dB. This pickup
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around 16 kHz is found to originate from the vacuum gauges in the CFDR
system. It was noticed that this noise at 16 kHz is also sensitive to the
ground loop and found to increase to -32 dB in the sub-optimal ground
configuration compared to -55 dB in the optimal grounding. As mentioned
earlier, the linear drive mode for the pulse tube operation is preferable at
low temperature for reducing the vibrational noise. Additionally, the pulse
tube motor head is isolated from the cryostat for further reduction in vibra-
tion. In the noise spectra for Case II (Fig. [5.14) reduction in noise peaks
at 9.75 Hz, 11.25 Hz and 140 Hz is evident. Thus operating the pulse tube
in linear drive helps in cooling the DB27 sensor, which is also reflected
in the higher saturation value of the resistance of 370 MQ as compared to
250 MQ for Case 1.Fig. corresponding to the Case III, shows that the
noise peak at 16 kHz almost vanishes after disconnecting the IVC gauge

electronics and the measured resistance of the sensor was 440 MQ.
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Ficure 5.14: FFT spectra of the amplifier output for DB27 sensor for Case II (See text
for details).
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Ficure 5.15: FFT spectra of the amplifier output for DB27 sensor for Case III (See text
for details).

The heat load in the system is further reduced after disconnecting all other
vacuum gauge electronics (Outer Vacuum Chamber, Probe and Still) of
the CFDR system. The FFT spectra of the amplifier output corresponding
to Case IV is shown in Fig. [5.16] No significant changes are observed
in the FFT spectra of Case III and Case IV, but its effect is seen on the
cooling of the sensor. The resistance of the sensor now saturates at 594
MQ as compared to 440 MQ in Case III. Details of the various frequency
components of the noise pickups at different stages of system improvements
(Cases I to IV) are summarised in Table I. Except for the Case I, where the
pulse tube is operating in normal drive mode, the pulse tube noise is not

visible in the FFT spectra.

The noise spectrum continues to show several frequency peaks, albeit

small. The residual noise is seen to be generated by the pulse tube system,
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Ficure 5.16: FFT spectra of the amplifier output for DB27 sensor for Case IV (See text
for details).

which is verified by momentarily shutting off the pulse tube cryocooler. The
measured resistances in the temperature range of 10 —400 mK for the above
mentioned cases are shown in Fig. where the effect of eliminating
different noise sources is evident. It can be seen from the figure that the
DB27 sensor resistance has increased substantially in case IV as compared
to that obtained in Case I. However, it still shows a deviation from the
standard Mott curve, but the temperature at which deviation occurs is lower
indicating a net improvement in the cooling of sensor. The effect of ground
loops was also reflected in the minimum temperature achieved at MC and in
the measured resolution of the bolometer. In the best configuration (Case-
IV), the lowest temperature of ~ 5 mK (as measured with CMN) could be

achieved as compared to 6.7 mK in the sub-optimal ground configuration.
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FiGure 5.17: Measured resistance of the NTD Ge sensor DB27 for Case-I to Case-IV
in the temperature range of 10 — 400 mK. The fit to data in 100 — 400 mK
range with the standard Mott curve (R 0 = 10.2 (0.5) Qand T 0 = 12.2
(0.2) K) is also shown for comparison.

A comparison of bolometer resolution for the case-IV configuration with
sub-optimal and optimal grounding is shown in Fig. [5.18] It is observed
that resolution of the bolometer worsens by ~ 80% (from 15 keV to 27
keV) in case of a sub-optimal ground configuration. The resolution of the
bolometer is found to improves by ~ 30% when the pulse tube is switched
from the normal drive (Case-I) to the linear drive (Case-II). However,
different configurations with the pulse tube in linear drive mode (i.e. Case-
IT to Case-IV) yield similar results within measurement errors (~ 15 keV)

for the bolometer resolution.
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Ficure 5.18: Measured resolution of the sapphire bolometer in the energy range of 300
keV to 5 MeV, at 15 mK.

5.6 Response to phonon pulses

As mentioned earlier, in order to understand various systematics affecting
the bolometer performance, the response of the sapphire bolometer in the
temperature range of 10-100 mK is measured with phonon pulses generated
by a heater. An understanding of the systematics will be useful to study
superconducting tin bolometer. Energy resolution (o) of the sapphire
bolometer is measured with heater pulses of equivalent energy of 0.3-10
MeV in the temperature range 10 -100 mK. At each temperature pulse
height vs bias current measurement was done and an optimum bias current
(20 nA-1 puA) was chosen for the energy calibration measurement. The
rise time and the decay time of the bolometer signal at 10 mK are ~1 ms

and ~ 15 ms, respectively.
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* Though the energy calibration is linear at low energy (< 3 MeV), a

deviation of ~8 Y% is observed at higher energy (10 MeV).

