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Synopsis

A liquid is said to be superheated when it is in a liquid state at temperature and
pressure values corresponding to the vapour region. This represents a metastable
state of the liquid and serves as the seed of nucleation site of the homogeneous phase
transition. Superheated Emulsion Detector (SED) mainly contains a large number
of droplets of the superheated liquid inside the gel matrix. The homogeneous nucle-
ation can be started inside the SED by deposition of energy in the medium. When an
energetic particle passes through the droplet, it deposits energy and causes a phase
transition from the metastable liquid state to the stable vapour state. If the particle
deposits the energy within the critical length and the energy is larger than the critical
value, the vapour bubble grows and the whole liquid is converted into vapour state.
An acoustical signal is produced in the phase transition of the superheated liquid
droplets which is recorded by a piezoelectric sensor. Nowadays, SEDs are useful de-
tectors in neutron dosimetry, neutron spectrometry, gamma-ray, heavy ion detection
and dark matter detection. The mechanism of SED is similar to bubble chamber [1]
but complete physics of nucleation is not yet known. The process of bubble growth is a
complex phenomenon involving many nonlinear thermodynamic processes [47]. In the
thesis a detailed study of the nucleated acoustical signals from SEDs using neutrons
and gamma-rays are presented. Complexity of the nucleation has been studied using
the nonlinear analyses and the chaotic behaviour has been identified. The coherent
mode in the nucleated signal have also been studied by empirical mode decomposi-
tion technique. New parameters have been developed for better understanding and

discrimination of the neutron and gamma-ray induced signals. Ultraviolet Visible
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Synopsis

absorption and Fluorescence spectroscopy of the gel matrix of the SEDs have been
studied for fabricating the stable SED. Finally, the SEDs have been applied to study
the variation of neutron flux during a solar eclipse day. A Bel-Jar type SED and a
pressurization system have been developed and initial testing have been carried out

and the results have been described.

This thesis is divided into seven chapters. Chapter 1 and 2 discusses the general
introduction of the superheated state, SED, the oscillation of the bubble after nucle-
ation and its nonlinearity. Chapters 3 describes the chaotic nature of the generated
acoustical signals and the bubble nucleation using nonlinear analysis. The different
discrimination techniques of the signal from neutron and gamma-ray induced nucle-
ation using two types of SEDs with different liquids (R—134a and R—12) are covered
in Chapter 4. Ultraviolet-Visible absorption and Fluorescence spectroscopy of the gel
matrix of SED are described in Chapter 5. The application of the discrimination tech-
nique and the development of a new generation of Bell-Jar type SED are described in
Chapters 6. Finally, Chapter 7 devotes the conclusion of the work and future plan.

The contents of each chapter are described below in brief.

X



Synopsis

Chapter 1: Introduction of superheated liquid

In this chapter, mainly the details of the superheated state of a liquid are described.
It also covers the principle and the physics of nucleation of superheated liquid droplets
inside SEDs. Impurities present in the gel matrix of SED and random temperature
fluctuations can cause heterogeneous nucleation inside SED. The homogeneous nu-
cleation by the neutrons and gamma-rays are our prime interest of study and here
the homogeneous nucleation mechanism by neutrons and gamma-rays are described.
The present use of SEDs in the detection of particles and dark matter are described

in this chapter.

Chapter 2: Introduction of nonlinear nature of bubble oscillation during
nucleation

The proto-bubble after nucleation grows very fast and the time scale approximately
equal to 1078 ms and becomes a vapour bubble. The growth process can be divided
into three regimes and known as surface tension controlled regime, inertia controlled
regime and heat diffusion controlled regime. The growth of the bubble and the three
stages are elaborately described in this chapter. After the growth stages the bubble
oscillates and the details of the frequency of oscillation are also addressed here. The
oscillation of a bubble is considered as a nonlinear, complex and chaotic process.
Previous nonlinear chaotic dynamics are addressed which has the potential tools to
classify the underlying physical process. This chapter also summarises the recent
and past research on the nonlinear behaviour and the presence of chaos in bubble

oscillations after nucleation.
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Chapter 3: Nonlinear behaviour of the homogeneous nucleation

Boiling is a common phenomenon but the complete mechanism of boiling is not fully
understood because of the nonlinearity and complexity of the process. The complexity
occurs due to the presence of interacting sub-process in nucleation and this type
of process under selected conditions show chaos. The homogeneous nucleation of
superheated liquid droplets is nonlinear and complex like normal boiling. Normal
boiling is referred to as heterogeneous nucleation. It occurs in the presence of any
discontinuity and homogeneous nucleation occurs inside the bulk liquid. This chapter
describes the nonlinear analysis that has been carried out on the acoustical signals
from homogeneous nucleation of superheated liquid droplets. The analysis shows the
existence of chaos and also differences have been observed in the acoustical signals

from neutron and gamma-ray induced nucleation.

Chapter 4: Discrimination techniques

4.A: Discrimination techniques of neutron and gamma-ray induced bubble
nucleated signals

High ionizing particles can induce bubble nucleation at even low temperature and
low ionizing particles can induce nucleation at only high temperature. The bubble
nucleation by high ionizing particles like neutrons and low ionizing particles such as
gamma-rays has been investigated here. The experiments with neutrons and gamma-
rays have been performed in temperatures ranging from 32 °C' to 50 °C for R — 134a
and in temperatures ranging from 35 °C' to 55 °C for R — 12 in the presence of
2 Am — Be and 37C's source. All the experiments have been done with two kinds

of superheated liquids droplets these are R — 134a and R — 12. Two different sizes
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Synopsis

of superheated droplets have been used. The SEDs have been fabricated at the
laboratory of SINP. The signals from bubble nucleation have been analysed by using
different kinds of parameters like Pvar, Fundamental Frequency (F.F.), Duration of
the signal and Number of Peaks. These parameters of the signals have been obtained
from bubble nucleation of R — 134a and R — 12 superheated liquid droplets and tried

to discriminate the neutrons and gamma-rays induced signals.

4.B: Advanced discrimination techniques of bubble nucleated signals by
nonlinear analysis

A chaotic bubble nucleated signals are highly fluctuating, non-stationary and inter-
mittent. It has broadband features and may consist superposition of many localized
structures. Noise is present in almost all experimental signals and coherent features
may present in a signal after denoising it. The coherent structure is considered as
the mode of the signal with the highest energy concentration. A signals may have
more than one coherent mode. The detection of coherent mode in a bubble nucleated
signal is important because it is the primary part of the whole signal which contains
the major energy and fundamental frequency of the signal. Analysis was done on the
experimental bubble nucleated signals from a non-standard point of view to under-
stand the nucleation process. The present study extends the nonlinear studies on the
signals and tries to discriminate the bubble nucleated signals by focusing on the new

parameters of signals.
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Chapter 5: Spectroscopic characterization of the gel matrix for the fabri-
cation of a stable SED

The transition process of electrically excited molecules from excited singlet states
to the ground state is called Fluorescence. Molecular properties like associations,
dynamics or any complex photochemical reaction can be studied using Fluorescence
emission. In this chapter, the Fluorescence analysis and Ultraviolet-Visible (UV-Vis)
of the gel matrix are described. The stability of a SED depends on the properties of
the gel matrix, where the droplets of the superheated liquid are distributed. A stable
SED can be fabricated using a gel matrix that should be clean and free from all kinds
of impurities inside it. Ultraviolet-Visible (UV-Vis) absorption spectroscopy and Flu-
orescence spectroscopy have been done on the gel matrix to detect the impurity or
contaminant substance present in the gel matrix and to check the best combination

ratio of the constituents of the gel matrix.

Chapter 6: Application of SED and few R & D

An experiment has been done at the laboratory on an annual solar eclipse day to
measure the variation of neutron flux. The measurement shows an enhancement of
neutron flux during solar eclipse relative to a normal day. A large size Bell-Jar type
of SED is constructed with four AE sensors. The volume of the SED is one litre and
out of four AE sensors three are symmetrically placed at the side of the Bell-Jar and
the fourth one is placed at the bottom. In the present chapter, the construction and
the test run of this Bell-Jar type of detector are presented. A pressurization system
convert the nucleated bubbles back to the liquid state to reuse the same detector in

multiple experiment. Details, testing and improvement of a pressurization system
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have been presented.

Chapter 7: Conclusion and future plan

The existence of chaos and the nonlinearity in the bubble nucleation are discussed. A
summary of the different parameters extracted from the signals for the discrimination
of neutron and gamma-rays are discussed. The importance of the characterization of
the gel matrix of the SED is summarised. Finally, the summary of the applications

of SED and the R & D works on detector have been presented here.

xiv
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Chapter 1

Introduction of superheated liquid

1.1 Inroduction

The principle of a superheated detector is based on the nucleation of superheated
liquids and it has been extensively used as a radiation detector. Superheated Emulsion
Detector (SED) is made up of microscopic droplets of superheated liquids and the
droplets are suspended inside a visco-elastic degassed gel matrix. The process of
nucleation of superheated droplets are very similar to bubble chamber [1] but the
complete physics of each step of nucleation is not yet completely known to us. SED is
a threshold detector because it can detect heavy ionizing particles like neutrons while
remaining insensitive to low ionizing radiation like gamma-rays and muons [2, 3].
In SED, the liquid remain in superheated state which is the state of a liquid when
it remains in the liquid state even at temperatures exceeding its boiling point. In
this state the chemical potential energy is high compared to its vapour state. This
is a relative minimum state and the state exists without violating the thermal or
mechanical stability of the system [3]. The typical phase diagram of a liquid in
terms of pressure (P) and temperature (T) parameters is shown in Figure 1.1 and
the superheated state can be explained by using this phase diagram. The point P in
Figure 1.1 is the point where all the three phases of a matter (solid, liquid and vapour
or gas) coexist and is known as the “Triple point”. The “Critical point” is the end of

the phase equilibrium curve represented by point Q. In the diagram the three phases
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Figure 1.1: Typical phase diagram of a substance.

of the matter are separated by three distinct lines. The lines are known as solid-
liquid, liquid-vapour and solid-vapour phase boundaries. The solid and liquid state
of matter coexists at the solid-liquid phase boundary whereas the liquid and vapour
state of matter coexists at the liquid-vapour phase boundary. The solid-vapour phase
boundary is the line where the solid and vapour state of matter coexists. If a liquid at
the point “E” in the purely vapour state maintains its liquid state at the same position
then it will be a superheated state. The two ways to reach the superheated state of a
liquid are isobaric heating and isothermal decompression. The isobaric heating is the
process where the temperature of the liquid increases very slowly above the boiling
point starting from a low temperature at constant pressure. In the case of isothermal
decompression, the pressure of the liquid is reduced very slowly and reaches the

ambient pressure starting from comparatively high pressure at constant temperature.
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The temperature by which a liquid exceeds its boiling point at constant pressure is
called the degree of superheat. At a constant temperature, the degree of superheat is
defined as the difference between the vapour pressure and the ambient pressure [4].
Critical temperature (7,) is the theoretical maximum limit of superheated state. It

is difficult to reach at this critical temperature in the laboratory [5].

The superheated state is a metastable state of the liquid, and to maintain the state,
liquid should be free from any kind of perturbation. The most common form of
perturbation is the presence of any kind of discontinuity in the liquid which causes
the normal boiling starting from heterogeneous nucleation sites. This type of boiling
can be prevented by removing the discontinuity like interfaces of liquid-solid, liquid-
liquid and liquid-gas. The superheated state of a liquid can be understood in detail by
using the phase diagram shown in Figure 1.2 which is represented in pressure-volume
space [2]. Two Venders Waals curves are shown in the Figure 1.2 which represent
the variation of pressure as a function of volume at a constant temperature. Among
the two curves, the temperature of one is below the critical temperature (7,) and the
other curve is at the critical temperature (7). A substance in the stable liquid state
expands beyond the point “b”; it reaches the stable vapour state by following the
path “a-b-d-f-g”. A substance at “b” in liquid under special conditions enters into
the metastable region “c”, the substance can stay in this meta-stable state for a long
time in the absence of any disturbances. It will reach the next stable vapour state
in the presence of any small fluctuations. In Figure 1.2 the point “c” is the minima
of the curve as fﬂlj = 0 at this point and this point represents the maximum limit

of superheat at a constant temperature. The superheated liquid will vaporize more
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easily as the temperature of the liquid increases at constant pressure till it reaches
the point “c”. Beyond the point “c”, j]; > 0 and lowering the pressure the liquid
enters in this unstable state, the curve between the metastable and unstable state is
known as the spinodal curve. The primary cause of the transmission from the vapour
state to the liquid state is the variation of the density of the liquid and radiation
interaction at the molecular level. The variation of the liquid’s density and the energy
deposition by radiation are sufficient to overcome the energy barrier of producing the
new phase which leads to the phase transition from liquid to vapour state [6]. The
limit of superheat is maximum at temperature below the critical point with constant
pressure and the liquid can maintain its superheated state without undergoing phase
transition. The energy barrier like surface tension sustains the superheated liquid in
a metastable state. The energy barrier is defined as the energy for unit surface area
at the interface of the liquid and vapour phase [7]. The phase transition can also
be triggered by the presence of trapped air bubbles, gas pockets at the solid-liquid
interface of the container, impurities and random fluctuation of the temperature of

the liquid, etc.