* It is found that energy resolution (o) decreases as function of the
MC temperature. However, in the range of 10-25 mK the energy

resolution is found to be nearly independent of the temperature.
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FiGURE 5.19: Energy resolution of the sapphire bolometer at 15 mK with phonon pulses
in three different sets of measurements

* The energy resolution in this temperature range was repeated over
three different thermal cycles. A good reproducibility is observed

and data are shown in Fig.[5.19]

* Itcan be seen that the energy resolution of the bolometer(o) is nearly

constant ~ 15 + 3 keV over the energy range of 0.3-5 MeV.

* Measurements were also performed with heater energy ranging upto
10 MeV where a non linear dependence of resolution (o at 10 MeV

=30 keV = 2 keV) with energy could be seen for energies E>3MeV.
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* A moderate size tin sample of mass 0.6 g was mounted on the sap-
phire substrate using N-Grease and the energy resolution (o g,) in the
temperature range of 15 - 25 mK is compared with that for the blank
sapphire. No significant difference could be noted on the decay time
and the linearity of the energy calibration. It is observed that for
E<3 MeV, the o, is comparable to o but at higher energies o,
increases with E. This is surprising as thermal noise is temperature
dependent and not energy dependent. Also, most of other external

noise factors are expected to be independent of energy.

5.7 Response to alpha pulses

For tests with alpha particles, a weak 23*Pu-2*! Am alpha source (~ 10 dps)
electroplated on a SS disk is mounted with a brass collimator (1 mm dia).
The mounting setup is shown in Fig.[5.20] Expected energies form the two

major peaks are 5.156 MeV and 5.485 MeV [26]]. The energy spectrum of

o—source
—

Collimator ———— — ——

Heater
Araldite glue spot
Heat bath

NTD Ge sensor

Saphire substrate

FiGure 5.20: A schematic of the sapphire bolometer setup with the alpha source

the source with the collimator was recorded using a silicon surface barrier
detector for reference. The alpha pulses were acquired for a duration of
~ 6-10 hours at different MC temperatures of 15 mK, 20 mK and 25 mK.

A LabView program was used to record the amplified voltage signal in
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leading edge trigger mode with a sampling rate of 50 kHz. The acquired
data was analyzed using the analysis technique as described earlier and the

spectrum is shown in Fig.[5.21] Although two peaks are visible, they are
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Ficure 5.21: Pulse height spectrum obtained with the alpha source

not very well separated. The peak at low energy (pulse height ~ 0.035
V) can arise due to energy deposition of cosmic muons. It is puzzling
to note that E, estimated from the heater calibration, namely, 3.3 MeV
and 3.6 MeV, are significantly lower than the actual source energies (5.156
MeV and 5.485 MeV, respectively). Discrepancy in the heater calibration
and radiation energy was earlier reported in Ref [27], but has not been
understood. The resolution o ~ 70-180 keV estimated from the energy
difference in peaks A E = 330 keV and is considerably worse than the 0. It
should be mentioned that baseline/peak drifts over larger acquisition period
could contribute to worsening of the resolution. Further investigation with

v sources and/or muons will be required.
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5.8 Tests with a conventional wet dilution
refrigerator

In order to study the impact of vibration on the performance, the bolome-
ter is also tested in a Leiden Cryogenics make conventional wet dilution
refrigerator (DRS 1000) at TIFR [25]], where the vibrational noise is ex-
pected to be less as compared to the CFDR1200. The InR vs 7-1/2 graph
along with the fit to Eq[3.1|for the DB27 sensor at DRS 1000 is shown in
Fig. The value of Ty (15.4+1.2) is consistent with that obtained at
CFDR1200 within error. However, a discrepancy in the absolute value of
the resistance at a particular temperature is observed the reason to which

could not be identified. It should be noted that the maximum resistance
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FIGURE 5.22: InR vs T~!/2 graph along with the fit to Eq.xx for the DB27 sensor at DRS

1000.