1.2 Superheated Emulsion Detector (SED)

“Robert Apfel” 1979 developed a Superheated Droplet Detector (SDD) by refining the
concept of bubble chamber [1]. Bubble chamber was developed by D. A. Glaser at the
time when he observed that ionizing radiation could initiate boiling in a container of

superheated solution; this invention earned him the Nobel Prize in 1960. Hydrogen,
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Figure 1.2: Schematic representation of pressure-volume isotherms for a pure substance
[2].

deuterium, helium, propen, freon, and xenon have been used in the bubble chamber
and many elementary particles were first discovered by this technique. An energetic
practice when passes through a liquid kept in a chamber produces bubbles along
its track. The process consumes the whole liquid and re-pressurization is required
every time before using it and the faster bubble chamber does not work beyond 20
cycles per second. The another form of this type of detector is known as a “Super-
heated Droplet Detector (SDD)” and “Bubble Detector (BD)”, where superheated
minute droplets of halocarbon or hydrocarbons are suspended in an aqueous gel like
medium [4] or the superheated droplets are suspended in a polymer matrix [9]. The
re-pressurization is not necessary in SDD as when a liquid drop vaporizes it keeps
the other drops unaffected. SDD can be used as a continuously sensitive miniature

bubble chamber. International Commission on Radiation Units and Measurements
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(ICRU) and the International Organisation for Standardization (ISO) adopted the
common denomination of “Superheated Emulsion”. The superheated drop detector
manufactured by Apfel Enterprise Inc., USA, and Bubble Technology Industries Inc.,
Canada considers SDD and BD respectively as their trade name. In the last few
decades, extensive research on this detector has established this as a useful neutron
detector and it has made its important place in many branches of physics. In a
“Superheated Emulsion Detector (SED)”, small size droplets of superheated liquid
can remain in a superheated state for long time by fractioning them into small sizes
and suspending in another liquid medium. The superheated droplets are suspended
in viscous immiscible liquid and they should be stored in perfectly smooth contain-
ers. The isothermal decompression method has been used in the preparation of SED.
The presence of any imperfections at the surfaces of the container or the presence of
air bubbles in the suspending medium of the superheated droplets acts as a hetero-
geneous nucleation site and can cause heterogeneous nucleation [2]. The formation
of the nucleus of a new phase is known as “nucleation”, here the vapour state is
formed from the superheated liquid droplets. The formation of stable vapour bubbles
takes place by the process of nucleation, and this nucleation may arise from small
perturbations like mechanical vibration and thermal fluctuation. Heterogeneous and
homogeneous nucleation are the primary two types of nucleation processes. In the
SED, heterogeneous nucleation predominantly occurs at the interface of two phases,
like solid-liquid, liquid-liquid or liquid-gas and homogeneous nucleation occurs within
the bulk of the superheated liquid. Normal boiling is an example of heterogeneous
nucleation and the temperature of this nucleation is much below the homogeneous

nucleation temperature. Typically the refrigerant liquids of low boiling point are uti-
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Liquid R-12 R-21 R-22 R-115 R-114  R-134a

Chemical Formula CCZQFQ CHCZQF CHCZFQ CQCZF5 CQCZ2F4 CQH2F4
Molecular Weight 120.91 102.92 80.47 154.47  170.93 102.03
Boiling Point (T}, °C')  -29.79 8.92 -40.75 -38.70 3.77 -26.3

Table 1.1: Physical properties of some liquids used in SED.

lized in constructing SED, making them sensitive to ionizing particles even at room
temperature [3]. Some of the liquids and their physical properties are listed in Table
1.1 used in the fabrication of SED. An energetic particle while passing SED, interact
with the droplets and can cause nucleation, this type of nucleation is known as radia-
tion induced nucleation. The interacting energetic particle must deposit the required
energy while passing through the SED within a critical length to initiate the bubble
nucleation. The minimum amount of required energy for the bubble nucleation is
known as threshold energy or critical energy, its value relies the detector’s working
temperature and pressure. The SEDs are sensitive to the heavy ions [10-13], neu-
trons [14,15] when the degree of superheat is moderate. SEDs are also sensitive to low
ionizing particle like electron, beta particle and gamma-rays [16-18] when it is highly
superheated. The SED can be made sensitive to neutrons while it remains insensitive
to gamma-rays at a particular threshold energy of the detector. The threshold energy
can be changed only by changing the working temperature and pressure of the SED.
This threshold nature is useful in the detection of neutrons in the mix field of neu-
rons and gamma-rays. Typically SED is a good neutron detector and well established
for neutron spectrometry and dosimetry [19-27], it was also made to detect gamma-

rays and other charged particles [28-32]. International Commission on Radiological
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Protection (ICRP)- 60 recommendations are considered for the accuracy of the mea-
surements, real time response, low minimum detection threshold and dose equivalent
response [60]. SED was developed for the position sensitive neutron spectrometer or
dosimeter for the application of radiotherapy [61], angle-differential neutron fluence
measurements [62] and response enhancement to high energy neutrons [63]. The in-
formation of a neutron is provided by the differential angle and energy distributions.
Correlating physical quantities such as absorbed dose, as well as non-isotropic protec-
tion quantities like organ doses and effective dose, or operational quantities such as
personal dose equivalent and directional dose equivalent, is made possible by under-
standing the angle and energy differential fluence distributions. The photo neutron
in high energy radiotherapy X-ray beams [33] can be measured by SED. It is useful
in three dimensional dosimetry [34,35]. The very important properties of SEDs are
low cost, easily available, easy to fabricate and threshold nature. These properties
make it useful in different research fields like radiation physics [36,37], high energy
physics [38], health physics [39], space physics [40], nuclear astrophysics [41], etc. The
bubbles are nucleated from the superheated droplets inside the SED due to the energy
deposited by the particles and the deposited energy inside the SED depends upon the
stopping power of the particle. The nucleation of the superheated droplets produces
an acoustic signal or shock wave during the vaporization. A condenser microphone or
piezoelectric sensor has been used to detect produced acoustic signals [42-44]. These
acoustic signals contain information about the particle that deposits the energy. The
droplet after nucleation becomes a stable and visible bubble but before reaching to
a stable condition it has to go through a different growth regime [45,46]. The bub-

ble oscillates in different frequency regions and emits acoustical signals of different
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amplitude [47] in different growth regions. Many parameters have been defined from
the acoustical signals and also from the frequency spectrum of the signal to under-
stand the complete process of nucleation but the complete picture of the nucleation
is not clear to us. Among the disadvantages of SED, the major one is the destructive
blast waves that propagate into surroundings due to sudden de-pressurization of the
container containing the superheated liquid [48-50]. Other weak points of the SED
are the refrigerants used in this detector are chlorofluorocarbons which are controlled

substances due to the depletion of the ozone layer.

The nucleation of superheated droplets inside SED and its sensitivity or efficiency
depends on various factors like the operating temperature, pressure, type of liquid,
number of droplets inside SED, the size of the droplets and geometry of the SED,
etc. Presently many extensive researches have been done using SED for the identifi-
cation of particle induced nucleations to identify the neutron, gamma-rays and alpha
particles individually [51-57]. Numerous indirect observations from both astronomy
and cosmology show that the significant portion of matter of the universe is Dark
Matter (DM). Weakly Interacting Massive Particles (WIMPs) is a favoured undiscov-
ered candidate for the dark matter having very low cross-section, many international
collaborations (SIMPLE, PICASSO, COUPP, PICO and MOSCAB) are working on
the detection of WIMPs using the SED [58,59].



Chapter 1. Introduction of superheated liquid

1.3 Nucleation of superheated droplets

The droplets of SEDs remain in a metastable state inside the gel matrix and it
converts into a stable vapour state. In the beginning, it forms a seed of a vapour
bubble, it grows and reaches into the vapour state. Initially, c A amount of energy
is needed for production of a free gas cavity, where o and A are the surface tension
and area of the cavity respectively. The amount of energy for expanding the cavity at
constant pressure is PAV | where P is the pressure and AV is the change in volume.
According to the universally accepted theory, during the passage of a particle or
radiation through the liquid droplet, it deposits energy along the track. Different
sized vapour bubbles are created along the particle’s path. Gibb’s [8] using classical
thermodynamics define the free energy (W) required to form a vapour bubble of
radius R as the difference between the two terms as follows,

W =47 R%*0(T) — 4§R3[P,,(T) — R(T)), (1.1)

Here, o(T) represents the liquid-vapour interfacial surface tension at temperature
T, P,(T) is the equilibrium vapour pressure and P,(T) is ambient pressure of the
superheated liquid at temperature 7. The quantity P,(7") — P,(T) is defined as the
“degree of superheat” of the liquid. The first term in Equation 1.1 is the energy
needed to create the surface of the vapour bubble against the surface tension at
the liquid-vapour interface is known as the surface energy term. The second term
represents the energy needed to create the volume of the vapour bubble due to the

excess vapour pressure which is known as the volume energy term. Gibb’s free energy

10
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Figure 1.3: The calculated surface energy, volume energy terms and Gibb’s free energy
for a vapour bubble.

(W) becomes a maximum at some certain value of radius and this radius is known as
the critical radius (R..), it is represented by Equation 1.2.

20(T)

R.=——~-
(Pv_Pl)

(1.2)

The surface energy and volume energy terms and the Gibb’s free energy of CyHsF)
liquid at 32 °C' temperature are plotted as shown in Figure 1.3. The variation of W
shows that the value of the Gibb’s free energy reaches a maximum value and then
decreases again. The bubbles will become thermodynamically unstable after reaching
to the critical radius and grows very fast and form a stable vapour bubble. The

minimum thermodynamic energy required to form a critical size vapour bubble is

11
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Figure 1.4: The variation of calculated Gibb’s free energy as a function of temperature.
given by the following Equation 1.3.

16m03(T)
3[P.(T) — R(T)]?

Winin = (1.3)

The value of the minimum energy decreases due to the rising temperature, the degree
of superheat increases (P, — P)) increases and surface tension (¢(7")) decreases with
increase in temperature, the Figure 1.4 shows the variation the W,,;, for CoHyF}
liquid. In the expression of energy, only the reversible thermodynamic work has been
considered. The energy can also be calculated by considering the reversible work done
by bubble surface. Also calculated by evaporation of the liquid growth counteracting
the pressure exerted by the liquid, and other irreversible work. The acoustic wave

emission, action of the viscous forces at the time of bubble growth and heat energy

12
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lost during bubble expansion are the irreversible work considered in the expression
of energy. The expression of the energy by introducing all other terms as mentioned
above is represented by E, and is described below [64-67]. Bell et. al. [68] gave the
more accurate expression by considering the kinetic energy and viscous energy and

represented by Equation 1.4.

E.=W+H+ Eyu+F (1.4)

The other terms like H, ., and F' represent the vaporization energy, kinetic energy
of the liquid and energy by the activity of the viscous forces respectively. The contri-
bution of the third term is negligible and D. V. Bugg [70] defines the critical energy
(E.) by defining only the vaporization and surface energy terms. The expression of

the critical energy (E.) is given by Equation 1.5,

0 4
E. = 4nR2 (o — T(50)) + = Rip(h, — hn), (1.5)

where, p, is the vapour density, and h, and h; are the specific enthalpies of the vapour
bubble and liquid respectively [69]. The first term of the Equation 1.5 is represented
by the free energy which is known as the surface energy term. The second term
is related to the energy of for the vaporization. There is a difference between the
work done at vapour pressure P, and liquid pressure F;, so a corrective factor has
been introduced in the vaporization term as we have considered that the vapour

bubble grows from zero to critical radius. Considering the correction terms, the final
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Figure 1.5: The variation of calculated critical radius (R.) with the temperature of Co Ho F
superheated liquid.

expression of the E. becomes,

do s 4
E.=4nR}(o — T(ﬁ)) + ?Ri’pv(hv —hy) — ?Rg(Pv - D) (1.6)

Some irreversible work has to be considered in the expression of E. and represented
by W;,.. This term has been neglected because the calculations show that only 1 %
of total energy is lost by the irreversible work. The expression of the critical radius
(R.) and critical energy (FE.) as represented by Equation 1.2 and 1.6 respectively
have been calculated for CyHsF} liquid at different temperatures. The variation of

the R. and FE, are presented in Figure 1.5 and Figure 1.6 respectively.
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Figure 1.6: The variation of calculated critical energy (E.) with the temperature of
CyHs Fy superheated liquid.

1.3.1 Nucleation by neutron

The superheated droplets inside SED nucleate due to the passage of energetic par-
ticles. The interaction mechanism of the energetic particle or radiation with the
detector material and the deposited energy is a key factor in the nucleation of the
superheated droplets. The charged particles like electrons or heavy ions interact with
the detector medium by coulomb interaction and the interaction depends upon the
nature of both the particle and the medium of the detector. The stopping power of
these particles are designated as the deposited energy in the detector medium and it
is represented by the Linear Energy Transfer (LET) of the particle. Neutrons, X-rays,
and gamma-rays are uncharged particles and these particles interact with the target

by producing charged particles. The bubbles are nucleated by the energy deposited
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by these charged particles inside the medium. According to “Seitz’s thermal spike
model” [69], the energetic particles produce thermal spikes by depositing energy in
a very localized way inside the droplets. The bubbles of different radii form but the
bubbles having a radius greater than R. become vapour bubble by the evaporation
of the superheated liquid. The energetic particle should deposit the energy over an
effective path of the particle inside the liquid. The particle should have energy greater
than the threshold energy. The energy deposited by the particle should satisfy the

following condition represented by Equation 1.7 for the bubble nucleation,

Lersr (dE E
EE(T) = / ) de > = 1.
dip ( ) 0 (dl’)dx_ﬁj“ ( 7)

Leyys is the effective length over which the particle deposits the energy. It can be

expressed as below Equation 1.8,

Lesy = bR, (1.8)

Here, % is known as the stopping power, and the quantity “b” is the nucleation
parameter. The value of critical radius or diameter plays an important role because
the value of b = 2 is considered [69]. The dynamical theory of bubble nucleation has
been established [71]. The molecular dynamical simulation of bubble nucleation of
superheated liquid droplets shows the value of “L.¢;” should be equal to “4R.”. For
the bubble nucleation [72] the value of b = 2 lies in the range of 2 to 27 [72-74]. The
term ny in the Equation 1.7 is the thermodynamic efficiency in the process of bubble

nucleation and its value is less than one. The value of nr represents the fraction of

energy used in the process of bubble nucleation.
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The neutron creates the recoil nucleus by interacting with the target nucleus of the
constituent elements of the detector material and this recoil nucleus deposits the en-
ergy inside the medium. The recoil nucleus starts moving inside the liquid and loses
its energy by coulomb interaction and finally comes to rest. Elastic scattering, inelas-
tic scattering and nuclear reaction are the main three processes by which the neutrons
interact with the target nucleus of the detector material. On elastic scattering the
maximum amount of energy is transferred to the target nucleus. The threshold en-
ergy for a fast neutron can be calculated by considering the elastic scattering. In the
Equation 1.9, F; represents the energy transferred to the 7*” nucleus when a neutron
having energy E, interacts with the i*" target nucleus and scattered elastically with

it [2].

2
E; = 41?1251“1’; o (1.9)
Where 6 and A; are the recoil angle and the atomic number of the target nucleus. The
target nucleus gains the maximum amount of energy for the headon elastic collision.
The Equation 1.9 shows that the amount of energy received by the different recoil

nucleus is different. The electron density of the material and the stopping power 4£

da
of the liquid to the recoil nucleus decides the deposited energy inside the liquid by
the recoil nucleus. As mentioned previously the energy must be deposited within an
effective path length L.;; of the recoil nucleus in a localized way. The possibility of
nucleation is greater for the nuclei having a high value of stopping power. The value
of the deposited energy at a particular operating temperature and pressure of the
detector must reach or exceed the critical energy (E.). In the case of CoHyF)y liquid

the recoil nuclei *H, 2C" and °F will receive different amounts of energy depending

upon the atomic number of the nucleus. The Figure 1.7, the stopping power of the
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Figure 1.7: Stopping power of ' H, 2C, and F nuclei in CoHyFy liquid.

nuclei (*H, 2C, and F) for the CoHyF) liquid are shown. The stopping power
of the 'F nucleus is more than 'H and 2C. SRIM-2008 software package [75] has
been used for the calculation of the stopping powers of the nuclei. Earlier workers on
superheated liquid show that the chlorine atom in C'Cly F; at a very high superheated
state became sensitive to the thermal neutrons by the production of an exotic capture

reaction [76,77]. As Cl is absent in CyHyFy, it is not sensitive to thermal neutrons.

1.3.2 Nucleation by gamma-ray

The gamma-rays interact with the electrons and transfer their energy to the orbital

electron. The electron deposits the energy and nucleates the bubble after satisfy-
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ing the bubble nucleation conditions. The secondary particle like electrons from the
gamma-ray are produced through coulomb interaction and these electrons deposit
energy in the detector medium. The gamma-rays primarily interact with the detector
medium by three processes as photoelectric effect, compton effect, and pair produc-
tion. Photoelectric and compton effects are mainly dominant effects for gamma-ray
energies within the keV to MeV range. Pair production is dominant if the energy of
the gamma-rays is above 1.2 MeV. The electrons from gamma-rays gain the energy of
the gamma-rays. The energy deposited by the electron depends on the value of dE/dx
and the dF /dx of the electron is very small because of the low mass and large range.
The electron nucleates more than one droplet after satisfying the nucleation condi-
tions as the range of the electron is large. Bethe Equation 1.10 has been employed

to determine the stopping power of the electron inside the detector medium.

_szf - 4;’232;42” [111 mc2f/(§]+ 2 )], (1.10)
F~(8) = 1_252{ —i:—(2§+1)1n2], (1.11)
8= % (1.12)

§= W;ECQ (1.13)

Where, k, = 8.99X10° Nn?/C?, e is the charge of the electron and n is the number

density of the electron in the liquid. v and E are the velocity and energy of the
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electron. The average excitation energy of the liquid molecule is represented by I.

where n and Z; are the total numbers of electrons in the liquid and the atomic number
of the individual elements in the liquid respectively. The basic additive rule has been
used in Equation 1.14 for the calculation of the average excitation energy of the

molecules of the liquid.

1.4 Detector efficiency

The efficiency of a particle detector is a important parameter that determines its per-
formance in various applications. Several factors affect this efficiency, mainly three
different types of efficiencies are taken into account i) detection efficiency, ii) thermo-

dynamic efficiency and iii) nucleation efficiency [78-80].

First the detection efficiency is the ability of the detector material and design to de-
tect a particle or radiation when it passes through or interacts with the detector. It
includes the nature of interaction of a particle that causing a detectable event. Such
as ionization in a gaseous detector, scintillation in a scintillator detector or nucleation
of superheated droplets in SED. The detection efficiency, which is similar for all kinds
of detectors, is defined as the ratio of the number of events detected to the number

of energetic particles falling on the detector [80]. The second one is the thermody-
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namic efficiency of SED, which involves understanding how these detectors uses the
energy to detect particles. The efficiency depends on the degree of superheat, energy
deposition by particles and the nucleation of bubbles. The last one is the nucleation
efficiency in SED, which refers to the ability of the detector to form bubbles when
exposed to energetic particle or ionizing radiation. Nucleation efficiency is a impor-

tant in determining the overall performance and sensitivity of the detector.

As mentioned the efficiencies of SED is influenced by several factors and the primary
factor determining the efficiency is the threshold energy required for nucleation. The
particles that only deposit sufficient energy to overcome the threshold energy will
be detected. Different particles have different processes of interacting with the su-
perheated liquid and deposits their energy. The efficiency varies with the type and
energy of the particles that passes through the detector. It also changes on the type of
the liquid in the SED, the common superheated liquids like freons, hydrocarbons and
chlorine. The choice of liquid is based on its degree of superheat and its sensitivity to
different types of radiation. The degree of superheat is controlled by the temperature
and pressure of the SED and it directly affect the threshold energy. At higher degree
of superheat the threshold energy is low and it thereby increases the efficiency of the
detector. The efficiency is also affected by the dynamics of bubble growth and the
ability of the sensor to detect these nucleations. The geometric design of the detector,
including the volume of the superheated liquid impacts the efficiency. The efficien-
cies of superheated liquid detectors is determined by the amount of energy deposited

by the incident particles. The efficiency of neutrons and gamma-rays using various
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referents liquid has been calculated [53,78,79]. Apfel calculated the thermodynamic
efficiency of two liquids CoClyFy and CyFg, and the values are in the range of 3% to
5% [76]. Recent results from the PICASSO experiment, which are based on extensive
neutron irradiations and Monte Carlo simulations, along with a refined reanalysis

from SIMPLE, have indicated a nucleation efficiency of the form [80].

n(E) =1 —eXp[—F(g - 1)] (1.15)

Where I' is a detector-dependent parameter and its value is 2.5 4+ 0.2, it essentially

characterizes the slope of the curve above the threshold energy.

1.5 Application of SED

1.5.1 Neutron spectrometry

The principle of neutron spectrometer lies on property of the liquid which shows that
a superheated liquid becomes more superheated and SED become sensitive to the
low energy neutrons. The degree of superheat, as mentioned earlier is calculated as
the difference between the ambient temperature and the boiling point of the liquid.
SED using liquids having low boiling points are become more sensitive to low energy
neutron at higher degree of superheat and at a high temperature. The primary meth-
ods used in neutron spectrometry involves using multiple superheated liquids with
different boiling points to create varying threshold energies [40]. In another method

employs two liquids at four different temperatures and produce eight distinct thresh-
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old energies [81]. Das et. al. developed a more precise technique by continuously
adjusted the temperature of a R-12 liquid over a broad range and demonstrated its
effectiveness as a neutron spectrometer [22]. Neutron detection efficiency was also

measured using a passive device using superheated liquid [23].

1.5.2 Neutron dosimetry

The energy spectrum of neuron is broad and accurate neutron dosimetry is challeng-
ing. The superheated drop detector (SDD) has been shown to closely match the
ICRP curve and an ideal dosimeter should align with the ICRP equivalent curve.
Apfel and Lo reported that the 40% of neutron energies above 100 keV with SDD
response follows the ideal ICRP dose equivalent curve [20]. The unique characteristics
like photon insensitivity, passive operation, tissue equivalent composition, isotropic
response, compact size and affordability of SDD reaches it a valuable tool in neutron

dosimetry.

1.5.3 Gamma-ray detection

SDD is well established detector in neutron dosimetry and spectrometry. The Use
of SDD in the detection of photon has also become popular. A superheated liquid
can detect neutrons because of high LET of neutron. It does not detect gamma-
rays at a given temperature because of low LET of the electron from gamma-rays.
The electron from gamma-rays do not able to transfer enough energy for nucleation.

Therefore, most liquids suitable for neutron detection at room temperature and it
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can detect gamma-rays at higher temperatures. D’Errico et. al. observed that a
superheated liquid becomes sensitive to photon at a mean temperature of its boiling
and critical points [35]. Experiments by Roy et. al. suggested that gamma-ray
sensitive temperature varies with energy and temperature and it indicate a more

complex relationship [17].

1.5.4 Dark Matter search

An important unresolved question in the fields of cosmology and particle physics to-
day is uncovering the true nature of dark matter. Compelling gravitational evidence
for its existence spans scales from individual galaxies to the entire cosmos. While
this evidence strongly supports the presence of dark matter, its precise composition
remains a mystery [82,83]. A leading theoretical candidate is the Weakly Interacting
Massive Particles (WIMPs). WIMPs interact only through gravity and weak nu-
clear forces as a result its detection is extremely difficult [84,85]. Direct detection
experiments aim to observe WIMPs scattering off nuclei within detectors, which are
perpetrated at underground laboratory to shield them from cosmic ray interference.
The use of superheated liquid techniques for detecting WIMPs induced nuclear re-
coils have several significant advantages. This technique rejects the minimum ionizing
particles like gamma-ray and electron backgrounds or beta decay. This detectors are
mechanically simple, cost-effective to construct and allow to use of different target
materials. These detectors are discussed in the next section and the experiments
were conducted by the PICASSO [86] collaboration and the COUPP [87,88] collabo-

ration. The merged effort of these two groups under the PICO collaboration has been
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explored [89]. MOSCAB [90] a new European initiative aimed at developing a su-
perheated liquid detector utilizing the innovative geyser technique for WIMP nuclear
recoil detection. The primary distinction between COUPP/PICO and MOSCAB
detectors lies in the operational technique. MOSCAB utilizes the geyser method.
A notable feature common to these detectors is the acoustic system. This acrostic
sensor which plays a crucial role in background rejection. The deep underground lo-
cations like SNOLAB minimize environmental backgrounds. Additional mechanism

is necessary to discriminate the alpha and other cosmic particles.

PICASSO

The PICASSO experiment (Project in Canada to Search for Supersymmetric Ob-
jects) focuses on direct WIMP detection through the scattering of superheated liquid
droplets of C4Fiy. The droplets of the liquid dispersed within a polymerized and
water saturated matrix [86]. The detector is largely insensitive to cosmic muons,
gamma-rays and beta radiation below 50 °C' [86]. The detector is sensitive to al-
pha particle across the WIMP sensitivity range which is the dominant background.
PICASSO developed an event-by-event discrimination technique based on acoustic

signal to address this issue.

couPP

The Chicagoland Observatory for Underground Particle Physics (COUPP) employs a

detection technique similar to PICASSO. It uses a single vessel filled with active liquid
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which is operated as a bubble chamber [87,88] and it is located in SNOLAB. Four
piezoelectric transducers record acoustic emissions and two CCD cameras capture 3D

spatial coordinates of bubbles with a 20 °C' stereo angle at 100 frames per second.

PICO

The PICO collaboration was established in 2013 through the merger of the PICASSO
and COUPP collaboration [89]. This collaboration combines the bubble chamber
technique of COUPP with the fluid handling expertise of PICASSO. The first proto-
type PICO-2L was constructed which contains 2.9 kg of C3F3. Results demonstrate
that superheated liquid detectors are excellent in the detection of both spin-dependent

and spin-independent WIMP interactions at low WIMP masses.

MOSCAB

MOSCAB (Materia OSCura A Bolle) is a European initiative led by the University
of Milano-Bicocca. Its goal is to develop a bubble chamber capable of detecting
WIMP nuclear recoils [90]. These detectors collectively highlight the advancements

in superheated liquid chamber technology for Dark Matter searches.
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Introduction of nonlinear nature of bubble
oscillation during nucleation

Nucleation is a primary process in phase transitions and after nucleation a new phase
of a system emerges. In the case of superheated liquid, nucleation refers to the for-
mation of vapour bubbles from the superheated liquid droplets. The present chapter
describes the bubble growth, its dynamics and the associated sound emission from
the nucleation of superheated liquid droplets. The complex phenomena involving
nonlinear thermodynamic processes of the nucleation are discussed in this chapter.
The phenomenon of particle-triggered acoustic emission in superheated liquids was
first introduced by Yu. N. Martynyuk [91]. A general and non-quantitative descrip-
tion can be given about the mechanisms responsible for the nucleation and acoustic
signals. Theoretical works of Rayleigh and Plesset-Zwick [92,93] were based on an
approximate solution of the Navier—Stokes equation. It shows that bubble grows,
following the formation of the critical bubble from a liquid drop. The whole process
occurs in three stages described below [92].