obtained at DRS 1000 is ~ 16 GQ at a mixing chamber temperature of 11
mK which translates to a sapphire temperature of ~30 mK. In contrary, the

maximum resistance obtained at CFDR1200 is 600 MQ at 10 mK mixing
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chamber temperature which indicates to a sapphire temperature of ~40 mK.
This implies that an improvement of ~10 mK is observed in DRS 1000
in terms of cooling. The noise V,,,; is related to sqrt R. The noise spec-
trum obtained at 50 mK at DRS 1000 and ~10 mK at CFDR is compared

where the resistance values are similar and is shown in Fig.[5.23] There is

of ok
%-20:— g_zo £
o £ o
2 40 ) 2 40 [
o r o
c r c
5 -60 | s 60 [
= E &
8 -80 8 -80 M
100 F -100 |
120 :|||||\|||||\||\ll\||||\\||||\||1||‘||\||\|||||\|| _120 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (Hz) Frequency (Hz)

FiGure 5.23: Comparison of noise spectrum in the frequency range of DC-20 Hz.
CFDR1200 (left panel) and DRS 1000 (right panel).

no prominent peak above the background could be seen in the frequency
range of DC-20 Hz. The rms noise is ~2.5 times less in the DRS 1000 as
compared to CFDR 1200 in the frequency range of 1-5 Hz. The bolometer
is studied with heater pulse as explained in the earlier section. The best
achieved energy resolution of the bolometer in the wet dilution refrigerator
is about a factor of 2 better as compared to that obtained in the CFDR1200.
The energy spectrum obtained with the same 23*Pu->*! Am alpha source is
shown in Fig. Using the energy calibration obtained from the heater
pulses the alpha peak corresponds 5.4 MeV with a resolution of 130 keV.
The absence of one of the two peak could be due to shift in the alignment

of the collimator with the source.
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Ficure 5.24: Pulse height spectra obtained with alpha source at 22 mK at DRS 1000.

5.8.1 Summary

A thermal model for simulating thermal response of bolometer using Math-
ematica is formulated. A pulse height analysis program for analyzing
bolometer signal using ROOT and C++ is developed. An electronics read-
out and DAQ system employing LabView software is setup for bolome-
ter R&D and tested with a sapphire bolometer. Impact of various noise
sources on the performance of the bolometer in the CFDR system inclusive
of control, diagnostic thermometry and NI PXI DAQ. It is shown that the
presence of ground loops can worsen the performance of bolometer by ~
80%. Further, the noise pickup from vacuum pumps and vacuum gauge
readout units also introduces thermal load on the NTD Ge sensor. The first
test of a cryogenic sapphire bolometer with indigenously made NTD Ge
sensor is carried out. Response of the sapphire bolometer is studied with

phonon pulses and a energy resolution of 15 keV + 3 keV is obtained in the
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temperature range of 15 — 25 mK. Compared to CUORE TeO, bolometer,
this needs to be improved by a factor of 5. The energy resolution of the
sapphire bolometer with a Sn of mass ~ 0.6 g does not show appreciable
change below 3 MeV. The spectrum of alpha particles is also measured with
the cryogenic bolometer. This work provides key inputs for the fabrication

of tin superconducting bolometers to be used in the TinTin experiment.
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CHAPTER 6

Summary and future outlook

6.1 Summary

Double beta decay (DBD) is a second order spontaneous weak nuclear
transition in which two neutrons of an even-even nuclei simultaneously
decays into two protons by emitting two electrons along with two antineu-
trinos. Since the neutrino is a neutral spin half fermion and has mass, it
can either be a Majorana particle (neutrino is it’s own antiparticle) or Dirac
particle (neutrino and antineutrino are distinguishable). If the neutrionos
are Majorana in nature, then there is a finite probability that the neutri-
nos are virtually annihilated in the DBD process and only two electrons
are emitted in the final state resulting a neutrinoless double beta decay
(NDBD). This process violates lepton number conservation by two units
(AL = 2). Hence, if observed, apart from conclusively establishing Majo-
rana nature of neutrinos NDBD will pave an way to new physics beyond

the standard model of particle physics and can contribute in understanding

103
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the matter-antimatter asymmetry observed in the universe. Furthermore,
the half-life of this process would provide an measurement of the absolute

effective electron neutrino mass.