1. Surface tension control state: in this stage the growth process is dominated by
surface tension.

2. Inertial growth stage (sometimes referred to as Rayleigh growth): in this growth
stage the bubble expands with a constant velocity. The velocity of the bubble growth
is driven by the internal energy of the bubble, contributed by vapour pressure and

surface tension of the liquid.
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3. Thermal growth stage (asymptotic stage): this growth is controlled by heat trans-

fer from the liquid. The bubble growth is decelerating in this stage.

The first stage starts when the bubble reaches to the critical radius. The bubble
expands by the energy stored inside it and its surrounding liquid. At the begin-
ning of this stage, the surface tension affects the radial velocity of growth. The
effect of surface tension decreases as the bubble radius increases with time. The
influence of viscosity and surface tension diminishes and the inertia of the liquid im-
poses a constraint on bubble growth. These growth stages can be described by the
Rayleigh—Plesset equation [92]. The solution of Rayleigh—Plesset equation [92] indi-
cates that the radius increases linearly with time (Equation 2.1). The growth speed

in this stage is proportional to the square root of the superheat (Equation 2.2).

Rin(t) = A(T)t (2.1)

A(T) =/ ?)QMAP (2.2)

Where, A(T) is the speed of bubble growth in an inertia-controlled regime and AP
is defined as the superheat and p; is the density of the liquid. AP increases with
increasing temperature as a result the speed of the bubble growth increases. When
the volume of the bubble increases, the vapour inside and the liquid near the bubble
walls cool down and reach the boiling temperature. The further growth requires
energy and it is supplied by the heat transfer from the different liquid layers. Growth

slows down as it becomes governed by thermal diffusion and the rate continuously
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decreases. This behaviour is described by the Plesset-Zwick equation [93]. Tt predicts
a much slower increase in the bubble radius and the radius scales with the square

root of time in this regime (Equation 2.3).

Ru(t) = B(T)Vt (2.3)

[12 T—T,
B(T) = | —#pC) ™ ° (2.4)

Here B(T) is the speed of bubble growth at that temperature (T") in the thermal

growth regime, s is the thermal conductivity of the liquid, C; is its specific heat,
py is the density of the vapour, T} is the boiling point and hy, is the latent heat of
evaporation of the liquid. These growth rates have been predicted by the classical
model. The experiments with superheated liquids revealed that the growth rates were
significantly lower than the forecaster by inertial growth. Whereas the linear growth

rates are still faster than thermal growth [94].

2.1 Growth of bubble

The complete time evolution of the radius of the bubble through the three stages as

described by Robinson and Judd [47] is represented by the Equation 2.5.

wlro

R(t) = R. + ;C’O((t +4C)F — 3 — (40)F) (2.5)
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The expressions of the constants C,, C' and J, are represented by Equations 2.6, 2.7,

2.8 [47].
T AP

Co=—(— 2.6
27041(le1 (2:6)

. 9plqua2
C= 5 AP (2.7)

plClAT
J, = 2.8
pvhlv ( )

Where, «; is the thermal diffusivity of the superheated liquid at constant pressure
and , J, is the Jakob number. The pressure (P(¢,7)) of the sound emitted in the
liquid by an expanding or oscillating spherical bubble of radius R(t) is proportional

to the acceleration of its volume V' (¢) [46]:

P(r,t) = er(tr_z) (2.9)
P(r,t) = %(QRRQ + R2R) (2.10)

The Equations 2.9 and 2.10 are the pressure (P(¢,7)) generated in the liquid at
some distance 7. Where, c is the velocity of sound and an overdot on V and R means

differentiation with respect to time.

2.2 Oscillation of the bubble

One can model a bubble in a liquid as a system capable of oscillations. For the for-

mulation of the model equations for this bubble oscillator, it is necessary to specify
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Figure 2.1: The resonance frequency of bubble with the change of the temperature of the
detector.

various features of the liquid medium surrounding the bubble. The complete descrip-
tion of the gas and vapour contents are also important. The size and shape of a
spherical bubble was simplified by the radius R. The primary part is to determine
the radius and how this radius changes over time. After the growth stages, the bubble
enters into a final phase. In this phase the bubble performs a free harmonic oscillation
of radius (R) with a resonant frequency known as the Minnaert frequency [95]. The

expression of the resonance frequency given by Equation 2.11 [95].

1 3kp,
S 2.11
F=575\ o (2.11)

Where R is the radius of the bubble, £ is the polytropic coefficient of the gas and p, is

the equilibrium ambient pressure. The resonance frequency represented by Equation

2.12 is also calculated from the Gilmore model, Keller-Miksis model, Rayleigh-Plesset
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model [92] and represented by Equation 2.12.

1 20 200 4p?
_ Skt 22y 20 2.12
/ QWR\/E\/ R A A Y (2.12)

Where, p is the viscosity, o is the coefficient of surface tension of the liquid and p,
is the vapour pressure of the superheated liquid. The resonance frequency of the
oscillation of R-134a bubble of radius 100 gm is shown in Figure 2.1. Oscillations
of nucleated bubbles from superheated droplets, particularly in a superheated liquid
involve complex thermodynamic and fluid dynamic processes. However, the detected
acoustical signals after nucleation and their temperature dependence were studied. It
allow some conclusions to be drawn and these studies describe the information about

the bubble growth, its oscillation and acoustic signal production.

2.3 Experimental studies on bubble oscillation

Experiments related to the initial stages and primary features of boiling or nucleation
are limited. Few of the experiments and nonlinear studies on the experimental only
predicted some initial stages before and after oscillation. The experiments of laser
light and electric spark discharge are two common processes that produce a tiny
single bubble. The bubbles were captured in an acoustic trap using intense laser
light after producing it [96-99]. In the case of an electric spark discharge, the bubble
can be produced between two submerged electrodes by focusing a laser light [100].

The electrodes limit the exploration of the bubble as the electrodes constitute a
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perturbation to the flow. The common and popular technique for studying the bubble
oscillation properties is the levitation of bubbles in an acoustical trap [101-105]. Some
of the experiments on the production of bubbles and the nonlinear oscillation of the
surface of the bubble is described briefly in this section 2.3. The experiment of the
oscillation of a bubble in a acoustical trap, bubble by laser light and bubble from

radiation are discussed.

2.3.1 Bubble in acoustical trap

The bubble oscillation and shock wave emission have been studied in detail by a
trapped single bubble in a stationary acoustic field [106, 107]. The experimental
arrangement is composed of a rectangular glass cuvette equipped with a single piezo-
electric transducer. The transducer placed at the bottom and it produces the sound
field. A thin platinum wire at the upper right side of the cuvette produces bub-
bles. The current pulses have been introduced through the platinum wire. The
oscillating behaviour of the bubble is continuous and each acoustic cycle being highly
precise [108,109]. A long distance microscope was used and high resolution images
of the bubble in both time and space can be captured [107]. During the capture the
bubble remains stationary. Light directed at the bubble surface is deflected and it
causes the spherical bubble to appear dark against a brighter background. A rapid
collapse with several subsequent rebounds is observed, along with a slow expansion.
Experimental observations of single spherically oscillating bubbles within a bubble
trap show the theoretical model of the bubble oscillation. The steep collapse pre-

dicted by calculations is not fully explained in the experiment. The light except the
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scattering at the bubble wall, it also compress water surrounding the collapsed bub-
ble. The Rayleigh—Plesset theory shows a sufficient agreement with the experiment.
More advanced models are needed to explain more the rebounds of the bubble. The

experiments by Matula [110] validated the entire stages of the bubble oscillations.

2.3.2 Bubble induced by laser light

The short pulses of laser light into a liquid can produce spherical bubbles [99,111-114].
A controlled way with a large range of parameters related to the bubbles can be
studied by this method. The darkness of the bubble is caused by the motion at its
core and the light being refracted by its curved edges. The process of bubble collapse
is very fast and after bounce it is not spherical in shape. The Keller-Miksis mode is
comparable to the oscillation and transient decay of the bubble. The fast collapse can
be demonstrated by the high value of the bubble dimensions. The Gilmore model can
be used to calculate the radius of the spherical bubble which is comparable to validate
the experimental radius of the bubble. The origin of the shock waves radiated upon
collapse is lies in the sharp decrease of the size of the bubble. The shock wave which
is emitted that propagates a large portion of the energy. Furthermore, the shock
wave also alters the path of the light which does not allow to obtaining the radius
near collapse. The damping is observed in high viscosity oil than in water that has
low viscosity. The experiment is a fairly good agreement with the Rayleigh—Plesset

model.
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2.3.3 Bubble induced by radiation

Bubble chambers using the superheated liquids are able to detect the tracks of ele-
mentary particles. The radiation with sufficient energy that will form bubbles can
be studied. A large number of experiments with different thresholds for photon in-
duced nucleations in organic liquids and water were performed. The fast neutrons will
change the threshold to a few atm for some organic liquids. The pressure threshold
drops to only about 50 atm for water [115]. In a work the droplets of R-12 liquid in
an aqueous gel at ambient temperature are superheated to 50 °C' to produce bubbles
when exposed to neutrons [115]. The bubbles can experience a oscillation ranging
from low to high amplitude. The amplitude depends on the nature and type of the
liquid, the radius of bubbles and the acoustical parameters. In this thesis all the

experiments have been done using this nucleation mechanism.

2.4 Interior dynamics of bubble

There are many interior dynamics besides the dynamics of the bubble and its oscil-
lation. Internal dynamics can be described by the equation of state of the bubble
contents. These equations are described by the time dependent pressure and tem-
perature. Shock waves propagating in the interior of the bubble centre may lead to
a sufficiently and sudden pressure change at the bubble. Many rigorous descriptions
of bubble oscillation addressed the inhomogeneous dynamics of the interior of the

bubble. The first theoretical work started by Trilling [116] and many approximations
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were taken for considering the acoustic approximation during the pressure change.
All the approximation were done at the bubble wall and the internal acoustic shocks
were calculated. Micro shocks occur inside a collapsing bubble which are observed by
Jarman [117]. The intense temperatures are considered as the starting point of sono-
luminescence and micro shocks. Pressure as well as temperature measurements inside
a bubble are impossible to understand the interior dynamics of bubbles at collapse.
The expected phenomena and observed outside effects can be explained by extend-
ing the numerical calculations. The major two possible approaches are continuous
approach and molar dynamics simulations. In a continuous approach the trapped
gases and vapours are treated in continuum form. The radius from the spherical
bubble, time of oscillations, instantaneous pressure and temperature of the bubble
are considered as the descriptive variables. The governing equations were formulated
using these variables and the equations were solved. In the second approach the high
temperatures exceeding a million Kelvin with converging shocks in the interior was
explained. All the expiation was done by restricted fluid dynamics models [118,119].
The diffusive processes of heat and transfer of mass between the gaseous and liquid
phases relaxed the shocks. As a result, the temperatures reduced to the order of tens
from thousands of Kelvin [121,122]. There are several limitations and a few limita-
tions in these considerations are unknown. The capture of steep pressure gradients,
phase boundaries, special algorithms were identified [123]. An alternative numerical
approach as molecular dynamics (MD) simulations were explored. In this approach
one can overcome the difficulties and limitations with the continuum formulation
molecular dynamics [120, 124-127]. A three dimensional Lennard-Jones fluid was

taken by Matsumoto et. al. and represented as an empty space with embedded soft-
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core particles to model the bubble [127]. Many significant condensation of molecules
during collapse was observed in this Lennard-Jones fluid. The bubbles obeying the
Rayleigh—Plesset equation were considered as continuum carries of liquid by Metten
et. al. [120]. The gas and vapour molecules inside the bubble bounce around and
inside the bubble. These molecules are colliding with other particles and the bubble
wall. These were treated as hard spheres. The imposed pressure on the wall by these
particle impacts and the interior dynamics was coupled to the bubble wall dynamics.
The general problem of bubble oscillation was explained by these fine details. The
temperature in the centre reached to 10° K when energy consuming effects are not
introduced. In the continuum calculations without diffusion processes the observed
temperature was million Kelvin. The temperature is expected to drop significantly
by introducing the water vapour [128]. Evolution of vapour and radial oscillation of

the bubble interior have been modelled by the molecular dynamics calculations.

2.5 Interaction of oscillating bubble

The bubbles oscillation is not free, it is interrupted by many interactions like in-
teraction with the boundary of the container known as boundary interaction. Two
oscillating bubbles are also interrupted by each other known as interaction between

the two bubbles. These interactions are described below in details.
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2.5.1 Boundary interaction

Bubbles cannot oscillate spherically due to the boundaries. The boundary interrupts
the necessary symmetry conditions of the bubble oscillations [26]. The shape and
elastic properties of boundaries are different. The interface of liquid with air and
solids which may be ductile or brittle. Large numbers experiments were conducted to
investigate the bubbles at different distances from the plane rigid boundary [129-131].
These investigations have been done by placing the bubbles at a free surface [132,133].
In some experiments the bubbles were placed across the boundary of a free and solid
surface [134] and in front of a convex or concave solid wall [135,136]. Also few
investigations have been done by considering an elastic boundary [137,138]. In these

experiments the bubble have been pleased near an elastic membrane [139, 140].

2.5.2 Interaction of two bubbles

An oscillating bubble will impact the oscillatory and translational motion of surround-
ing bubbles in its neighbourhood. The reason is the presence of some bubble-bubble
interaction force. The bubble-bubble force of interaction can be described in terms of
the oscillatory behaviour of spherical bubbles like the normalized inter-bubble spac-
ing. The oscillating bubbles will remain spherical if the bubbles stay at a far distance
from one another. The bubble-bubble interaction force will be weak in this situation.
An experiment has been done on the interaction of two laser induced bubbles by
Testud-Giovanneschi et. al.. The experiment showed that the shape deformations

and translations motion [141]. The interaction will become strong and complicated
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if the oscillating bubbles come close together and they will lose spherical shape. The
oscillation bubbles additionally acts as a free surface except from emission of sound.
More observations will be given Testud-Giovanneschi et. al. considering weak and

strong bubble-bubble interaction [141].

2.6 Shock waves from oscillating bubbles

A bubble oscillates and a sequence of shock waves produced by the bubbles on a solid
layer in a characteristic way. As an example a toroidal shock wave is produced in
an experiment when the water hits a bubble wall at its lower inside in a ring. Many
studies have been performed on the oscillation periods of laser induced bubbles near
a solid wall and in a free liquid. These studies compare oscillation periods of a bubble
in a liquid. These studies conclude that oscillation periods were more for a bubble
generated by laser irradiation oscillates [142]. The pressure pulse has been studied and
shows that the first pressure pulse is more significant in the spherical bubble relative to
the distorted bubble. The studies also conclude that more than 70% energy radiated
as a first shock wave [143]. The bubbles from underwater explosion induced by spark
and laser, this 70% of its energy has been lost at first collapse as observed in the
calculations. Series of measurements have been done to estimate the first collapse time
of a collapsing bubble. In this case the bubbles were considered which are not spherical
in shape vicinity of a solid boundary, compared to the spherical case. The oscillation
frequency of a spherical bubble adjacent to a solid and a free boundary has been

given by Strasberg [144]. The calculation of the frequency was done by considering
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the capacitance of two neighbouring spheres. Where the oscillations being driven by
a sound field and the vales have been calculated numerically by Sato et. al. [145].
The results show that the resonance frequency curve shifts towards the lower driving
frequencies. Here a bubble in infinite fluid was considered because the oscillation
periods increase for bubbles near a solid wall. Johnsen and Colonius have studied
contraction of a spherical bubble close to a solid boundary [146]. They considered
both spontaneous (Rayleigh) and externally driven (shock-induced) collapses and also
included the emission of shock waves. Laser induced bubbles in a silicone tube have
been done by Vogel et. al. and reported a time dependent radius of a bubble confined

in an elastic tube [147] this curve can show the oscillation of the bubble.

2.7 Nonlinear bubble oscillation

The boiling in liquid or nucleation referred to as heterogeneous nucleation is a common
phenomenon. The underlying mechanism of nucleation is still not fully understood
because of the complexity of the process. Boiling inside liquid, maintained in a su-
perheated state is known as homogeneous nucleation. In homogeneous nucleation
the phase transition occurs inside the bulk liquid and the bubbles can experience a
oscillatory radial motion covering both low and high amplitude regimes. The oscil-
lations of a gas bubble in a liquid or the oscillation of a bubble after nucleation of
superheated liquid droplets (homogeneous boiling) is a difficult mathematical prob-
lem. Because all the processes are of a highly nonlinear nature which may generate

complex governing equations. The existing studies are based either on linearised anal-
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ysis or numerical computation [95,148-150]. A model that can describe the nonlinear
oscillations consists of one ordinary differential equation. The equations governing
the motion of the bubble radius over time can be solved once initial conditions are
known. These initial conditions are related to both the radius and the speed of
the bubble interface. The solution of the differential equation describes a nonlinear
oscillator. This approach has been applied only across a significant portion of the
parameter space. The primary parameters of interest for acoustic signal are the am-
plitude and frequency. Except for empty bubble, closed analytical solutions to the
above bubble models remain unknown. On the other hand, numerical solutions can
be obtained. The bubbles produce the acoustical signal starting from some initial
condition. Finally it reaches a steady state condition as determined by damping
of the medium. Apart from steady state oscillation the bubbles may produce many
sub-harmonics [151]. The period of a sinusoidally driven bubble can become infinitely
long. The resulting oscillations become in never repeating oscillations known as deter-
ministically chaotic oscillations. This chaotic oscillation raises many question about
the oscillations. Like, how a deterministic oscillator subjected to periodic force can
produce such non-repeating behaviour. This phenomenon is explored in dynamical
systems theory. This theory also offers methods for effectively visualizing determin-
istically chaotic oscillations [152]. The main question is the origin of the chaotic
oscillations, which can be explained by the dynamical theory of the system. The
common feature of the dynamical system is the period doubling or frequency halv-
ing. At this time the control parameters characterizing the system are varied. For a
linear system, the amplitude of the steady state oscillation shows only one maxima

at the resonance when the damping is sufficiently low. The main resonance of the
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nonlinear oscillator begins to shift toward higher or lower resonance frequencies. For
infinitely small oscillations, the bubble resonates at some frequency known as the
linear resonance frequency and the most simple one is represented by Equation 2.11
calculated by Minnaert [95]. The more accurate one shown in Equation 2.12 has
been calculated from the Rayleigh-Plesset, Gilmore and Keller-Miksis model. The
properties of bubble oscillation are not fully explored because of the effect of a large
number of parameters and their combined effect. The oscillation of a bubble can be
studied by different ways. Few of them are pure oscillation or with damping from
heat conduction, mass diffusion, and sound radiation. The nonlinear oscillations of
gas bubbles in liquids have been studied with different parameters space by Pros-
peretti and co-worker [153-159]. The theoretical steady state solution and stability
have also been studied in this literatures. Investigation of bubble dynamics in boiling
liquids are associated with many complex process. The origin of the complexity lies
in the nonlinear growth of bubbles and also the nonlinear processes involved in nu-
cleation and boiling. Many experimental and numerical studies on bubble dynamics
are carried out. These studies offer multiple empirical and semi-empirical relation-
ships for the estimation of bubble dynamics parameters. As most of the processes of
nucleation are fundamentally nonlinear. The nonlinear chaos dynamics provides valu-
able insights into the underlying mechanisms through detailed analysis. This allows
an understanding of the dynamics of the phenomena and to quantify their complex
characteristics measure using this new form of dynamics. This approach helps us to
find the nonlinear parameters associated with nucleation and clarifies the dynamic

process of bubble oscillation that gives the observable behaviours.
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2.7.1 Response curves

The response curve describes the peak value oscillations as governed by driving fre-
quency. In a linear system, the amplitude response curve of the steady state oscil-
lations is plotted by the amplitude of the oscillations and driving frequency. For a
small damping condition at resonance the response shows one maxima. In the case
of nonlinear oscillators the primary resonance shifts toward higher or lower frequen-
cies. There exists a more steady state solution at the same driving frequencies with
different initial conditions. These steady state solutions are known as attractor. The
other resonances frequencies are the multiple of some linear frequency. The number
may be a rational or near rational number. These frequencies are known as harmonic
resonances, sub-harmonic resonances and ultra-harmonic [151], these phenomena is
known as period doubling and may originate chaos [160]. The bubble radius acts as a
reference to understand the oscillatory behaviour of the bubble by a radius response
curve. In radius response curves, the radius has been plotted instead of frequency
response curves [161,162]. Similar response diagram is obtained with harmonic, sub-
harmonic and ultra-harmonic resonances. This is because Minnaert’s linear resonance

frequency is inversely proportional to the corresponding bubble radius at rest.

2.7.2 Chaos in bubble oscillations

The bubble oscillation repeats many features like, two periods for same driving fre-
quency are known as period doubled oscillations. The period doubled oscillations are

present besides the steady state oscillations. Never repeating oscillations and the pe-
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riod of a sinusoidal driven bubble can increase indefinitely. This may be considered as
deterministically chaotic oscillations. The deterministic oscillator with periodic force
is the origin of never repeating oscillation. Visualizing the essential characteristics of
chaotic oscillations by the radial oscillations of a bubble is difficult. The dynamical
system theory investigates this type of questions and provides for best visualizing
deterministically chaotic oscillations [152]. The Poincare section through the state
space in this case is the only plot that can image the chaotic oscillation called a
strange or chaotic attractor. The origin of chaotic bubble oscillations can be ex-
plained by dynamical systems theory. The period doubling is the one of the simplest
and common ways for this explanation. Oscillations along the period doubling are
the route of chaos. The common methods to characterize a nonlinear oscillation are
Poincare section plot. The power spectral density as a function of frequency is also
an important tool. The Poincare section plot shows just a single point and the power
spectrum represents the harmonics. The power spectrum of a chaotic oscillation must
be continuous. The spectrum contains many fine lines which look like a noise spec-
trum. These fine lines are intrinsic noise from a deterministic system. The radius of
a oscillating bubble corresponding to each driving frequency can be plotted and the
plot were analysed further at a given phase of the driving oscillation and shows that
period doubling is the origin of chaotic oscillations. The degree of chaotic nature of
the oscillation can be quantified. The spectrum of numbers can be calculated by the
Lyapunov exponent spectrum [163]. For periodic oscillations the maximum Lyapunov
exponent is lower than zero. The maximum Lyapunov exponent when greater than
zero, the system exhibits chaotic behaviour. An investigation has been performed

using Keller-Miksis model [164], which shows that the maximum Lyapunov exponent
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approaches zero. In this case the oscillation approaches to a period doubling point.
There will be chaotic oscillations when the maximum Lyapunov exponent becomes
positive. The sensitivity to the initial conditions can be measured by the largest
Lyapunov. This analysis gives more information about the oscillations in the context
of bubble dynamics [165]. The period doubling of oscillations can be directly visu-
alized by the Fourier analysis. The Fourier spectrum contains the frequencies that
indicate the sub-harmonic in the oscillation. Fourier analysis can directly confirm the
steady state and chaotic oscillations [165,166]. The complete properties of bubble
oscillations are difficult to understand because of many parameters present in the
system. One of the simplest approaches to understand pure oscillations is with spe-
cific sets of parameters. In this approach heat conduction, sound radiation and mass
diffusion are considered as a damping mechanism. Prosperetti and co-workers have
done theoretical work to understand the complete process [153-159]. Behnia et. al.
computed a series of bifurcation diagrams to understand the bifurcation behaviour of
spherical bubble oscillators [167]. Hydraulic oil [168], Powell-Eyring fluids [169] and
polymer solutions [170,171] have been used to understand the bubble oscillations and

its frequency response curves.

2.7.3 Chaos in nucleation

As we know, nucleation primarily means the formation of new phases. Heat transfer
is an important process for nucleation. The initial processes of nucleation start after
absorbing heat. The site interaction in the case of nucleation at the interface of liquid

is the most complex process. There are many other types of interaction present in
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the complete process like thermal interaction between the nucleation site and with
heated walls and hydrodynamic interaction. Two types of hydrodynamic interaction
are dynamic interaction between the bubble and the bulk fluid and the hydrodynamic
interaction between the bubbles. Some variables may be selected that reflect the
complexity of boiling. These variables are not able to give advance information about
the nonlinear chaotic nature of billing. The dynamics of the system can show the
information of noise in a system and it can be generated from the nonlinearity of the
system [172]. The quantification of complexity and the dynamical structure can be
understood by the new variable of a dynamics system. The complex behaviours come
from the nonlinear elements present in the dynamical mechanism. New approaches
to the system can be useful to understand complexities of the system and also give

information about the process.

2.8 Experimental studies

2.8.1 Complexity from wall temperature fluctuations

The experiments on the basis of the nonlinear chaotic aspects of boiling are relatively
few. The chaotic nature can be explained by temporal or spatio-temporal information
of the system. The wall temperature fluctuation has been measured in many non-
linear experiments. The nonlinear analysis on the wall temperature fluctuation can
clarify the dynamic mechanism of the system. This information yields the observed

complex behaviours and conjugate processes of the boiling system. The complexity
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of boiling has been studied in a compact and simplified setup by Shoji et. al. [173].
In this experiment a platinum wire has been used to boil water under atmospheric
pressure. This wire acts as a heater and sensor for the measurement of the temper-
ature of the boiling system. The information of the hydrodynamic features in the
different regimes were observed by a high-speed video camera. The Fourier spectrum
and attractor have been reconstructed using the embedding method. All the analysis
was done on the temperature fluctuations to understand the nonlinear nature of the
process. The fractal dimension of the attractor has been estimated by the technique
of Grassberger and Procaccis [174]. The broad band power spectrum of the temper-
ature fluctuations confirms chaotic behaviour. This chaos is involved in the boiling

and the fractal dimension shows that the level of complexity is high.

The origin of these nonlinear effects and chaos are not clarified. Kenning and Yan
measured the local instantaneous temperature distribution by a horizontal steel plate
at atmospheric pressure [175]. The temperature was collected using a crystal ther-
mometer and a high speed video recording was done from the back side of the heater.
The wall superheat distribution at any instant of time during bubble nucleation and
growth is confined in a circular region. This circular area was chosen in such a way
that it corresponds to the largest visible surface area of the bubble. The evaporation
of the liquid is agreement with the heat absorption from the surroundings. The rate
of heat absorption considerable deviated below the expected value from the model
by bulk liquid. The wall temperature fluctuations at individual sites were observed.

The obtained result and site characteristic reflects that nucleation is influenced by
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the instantaneous superheat at the wall.