DBD have been observed in 12 nuclei out of 35 naturally occurring poten-
tial candidates with half-lives ranging from 10'® to 10°* year. In contrast,
the NDBD is not yet observed. The half-life of the NDBD process is related
to the nuclear transition matrix element which involves large uncertainties.
Hence, it is important to pursue NDBD experiment in different nucleus.
Many experiments are ongoing worldwide in search of this rare decay in
different nuclei using different detection techniques. Experimentally, a
sharp peak at the Q value along with a continuum background arising from
the DBD events would signify a NDBD event. A large mass detector hav-
ing good energy resolution and good efficiency is desirable. In addition,
an extremely low background environment (0.01 counts keV~'kg~'year™!)
and a long runtime (few years) is necessary to achieve a reasonable sen-
sitivity. Cryogenic bolometer is a particle detector in which the energy
deposition due to an impinging radiation is measured in terms of temper-
ature rise. Insulators and superconductors are ideal as bolometer material
owing to small specific heat at low temperatures. Since the bolometer
detects phonon signal it is possible to obtain very good energy resolution
(< 0.1%) and almost 100% efficiency which makes it a suitable detec-
tor for NDBD experiment. Also, if a bolometer is made from a material
containing the NDBD isotope then a large mass detector can be made by

employing arrays of bolometers to increase the sensitivity.
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Till date, the best achieved limit on the half life is reported by KamlandZen
collaborationtobe T2 > 1.07 x 10 year at 90% C.L. for '**Xe. CUORE
collaboration have reported a half-life limit of Ty, > 1.5 x 10 year at
90% C.L. on '3°Te using a TeO, bolometer of mass ~ 1 ton. Motivated
by it’s importance, a NDBD experiment on '?*Sn (Tin.Tin) has been initi-
ated in India. Reasonably high Q value of 2292.6+0.39 keV and moderate
isotopic abundance of ~5% makes '>*Sn a suitable candidate for this exper-
iment. Moreover, tin becomes superconducting at a transition temperature
of 3.7 K, a cryogenic tin bolometer can be made having very good energy
resolution when operated at temperature ~10 mK. In this thesis R&D for
the development of cryogenic bolometer related to the 7in.Tin experiment

is carried out.

Development of a prototype tin cryogenic bolometer is underway at TIFR,
Mumbai. For this purpose, a custom made high cooling power (1.4 mW
at 120 mK) cryogen-free dilution refrigerator (CFDR1200) having a large
sample space (30x30 mm?) in the mixing chamber, capable of supporting
~100 kg of mass, is installed. As a part of this thesis, various troubleshoot-
ing and repair on the CFDR1200 is performed. Systematic diagnosis and
subsequent repair of two major issues, a) A blockage in the secondary
impedance b) A leak was developed in the solder joint near the sintered
silver heat exchanger to the IVC, is discussed. The still was replaced with a
new generation stil/ having pressure dependent impedances which are less
prone to blockage. Detailed cooling power measurements are performed
to assess the performance of the CFDR after repair. A cooling power of

1.36 mW at 120 mK is recorded after repair which is close to the factory
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supplied value of 1.4 mW at 120 mK.

Currently NTD Ge sensor are developed which are to be used as a tem-
perature sensor in the tin bolometer. For this, high purity Ge wafers of
1 mm thick are irradiated from Dhruva reactor BARC, Mumbai. Earlier
work has reported NTD Ge sensors with good performance upto 75 mK. In
this thesis various improvements in the NTD Ge sensor fabrication process
are done. It is shown that chemical etching of the Ge samples prior to
irradiation results in reduction of the surface impurity levels by 40-80%.
A method of estimating thermal neutron fluence the activity of ™'Zr is
discussed. For a particular sample the neutron fluence obtained by this
method could be compared with that obtained form !>4Sb activity and an
agreement within 10% is found. Neutron fluence obtained from "*Zr or
1248b activity is found to be more reliable than that obtained from the reac-
tor power. Optical finished mechanical polishing is performed at the final
stage i.e., prior to post irradiation chemical etching in order to improve
the surface quality of the sensor. NTD Ge sensors of different size are
fabricated and characterized. A neutron fluence of 4-5 x10'® is found to
be optimum for use as a bolometer sensor operating at temperature of 10
mK. Sensors of area 3x3 mm? are fabricated with wrap around contact.
Smaller size sensor (2x2 mm? and 1x1 mm? area) owing to have less heat
capacity addendum is fabricated and tested upto 40 mK and a mott-like
behaviour in the investigated temperature is seen. A variation of 15% in Ty
is found in such sensors. The NTD Ge sensor fabricated using improved
fabrication method have shown Mott-like behaviour down to 30 mK and

a deviation below this is observed. However a finite dR/dT below this
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temperature makes it useful upto 10 mK with an empirical function.