2.8.2 Local spot characteristics

The detailed temperature information is important information for more details and
extended nonlinear analysis. The time averaged temperatures have been collected
from the experiment. The high resolution temperatures have been collected using
micro thermocouples. This thermocouple was located on a heated surface in the ex-
periment by Shoji et. al. [176]. The power spectrum from the Fourier series and
attractor reconstructed of the time series using the embedding method confirms the
nonlinear characteristics of the boiling system. Temperature fluctuations show differ-
ent aspects or modes. One of the mode with small amplitudes and high frequencies
and another one with large amplitudes and low frequencies was detected. The cor-
relation dimension and the maximum Lyapunov exponent were estimated from the
temperature fluctuations. The technique of Wolf et. al. [177] was used in the calcula-
tions of these parameters. The positive maximum Lyapunov exponent supports the
existence of chaotic behaviours. Another experiment with a smaller heated disc by

Shoji et. al. [176] also showed the similar results.

2.8.3 Radiation thermography

There are many ways to measure the wall temperature, one of the possible ways is
to use a radiation thermometer. There are many difficulties to measure the details

temperature and the accuracy of the data, it is compromised by the limited capability
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and resolution of traditional thermometers. Some experiments have been done by
Shoji and his co-workers. Satisfactorily measured the spot temperatures and line
temperature distributions using the developed equipment [178,179]. The existence of
low dimensional chaotic dynamics has been shown by this experiment. The results
also indicate that even simple systems can exhibit rather complicated features. The

complexity of the system increases with the increasing scale of the system.

2.9 Models of nonlinear nucleations

Modelling of the nonlinear nature has been attempted using a wide variety of topics.
These modelling focus on the configuration of the boiling system, associated modes,
and their transitional behaviour. These studies are purely based on the theoretical
and qualitative measurement that can be determined. The origin of chaotic features
using simplified dynamical models has been addressed in some of the models. Large
numbers of models have been explored to understand the hydrodynamic behaviours
of bubbles. The actual underlying processes and interactions can also be explained
by modelling. Improving the understanding of the complex system is to use sim-
plified minimal models and the fundamental nature of the phenomena. A highly
idealized theoretical model like the coupled map lattice method was proposed by
Yanagita [180,181]. The qualitative nature of complex spatio-temporal systems can
be studied by this method. This technique can also be used for nonlinear analysis
along with statistical processing techniques. In the model by Yanagita, the whole phe-

nomena decomposed into thermal convection, bubble generation, and phase change

49



Chapter 2. Introduction of nonlinear nature of bubble oscillation during nucleation

dynamical processes. The time varying parameters of the different processes have
been successively carried out. In this model the temperature was started by a small
uniform random number. The maximum Lyapunov exponent was calculated. They
concluded the presence of spatio-temporal chaos in the system. Here, the mode that
is considered for the modelling is a homogeneous nucleation phenomenon. In the case
of homogeneous nucleation the model permits liquids to vaporize in bulk. In the case
of superheated liquid the homogeneous nucleation shows the chaotic nature discussed
in the next chapter 3 and these chaotic nature can be modelled in a similar way like

heterogeneous nucleation.
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Chapter 3

Nonlinear behaviour of the homogeneous
nucleation

A research paper based on the work presented in this chapter has been published in

“Nuclear Instruments and Methods in Physics Research A, 2023, 1057, 168777".

3.1 Introduction

The boiling of liquid and nucleation are a common phenomenon through the under-
lying mechanism of boiling is still not fully understood because of the complexity
of the process. In these cases, mutual interaction between bubbles and the heating
surface and interaction with neighbouring nuclear sites play important roles. The
complexity level is high because the interactions create a complex dynamical system
that includes many processes like heat transfer, phase change, coalescence and their
combined effects. Nonlinear dynamical systems under selected conditions are able to
show chaos [176,182]. A system is said to be chaotic where the output is not propor-
tional to the input, and under some conditions, such systems exhibit unpredictable
long-term behaviour. Irregularity of motion and sensitivity to the initial conditions
are the key signatures of the chaotic system. A computer simulation with appropriate
mathematical tools can confirm the experimentally observed chaotic behaviour of a
system. However, the chaotic behaviour of an experiment can be directly identified

from experimental data using nonlinear time series analysis. There is not enough
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literature available on the nonlinear dynamical behaviour in the acoustic signature of
the bubble nucleated signals and the nucleation process. In this chapter, nonlinear
time series analysis methods have been used to identify the chaotic behaviour of the
homogeneous nucleation of superheated liquid droplets from the acoustical signals
produced during nucleation. The nonlinear analysis has been carried out on acous-
tical signals from the homogeneous nucleation of superheated droplets by neutrons
and gamma-rays. The analysis shows the existence of chaos and the characteristic
differences have been observed in the neutrons and gamma-rays induced signals. An
attempt has been made to explain these observations by the nonlinearity of the energy

disposition by the recoil nuclei and the electrons.

3.2 Fabrication of SED

The SEDs contain the droplets of the refrigerant liquid and the boiling point of
these refrigerant liquid is very low. The sizes of the droplets are in the order of
micrometers. These droplets are suspended in an immiscible visco-elastic gel medium.
The gel medium holds the droplets and the gel matrix should be degassed to remove
air bubbles and gas pockets. As a result the droplets of superheated liquid can
stay in the metastable state and can reduce heterogeneous nucleation of the liquid
droplets. The quality of the gel matrix is an essential criteria to get stable SEDs.
The whole process of SED fabrication can be divided into the following steps: gel
matrix preparation, degassing of the gel matrix and formation of the superheated

liquid droplets. After fabrication, the radius of the droplets were measured and the
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distribution of the radius of the droplets gives the quality of the SEDs. The complete

processes of each step of the fabrication of SEDs have been discussed below.

3.2.1 Gel matrix preparation

The preparation of the gel matrix is the first step of the fabrication of SED. The
droplets of the superheated liquid are suspended in the gel matrix. The gel matrix
has been prepared by the mixture of glycerine and ultrasound gel in an appropriate
proportion. The suitable proportion of the glycerine and ultrasound gel produce
a smooth medium and it also reduces the possibility of heterogeneous nucleation.
The mixture should provide a visco-elastic medium that allows the liquid droplets to
expand and become a vapour bubble. In the present fabrication 400 ml of glycerine
and 100 gm of ultrasound gel were mixed in a clean conical flask. The glycerine
and ultrasound gel inside the conical flask was placed on a magnetic stirrer for 30
minutes to mix the glycerine and ultrasound gel. After the mixture it was ready for

the degassing process.

3.2.2 Degassing of gel matrix

The air pockets were trapped in the gel matrix during the mixing when it was placed
on a magnetic stirrer. These air pockets should be removed from the gel matrix. The
conical flask that contains the gel matrix was connected to a vacuum pump to extract
the trapped air pockets. This process is known as degassing of the gel matrix. This

process was continued for three to four days to get a smooth and air pockets free gel
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matrix. After completing one day the gal matrix was heated up to a temperature
around 50 °C' during degassing. The next two to three days the degassed process was

done and after that it will be ready for the detector fabrication.

3.2.3 Preparation of superheated droplets

The degassed gel matrix was transferred inside a stainless steel autoclave and kept
inside the refrigerator over the night before the fabrication of SED. Next day the
autoclave was kept in pressure tight condition upto the saturation vapour pressure
of the liquid. The refrigerant liquid was transferred inside the autoclave containing
the degassed cold gel matrix. The amount of the active liquid in SED was 7.6 %
of the total gel matrix. The percentage of active liquid of a SED is defined as the
loading factor. The autoclave that contains the gel matrix and refrigerant liquid under
pressure was stirred. This process was done by the stainless steel blades inside the
autoclave which were connected to an electric motor. The speed of the stirring blades
can be controlled and within a few minutes the speed reaches to a steady value which
is 1400 rpm and it was done for a duration of 5 minutes. This produces droplets of the
superheated liquid which are distributed inside the gel matrix. The distribution of
the radius of the droplets depends on the speed of the stirring blades and the duration
of rotation. The whole process of stirring was done by maintaining the pressure of
the autoclave same as the liquid’s saturation vapour pressure. The autoclave was
kept for one hour inside an ice bath and the pressure was slowly released from the
autoclave at a constant temperature to achieve the superheated state. Finally, the

superheated droplets with the gel matrix were poured into clean borosilicate glass
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vials and it was kept in the refrigerator for a few days. Several SEDs were fabricated
using the R — 134a refrigerant liquid and these detectors have been used for all the

experiments.

3.3 Experiment

The fabricated superheated emulsion detector by R — 134a superheated liquid has
been used in the experiments. The Figure 3.1 is the schematic diagram of the
present experimental setup. The actual experimental setup is shown in Figure 3.2.
The Figure 3.2.A represents the experimental setup without the radioactive source.
Figure 3.2.B represents the arrangement of the detector and the radioactive source.
The SEDs were stored in low temperatures for the stability of the detector. The SED
was removed from low temperatures and kept at room temperature for 30 minutes
then the detector is placed inside a water bath which is surrounded by a heating coil.
A temperature controller (METRAVI, DTC 200) with precision 1 °C' connected with
the temperature sensor and a heating coil. The heating coil wound around the water
and it is used to increase the temperature of the water bath and the temperature
sensor is put inside the water of the water bath. The signals from the homogeneous
nucleation of the superheated droplets were collected by a sensor ( AE — WS« by
Physical Acoustics Corporation) (frequency range few kHz to 1 MHz). The sensor
was placed on the top of the detector and it was kept in such a way that it remained in
contact with the gel matrix of the detector. The sensor converts the acoustical signals

into electrical signals and those electrical signals having amplitude greater than 40
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Figure 3.1: Schematic diagram of the present experimental setup.

mV were collected. The threshold voltage of 40 mV was set to minimize the electrical
noises and the electrical signals were stored by LabVIEW hardware and software.
The SED was irradiated separately with 2! Am — Be (10 mCi) neutrons and 37C's (5
mCi) gamma-rays sources. The responses of SEDs were studied and the signals from
nucleation in the presence of 2! Am — Be (10 mCi) and *7C's (5 mCi) sources were
collected at different temperatures. All the experiments in the presence of 37Cs (5
mCi) were done at temperatures above 38.5°C' & 1.4 °C' as R-134a becomes sensitive

to gamma-rays above this temperature [18].
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Figure 3.2: Experimental setup of the present experiments.

3.4 Nonlinear analysis techniques

The classical nucleation theory provides estimates for the energy barrier, critical
bubble radius and nucleation rate. A comprehensive and exact solution is challenging
due to the complex thermal and hydrodynamic interactions. These interactions are
further complicated because of the existence of the nonlinear convection factors in
the momentum and energy equations [183,184]. The nucleation phenomenon can be
understood experimentally by the nonlinear analysis of acoustic signals. The methods
used in this analysis of the acoustical signals (see Figures. 3.3 and 3.4) are described

below.
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Figure 3.3: Bubble nucleated signal by neutron induced nucleation.
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Figure 3.4: Bubble nucleated signal by gamma-ray induced nucleation.
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3.4.1 Attractor Reconstruction

The state space also known as the attractor is reconstructed as a first step in nonlinear
analysis. No prior information about the system was required for the estimation of
the attractor. Important information of the chaotic behaviour of the time series was
provided by the 3D attractor reconstruction of an experimental time series. The
attractor has been constructed by the embedding theorem [185]. According to the
theorem proposed by Hegger et al. [186], if z; represents the sequence of measurements
of a state of a system. The embedding vectors are formed as z;; ., T;12, and z;;3,,
where 7 denotes the time delay of the reconstructed attractor. In the present case, the
3D attractor was reconstructed by selecting the embedding space method. Variable
sets of x(t), z(t+7) and x(t+ 27) have been used. The time delay (7) was determined
as the time corresponding to the first local minimum of mutual information in the
time series [187]. This mutual information has been widely utilized to find the value of
7 in the experimental time series. At first, the bubble nucleated signals were filtered
using a 15 kHz to 150 kHz band-pass filter. This filtration removed very low and
high frequency noises. The values of 7 were determined to be 3 us and 4 us for the
neutron and gamma-ray induced signals respectively. The attractor reconstruction
of these filtered acoustical signals from neutron and gamma-ray induced events is
illustrated in Figures 3.5 and 3.6. The structure of the attractor indicates that the
bubble nucleated signals exhibited chaotic oscillation and it shows the presence of
chaos in the homogeneous nucleation of superheated liquid droplets. Comparing the
3D attractors of the neutron and gamma-ray induced signals, the differences in the

line density of trajectories and the convergence patterns of the curves have been
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Figure 3.5: 3D attractor reconstruction of bubble nucleated signal by neutron induced
nucleation.

observed. The trajectory of the gamma-ray induced signal was found to form a more
complicated pattern than that of the neutron induced signal. The 3D attractor of the
neutron induced signal systematically converged toward the center. The 3D attractor
of the gamma-ray induced signal did not display such a converging pattern. The
converging behaviour of the 3D attractor implies that neutron induced bubbles were

more stable than gamma-ray induced bubbles.

3.4.2 Fast Fourier transformation

Fast Fourier Transformation (FFT) has been utilized to analyze the frequency spec-
trum of bubble nucleated signals. The results are represented in the Figures 3.7 and

3.8. The periodic oscillations is represented by frequency spectra displaying sharp
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Figure 3.6: 3D attractor reconstruction of bubble nucleated signal by gamma-ray induced
nucleation.

peaks indicative of specific frequency [184]. Whereas a continuous frequency spec-
trum indicates chaotic or quasi-periodic oscillation. In the present analysis both neu-
tron induced and gamma-ray induced signals exhibit peaks with irregular frequency
intervals. The spectrum of gamma-ray induced signal is distributed over a signifi-
cantly broader frequency band. According to the analysis by Baker and Gollub, the
chaotic behaviour is present within the system [184]. To establish these observations

Lyapunov exponents have been calculated from the signals discussed below.