Polymers are widely used as structural application in cryogenics due to it’s
strength to weight ratio as compared to metal and reasonable thermal con-
ductivity. In bolometer it commonly used as a support structure material
which also acts as weak link between heat bath. Thermal properties of
such polymers play important role in designing a bolometer with optimum
performance. Little or no data were available at detector operating temper-
ature region. Comparative study on the heat capacity on polymers (Teflon,
Torlon 4203 and Torlon 4301) are done in the temperature range of 30-400
mK using relaxation calorimetric technique. The specific heat for Torlon -
4301 has been reported for the first time while the data for Torlon - 4203
and Teflon has been extended down to 30 mK. The results show Teflon
has significantly low specific heat as compared to Torlon 4203 and Torlon
4301. Hence, Teflon is preferred as a bolometer support structure material.
Torlon would be preferred for application where more mechanical strength
is required. Among Torlon, Torlon 4203 has appreciably less heat capacity

than Torlon 4301 in the investigated temperature range.

A sapphire bolometer is being studied to understand various systematics
affecting the performance of a cryogenic bolometer. Since sapphire has a
very high Debye temperature (1042 K) it has tested as a bolometer oper-
ating at a relatively higher temperature (~1.5 K). An understanding of the
various systematics affecting the performance of a cryogenic bolometer
is essential for making a tin superconducting bolometer. A Mathematica

based thermal model for bolometer is formulated. Using this a sapphire
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bolometer is designed with tiny aradite glue spots acting as weak thermal
link between the absorber and the heat bath. Employing LabView software
an NI based DAQ is setup with a low noise electronics readout. An out-
put voltage noise Vpp~10 mV with gain 60 dB is achieved at T<50 mK.
A ROOT and C++ based pulse shape analysis program for the bolome-
ter is developed. This thesis reports the first test of a cryogenic sapphire
bolometer with indigenously developed NTD Ge sensor in India. The
effect of various noise sources and it’s influence on the performance of a
cryogenic bolometer is assessed. About 20-30 % improvement on the res-
olution is observed. Systematic study on a cryogenic bolometer working
at 10-100 mK is performed. A resolution of ~15 keV is obtained with the
phonon pulse. Compared to CUORE about a factor of ~5 improvement is
needed. Sapphire bolometer with a 0.6 g Sn sample is studied. No appre-
ciable change is observed for E<3MeV. Alpha spectrum with a cryogenic

bolometer with the indigenously made NTD Ge sensor is measured.

6.2 Future outlook

Thermal properties of NTD Ge have a key role in understanding the per-
formance of cryogenic bolometers. The energy resolution and the decay
time of a bolometer depends on the total heat capacity of the detector
system. The electronic heat capacity arising from the dopant in NTD Ge
contributes significantly to the total heat capacity for small size (few g)
bolometers. E. Olivieri et al. [[17] have observed a metal like behavior

of a NTD Ge having carrier density close to the metal-insulator transition
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region and reported the temperature dependence of heat capacity for the
same in the temperature range of 20-80 mK. Shklovskii et.al predicts a
dependence of Sommerfeld constant (y) on carrier concentration (N¢) as
Y < Né/ 3. However, no experimental evidence has been reported yet. NTD
Ge samples with a wide range of carrier density ranging from 3.8 x 106 to
32.9 x 106 have been made during the R&D of Tin.Tin NTD Ge sensor.
A measurement of heat capacity of NTD Ge samples with different dopant
density would be beneficial for bolometer development employing NTD

Ge as a temperature sensor.

The energy resolution obtained using heater pulse needs to be improved
atleast by a factor of 5. Various factors affecting the bolometer resolution
needs to be investigated. Currently, the most dominant contribution comes
from the vibrational noise caused due to the PT, which has been reduced
to the extend possible. Further reduction can be done using the following

techniques.

* Attaching a load (~ 50 kg of lead) on the mixing chamber for damp-

ening the vibration.
* Mounting the bolometer on a passive vibration isolation platform [[134].

* Employing a mass-spring vibration isolation system as discussed in

Ref. [135].

* In the current configuration the PT is rigidly mounted on the plates
at the room temperature, 40 K, and 3 K stages. The PT can be
lifted a few cm and placed on the room temperature plate with edge

welded below and supported from the celling. The the 40 K and 3 K
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stage can then be connected with high conductivity copper braids for

thermalization.

Apart form this the electronic noise can be improved by employing a
preamplifier stage at 50 K stage. Development of such a preamplifier
along with a two stage low noise amplifier working at room temperature
is in progress. Also, an optimal filtering technique can be incorporated in

the pulse analysis program for improving the energy resolution.

Tests with beta or gamma source needs to be done for better energy cali-
bration. A two stage bolometer (one top of the other) can be made for re-
ducing the cosmic muon background by implementing an anti-coincidence

between the two detectors.

A finite size (few g) tin bolometer needs to be made and the effect on
the energy resolution due to trapped energy in the quasiparticle of super

conducting tin needs to be investigated.
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