3.4.3 Lyapunov exponent

The Lyapunov exponent is a widely recognized parameter and it characterizes the

nonlinear properties of attractors and serves as a critical diagnostic tool for chaotic
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Figure 3.7: FFT of the filtered bubble nucleated signal by neutron induced nucleation.
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Figure 3.8: FFT of the filtered bubble nucleated signal by gamma-ray induced nucleation.
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systems [188]. It provides a quantitative of the sensitivity of the system for the initial
conditions. It describes how trajectories in phase space either diverge or converge over
time [188]. In phase space, any two points x and x + A x, vary as functions of time
and their separation (Az) also depends on time. The Lyapunov exponent is formally
defined as the average exponential rate at which two initially close trajectories diverge
and it is expressed in Equation 3.1. The exponential divergence means the system
behaves differently, whose initial differences are not able to resolve. A straight forward
method exists to estimate the Lyapunov exponent for a systems with explicitly defined
equations of motion but this approach can not be applied to experimental data. The
one dimensional Lyapunov exponent is calculated using Equation 3.1. The sign
of the Lyapunov exponent gives the information of the dynamic system. A chaotic
system should have at least one positive Lyapunov exponent. In the case of the
signals of the present study, the largest Lyapunov exponents were determined to be
13.60 for neutron induced signal and 8.34 for gamma-ray induced signal. The positive
values of these exponents show that the presence of chaos. This finding suggests that
periodicity is lost during the processes of bubble nucleation. The signal generation
shows a chaotic nature present in the acoustical signals and the process of bubble

nucleation.

- 2

(3.1)

3.4.4 Rescaled Range analysis

The rescaled range denoted as R/S has been considered as a fundamental tool in frac-

tal analysis. It has been applied in many disciplines to analyse the signals, originating
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from different types of probes. The signals exhibiting self-similar scaling properties
and the R/S ratio of the signal follows a power-law relationship with the window size
(n) [189]. The Hurst exponent quantifies the persistent or anti-persistent behaviour of
a time series and also determines whether the series has random or long-term memory

characteristics. The R/S value of the time series can be estimated from Equation 3.2.

R(n)  max(0, Wy, Wy, .., Wy,) — min(0, Wy, Wa, .., Wy,)
S(n) S%(n)

(3.2)

We=x1+22+ 23+ ... + 71 — kX (n), (3.3)

Where, X (n) , S?(n) and n are mean, variance, and time lag of the signal respec-
tively. For a periodic system the slope of R/S eventually saturates and begins to
oscillate. The point of oscillation indicates the frequency of the signal. The value
of the Hurst exponent for a purely random and a purely periodic time series are 0.5
and 1, respectively and for chaotic systems the Hurst exponent lies between 0.5 and
1. Hurst exponent reflects the temporally aperiodic nature of the signal. The bub-
ble nucleated signals from neutron and gamma-ray were analysed and their Hurst
exponents were calculated. The results show two different features of slopes among
the neutron and gamma-ray induced signals. For the neutron induced signal (see
Figure 3.9) the R/S plot shows two distinct regimes with slopes of 0.95 and 0.11.
The initial slope of 0.95 indicated strong correlations and persistence (conservation of
current trends) in the oscillations of the neutron induced signal. Over time the slope
has decreased and reached to 0.11, which signifies anti-persistence (fluctuation or fre-

quency reversal trends). In contrast, the slopes of the R/S plot for the gamma-ray
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Figure 3.9: R/S analysis of bubble nucleated signal by neutron induced nucleation.

induced signal is different across different points and finally approaches zero as the
time lag increases. Hence, neither persistence nor anti-persistence could be defini-
tively identified for the gamma-ray induced signal (see Figures 3.10). The origin of
the observation of the neuron and gamma-ray induced nucleation can be discussed
by the origin of the nucleations mechanism. The surface temperature of the heating
surface determines the nuclear boiling of a single vapour bubble. Chaotic behaviour
is observed as there are local fluctuations in heat flux from the nuclear boiling of
R - 114 liquid [190]. The changes in local temperature increases with rising surface
temperatures. It was explained by R. Mosdorf [191] that chaos originates in pool boil-
ing due to the nonlinearity of heat transfer. In the present analysis of homogeneous
nucleation of superheated liquid droplets in both neutron and gamma-ray induced
signals chaos has been identified. The nucleation of R-134a liquid droplets originates

from the energy deposited by recoiling nuclei or electrons. The LET (Linear Energy
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Figure 3.10: R/S analysis of bubble nucleated signal by gamma-ray induced nucleation.

Transfer) or stopping power (dE/dx) of the recoiling nucleus and the electrons from
neutrons and gamma-rays in R-134a liquid droplets is shown in Figures 3.11 and 3.12
respectively. The LET of the recoil nucleus in R-134a liquid has been calculated [192]
using the SRIM 2008 code. While Bethe’s equation has been used to calculate the
stopping power of the electron [3,193]. The nonlinear nature of the LET or dE/dx
of the recoil nuclei and electrons are observed in Figures 3.11 and 3.12. This non-
linearity contributes to chaos in neutron and gamma-ray induced nucleation. This
nonlinearity that attributes the origin of chaos generated from the nonlinear nature
of heat or energy transfer in homogeneous nucleation is similar to other types of
boiling. Except from the presence of chaos, the differences between neutron and
gamma-ray induced bubble nucleated signals have been observed in the 3D attractor
reconstruction, FFT and R/S plots. These differences arise from the distinct nucle-

ation mechanisms of neutrons and gamma-rays, as recoiling nuclei from neutrons and
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electrons from gamma-rays deposit energy along their paths inside the droplets. The
vapour bubbles are generated if nucleation conditions are satisfied. Approximately
one droplet is nucleated along the track of recoil nuclei (H, C,and F). In other cases
the electrons nucleate about 11 droplets due to the larger range [194]. A recoil nucleus
generates a single bubble from a droplet along its track when nucleation conditions
are satisfied. Conversely in the case of gamma-ray, the electrons can produce many
bubbles when any droplet along the track satisfies the nucleation conditions and these
bubbles may merge with others along the path. The bubble nucleated signals from
neutrons carry information about a growing bubble originating from a single droplet.
The gamma-ray induced signals give information about bubbles that merge along the
track. This merging is the origin for the crowded attractor, broadband frequency

spectrum, and the R/S plot without persistence in gamma-ray induced signals.

3.5 Conclusion

The nonlinearity of acoustical signals from neutron and gamma-ray induced bub-
ble nucleation were analysed. The analysis show the chaotic behaviour in homo-
geneous nucleation. The chaotic behaviour is confirmed by the positive Lyapunov
exponent. The differences between neutron and gamma-ray induced signals were
identified through the nonlinear analysis. The R/S analysis shows that the neutron
induced nucleated signals initially exhibited long-range persistence, which diminished
over time. This behaviour was not detected in the gamma-ray induced signals. The

merging of droplets along the track of electrons was found to cause the complex 3D
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Figure 3.11: Calculated stopping power (dE/dx) of recoil nuclei in R-134a liquid.
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Figure 3.12: Calculated stopping power (dE/dx) of electron in R-134a liquid.
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attractor reconstruction, broadband FFT spectrum, and R/S plot without persistence
in gamma-ray induced signals. This study contributes to the understanding of chaos
in homogeneous nucleation and it also identifies the neutron and gamma-ray induced

signals in superheated droplets.
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Chapter 4

Discrimination techniques

Part - A: Discrimination techniques of neutron and
gamma-ray induced bubble nucleated signals

Research papers based on the work presented in this chapter have been published in
“Nuclear Instruments and Methods in Physics Research A, 2022, 1025, 166186” and
“Book - Advanced Radiation Detectors and Instrumentation in Nuclear and Particle

Physics, Springer Proceeding in Physics, 2023, 282, 33 - 38”

4.1 Introduction

As already mentioned in chapter 1 the superheated emulsion detector used as a neu-
tron detector and the active liquids are R — 12 (CClyFy; b.p. = —29.8°C), R — 114
(CoClFy;bp. = 3.7°C), R — 134a (CoHyFy; b.p. = —26°C') etc [2,22]. This detector
is also utilized for determining the neutron dose equivalent in the presence of large
background. As SED is a threshold detector and the threshold energy of the detector
depends on the operating temperature, pressure of the detector and it also depends
on the type of liquid inside SED. SED can detect only the neutrons in presence of
a gamma-rays background if we make the detector insensitive for gamma-rays. It
can be done by simply adjusting the operating temperature and pressure of the de-
tector. d’Errico investigated the photon sensitivity of different liquids by the energy

deposition by the electrons produced from gamma-rays. An empirical formula was es-
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tablished by d’Errico which states that the midpoint of the boiling temperature and
critical temperature would be the gamma-ray sensitive temperature. The bubbles
are nucleated by the electron from gamma-ray at their peak ionization energy. SED
with liquid CyFio(b.p. = —1.9°C), CoClF5(b.p. = —38.9°C), CF3I (b.p. = —21.8°C),
etc. are also useful to search the Dark Matter candidate WIMPs (Weakly Interacting
Massive Particles). The WIMPs induced nuclear recoils are similar to the neutron
induced nuclear recoils [195]. PICO and SIMPLE are two major experiments using
the superheated liquid in the detection of Dark Matter. SEDs can be useful in the
low mass region of the WIMPs and it can be done by lowering the threshold energy
of the detector. The major problem in the detection of low-mass WIMPs region using
SED is the backgrounds like neutrons, alpha particles, gamma-rays, etc. The PICO
and SIMPLE experiments use many different pulse analysis techniques to identify
these backgrounds. These analysis techniques remove them the backgrounds events
from the events from WIMPs [196,197]. The major contributing background at low
threshold energy is coming from gamma-rays. The identification of gamma-rays are
important to use SED in low threshold condition.

In this chapter, the details of the different discrimination techniques of neutrons and
gamma-rays induced nucleated signals have been discussed. The signals used in the
discrimination have been collected from the experiments using the SEDs, which have
been fabricated at SINP laboratory. These SEDs have been fabricated with R —134a
liquid and this liquid also has the ability to detect sub-GeV WIMPs at low thresh-
olds. Also, SEDs with R—12 liquid have been fabricated. The experiments with these
SEDs have been presented because R — 12 is a well studied liquid and will be used in

the comparative studies. The experiments were carried out in presence of neutrons
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and gamma-rays to understand the neutrons and gamma-rays induced nucleated high
frequency signals. Efforts have been done to detect the differences between the signals

by defining new parameters from the detected bubble nucleated signals.

The complete processes of SED fabrication were described in the previous chapter 3.
In the present case all the similar steps were followed to fabricate the detectors. Here
two different kinds of refrigerants liquids R—134a and R—12 have been independently
used to fabricated different SED. Also, two different sets of detectors were fabricated.
In the first sets of detector the stirring was carried out with a speed of 900 rpm. In
the second sets of detector the stirring was carried out with a speed of 1400 rpm and

the stirring was done for 5 minutes for both the rotational speed.

4.2 Experiment

The detector fabrication is the first part of the experiment and the complete processes
of SED fabrication were described in the previous chapter 3. Here two different kinds
of refrigerants liquids R —134a and R — 12 have been independently used to fabricate
the SEDs. Also, two different sets of detectors were fabricated. In the first sets of
detector the stirring was carried out with a speed of 900 rpm. In the second sets
of detector the stirring was carried out with a speed of 1400 rpm. In both the sets
stirring was done for 5 minutes. The fabricated detectors of R-134a and R-12 have
been used in all the experiments presented in the present chapter. Figure 4.1 shows
the schematic of the current experimental setup. The SEDs after fabrication were

stored at low temperatures to make it stable detector. Before the experiments the
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temperature SED was brought to room temperature. During experiments the SED
has placed in a water bath connected with a heating coil. The temperature of the
water bath was controlled by a METRAVI DTC 200 temperature controller. The ac-
curacy of the temperature controller is +1 °C'. It is connected to both a temperature
sensor and the heating coil wounded around the water bath. The temperature sensor
was placed within the water to monitor the temperature of the detector. Acoustic
signals from the homogeneous nucleation of the superheated droplets were captured
by an sensor (model - AE WSa) from Physical Acoustics Corporation. The sensor
has a frequency response from few kHz to 1 MHz. It was placed on the top the detec-
tor and maintaining direct contact with the gel of the detector to efficiently capture
acoustic signals. The acoustical signals were converted into electrical voltages and
only those electrical signals were stored exceeding a 40 mV threshold voltage. This
threshold voltage is set to reduce electrical noises. The resulting data were stored

using LabVIEW hardware (Model — NI PXIe-4353) and LabView software.

During the experiments each SED was irradiated independently using 24! Am-Be (10
mCi) and ¥7Cs (5 mCi) sources. 2! Am-Be acting as a neutron source and 37Cs as
a gamma-ray source. SED responses were studied by collecting the bubble nucleated
signals at various temperatures for both sources. The experiments involving 3"Cs
were conducted at temperatures above 38.5 °C' + 1.4 °C. As R — 134a becomes
sensitive to gamma-rays at temperatures above 38.5 °C' + 1.4 °C as reported by
Sahoo et al. (2019) [18]. The critical radius and the critical energy required for

bubble nucleation has been calculated. The critical radii are 20.09 nm and 8.07 nm
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Figure 4.1: Schematic diagram of the present experimental setup.

and the critical energies are 2.87 keV and 0.34 keV at 32 °C' and 50 °C' temperatures
respectively for R-134a liquid SED. All the parameters have been extracted from the

neutrons and gamma-rays induced signals from the experiment.

4.3 Frequency and power emission from bubble nucleation

The droplets vaporize quickly after satisfying the bubble nucleation conditions. The
nucleation generates a acoustical wave during the expansion of the bubble. The
whole process of nucleation and generation of acoustical wave explained in details in
the chapter 1. The vapour bubble oscillates after evaporation and the frequency of
the bubble can be determined by Minnaert frequency [95], represented by Equation
2.11. The frequency of the oscillating bubble at any instant is inversely proportional
to the radius of the bubble. The evaluation of the radius of the bubble in all the

stages of bubble growth as described by Robinson and Judd [47] is represented by
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Figure 4.2: The emitted frequency of the oscillating bubble with bubble growth time.

Equation 2.5. The pressure change produced in the liquid at a distance from the
growing bubbles are represented by Equations 2.9 and 2.10. The bubbles after
nucleation initially produce high frequency oscillations but it starts oscillating with
low frequency as it increase its radius with time. The calculated variation of the
frequency of the oscillating bubbles at different time is shown in Figure 4.2 at two
different temperatures. The Figure 4.2 shows that the bubble at the end of its
process starts oscillating with audible frequency. The acoustical power radiated by
the bubbles after nucleations is shown in Figure 4.3 as a function of the frequency of
the oscillating bubbles. Figure 4.3 shows that at high frequency or at the beginning
of the bubble growth, the high power is radiated from the bubble. In the present
study the high frequency signals from bubble nucleation have been collected to study

the initial phase of the bubble growth.
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Figure 4.3: The Acoustic Power of the oscillating bubble with the frequency of the
oscillation.

4.4 Analysis techniques

The analysis of the bubble nucleated signals can give information which helps to
understand the steps of bubble nucleation and identify the particle that initiates
the bubble nucleation. Few parameters have been extracted from the signals that are
highly irregular in nature but the efforts have been given to identify parameters having
some regular patterns. First, the recorded bubble nucleated signals were extracted
from all the collected data after removing the noise by eye selection. The typical
signals induced by neutrons and gamma-rays in R-134a are displayed in Figures 4.4
and 4.5 respectively. A typical noise is shown in Figure 4.6. Information about the
nucleation can be extracted using different parameters estimated from these signals.

Parameters like Maximum voltage, Pvar, Time of maximum voltage, Rise time, Fall
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Figure 4.4: Typical neutron-induced bubble nucleated signal.

time of the signals, Duration of the signals and Number of peaks have been extracted

from these signals.

The maximum voltage of a signal indicates the strength of the signal and it also
represents the energy being transmitted with the signal. In the present case, the
maximum voltage gives the information about the energy deposited by the particle
for the nucleations. The Pvar of the signal is the more efficient way to understand
the energy deposited by the particle. It is defined as the summation of the square
of the voltages of the signal. The summation extends over the whole duration of
the signals. The typical signals show that the amplitude of the signal after reaching
the maximum value reduces and finally it becomes zero. The time when the signals

reach the maximum value gives insight into the dynamic behaviour. The overshoot,
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Figure 4.5: Typical gamma-ray-induced bubble nucleated signal.
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Figure 4.6: Typical noise from SED.
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damping and transient performance of a signal can be understood from this time. If a
signal reaches its peak value too quickly or too slowly, it may indicate lack of stability.
This parameter also determines how quickly a system can respond to the changes;
a shorter rise time indicates a fast response. However, excessively fast rise time can
introduce high frequency noise and ringing. Fall time is defined from the opposite side
of the signal; it is defined as the time after which the signal reaches zero after going
through maxima. The duration of the signals has been measured by the difference
between the time when it reaches greater the threshold voltage and the time when
it reaches lesser the threshold voltage. The small duration may suggest a transient
nature of the signal while longer durations could indicate sustained properties of the
signal. The numbers of local maxima in the signals above the threshold have been
defined as numbers of peaks. This is another parameter to understand the bubble

nucleation and identify the particle responsible for bubble nucleation.

4.5 Frequency spectrum

The signals have been analysed in the voltage time domain and also different other
parameters have been defined. In frequency spectrum the whole signal has been bro-
ken into its constituent frequencies by the Fast Fourier Transformation (FFT). FFT
provides the frequency spectrum that reflects the frequency composition of a signal
and their power value. The spectrum gives the insights of the signal like its fun-
damental frequency, harmonic structure, periodicity and other underlying patterns.

FFT basically identifies the individual frequency components that combine to form
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Figure 4.7: FF'T of typical neutron-induced bubble nucleated signal.

the overall signal. In the spectrum the x-axis indicates the frequency, while the height
of the peaks on the spectrum represents the strength or intensity of that frequency in
the signal. The periodic signal will show a distinct peak in the spectrum. Harmonic
frequencies which are integral multiples of a frequency are often visible and provide
the harmonic content of the whole signal. The frequency with maximum power has
been collected from each FFT spectrum of the signal and defined as Fundamental
Frequency (F.F.). The power corresponding to the F.F. is also collected from the
spectrum. The typical FFT spectrum of neutron and gamma-ray induced nucleated
signals collected from the present experiment is presented in Figures 4.7 and 4.8

respectively.
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Figure 4.8: FFT of typical gamma-ray-induced bubble nucleated signal.

4.6 Results and discussion

The experiments have been done at different temperatures with different types of SED
fabricated at SINP laboratory. All the collected signals of bubble nucleation have
been analysed individually. Many well established and new parameters have been
calculated from each collected signal. In the present section, only the parameters
which are useful and give information about the discrimination of the signals and

bubble nucleation are discussed below.
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4.6.1 Maximum voltage and Pvar the signals

The observed distribution of the maximum voltage (V,,4.) and Pvar for the neutron
and gamma-ray induced signals from R-134a liquid SED with 1400 rpm rotation are
shown in Figures 4.9 and 4.10 respectively. The distributions show that the V., and
Pvar of the neutron induced signals lie within 0.1 volt and 1 volt? respectively. The
Vinaz and Pvar of gamma-ray induced signals with the same set of detectors are shifted
towards higher values. The similar analysis has been done with the signals from a
set of SED fabricated with R-134a liquid but the rotation was done at 900 rpm. The
distribution of the maximum voltage (V},4.) and Pvar for the neutron and gamma-ray
induced signals from this SED are shown in Figures 4.11 and 4.12 respectively. The
distribution of the V,,,, and Pvar of the neutron and gamma-ray induced signals are

similar for the present set of SED.

The distribution of V;,,,, and Pvar of neuron induced nucleation with R-134a liquid
with 1400 rpm and 900 rpm rotation are localised. The localized energy deposition
plays an important role in the case of neutron induced or recoil nucleus induced
bubble nucleation. The recoil nuclei from the neutrons deposit the whole energy
within a shorter range and bubbles resulting from such energy deposition produce
signals of smaller V,,,, and Pvar compared to gamma-ray induced bubbles. In the
case of gamma-rays the V., and Pvar of the signals are distributed and shifted to
higher values with SED fabricated with 1400 rpm rotation. The electron plays a
major role in the case of bubble nucleation by gamma-rays. The electron with lower

stopping power deposits maximum energy mainly at the end of its track over a larger
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Figure 4.9: Distribution of the maximum voltage of neutron and gamma-ray induced
nucleation signals with R-134a liquid SED and 1400 rpm rotation.
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Figure 4.10: Distribution of the Pvar of neutron and gamma-ray-induced nucleation sig-
nals with R-134a liquid SED and 1400 rpm rotation.
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range [78]. Along the track multiple bubbles grow and merge after nucleation as a
result produces a signal having large V., and Pvar using a SED with R-134a liquid
and 1400 rpm speed. These variables from the signals of neutron and gamma-ray
induced nucleations in the case of SED with R-134a liquid and 900 rpm are merged
with each other. The size of the depletes depends on the rotational speed and size
of droplets are different for two different rotational speeds. The average size of the
droplets from 1400 rpm speed are smaller than the average size of the droplets from
900 rpm speed. The range of the recoil nucleus from neutrons is small and it remains
constant despite the variation of the droplet size. As a result the V,,,, and Pvar of
the neutron induced signals remain the same for two different rotational speeds of
the detector. These variables shifted towards a lower value because the number of
the droplets along the path of the electron is different for two different sizes of the
droplets. In the case of 900 rpm rotation the number of droplets along the path of
the electron is less than the number of droplets with 1400 rpm speed. The number
of droplets is less along the path of the electron as a result it produces signals with

low V.. and Pvar.

4.6.2 Time of maximum voltage of the signals

The bubble nucleated signal reaches to a maximum value at a certain time within the
total duration of the signal. The time when the signal reaches the maximum voltage is
collected from each signal from the experiments using the SED with R-134a liquid and
1400 rpm. The distribution of the time of the neutron and gamma-ray induced signals

are presented in Figure 4.13. This information of the signal gives the dynamics of the
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Figure 4.11: Distribution of the maximum voltage of neutron and gamma-ray-induced
nucleation signals with R-134a liquid SED and 900 rpm rotation.
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Figure 4.13: Distribution of the Time corresponding the maximum voltage of neutron
and gamma-ray induced nucleation signals with R-134a liquid SED and 1400 rpm rotation.
signal which can indirectly reflect the dynamic of bubble nucleation. Here, only the
discrimination was observed and the distribution shows that the time of occurrence
of maxima is almost same for neutron and gamma-ray induced signals. The bubble
growth dynamics and it’s oscillations is independent of the types of particles that

nucleate the bubble.

4.6.3 Duration and number of peaks of the signals
The signals from SEDs with R-134a liquid and 1400 rpm rotation speed are well stud-

ied here because theoretical work was done on this liquid for some future experiments.

So, a few more parameters like duration of the signals and number of peaks of the
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Figure 4.14: Distribution of the Duration of neutron and gamma-ray induced nucleation
signals with R-134a liquid SED and 1400 rpm rotation.

signals have been calculated from each collected signal. The distribution of these pa-
rameters are displayed in Figures 4.14 and 4.15 respectively. The distributions show
that the number of peaks and duration of gamma-ray induced signals are higher than
those from neutrons. The reason is the same as explained before that the localized
energy of the recoil nucleus produces a single nucleation. Electrons from gamma-rays
in the liquid may contribute multiple vapour embryos in the extended track, which
may merge into a larger single bubble and produce signals with high duration and

number of peaks.
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Figure 4.15: Distribution of the Numbers of Peaks of neutron and gamma-ray induced
nucleation signals with R-134a liquid SED and 1400 rpm rotation.

4.6.4 Frequency spectrum of the signals

The FFT spectrum of the typical neutron and gamma-ray induced signals for R-134a
liquid SED with 1400 rpm rotation are shown in Figures 4.7 and 4.8 respectively.
The Figures show that the power spectrum is mostly limited within the frequency
range of 15 kHz to 150 kHz. The distribution of frequencies in the FFT spectrum
for the neutrons and gamma-rays induced signals are different. The FFT spectrum
of a neutron induced signal shows that most of the peak frequencies are around 80
kHz. In the case of gamma ray induced signals there are several frequencies in the
FFT spectrum with a broad distribution between 50 and 100 kHz and a narrow
distribution within 15 kHz to 50 kHz. As discussed earlier in the chapter 2, the

frequency is inversely proportional to the size of the bubble and the low frequency
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Figure 4.16: Distribution of the F.F. of neutron and gamma-ray induced nucleation signals
with R-134a liquid SED and 1400 rpm rotation.

appears for the larger size of the bubble. The radius of the growing bubble is found
to be 31.91 pum for a frequency of 80 kHz and 131.80 pum for a frequency of 20 kHz
as calculated using Equation 2.11. These observed low frequencies in the gamma-ray

induced bubble nucleated signals also show the merging of the multiple bubbles.

4.6.5 F.F. and the power of F.F. of the signals

The distribution of F.F. variable of neutrons and gamma-rays induced signals from
the SED with R-134a liquid with 1400 rpm rotation speed is presented in Figure
4.16.The distribution shows that the F.F. of maximum neutron induced signals lies
between 70 kHz to 100 kHz. The F.F. distribution of the gamma-ray induced signals

shows F.F. lies in two frequency bands. The F.F. of about 50 % of gamma-ray induced
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Figure 4.17: Distribution of the F.F. of neutron and gamma-ray induced nucleation signals
with R-134a liquid SED and 900 rpm rotation.

signals lies between the 70 kHz to 90 kHz band and for the remaining signals the F.F.
lies between 15 kHz to 35 kHz band. The presence of a low frequency band in the
FFT spectrum for gamma-ray induced nucleation makes it different from the neutron
induced nucleation. The distribution of F.F. variable corresponding to neutrons and
gamma-rays induced signals from the SED with R-134a liquid with 900 rpm rotation
speed are presented in Figure 4.17. The same distribution using SED with R-12 liquid
with 1400 rpm rotation speed is presented in Figure 4.18. Both the distribution show
that the F.F. of the signals from gamma-rays are lower than those of the neutrons and
allows discrimination of neutrons from gamma-rays. F.F. variables are important for
the discrimination using the SED with liquid R-134a with 900 rpm rotation and with
R-12 liquid with 1400 rpm rotation. The F.F. is a weak parameter to discriminate

neutron and gamma-ray induced signals using SED with R-134a liquid and 1400 rpm
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rotation. The new parameter is the power which corresponds to the power of the
fundamental frequency (F.F.) of each signal. This new parameter power has been
collected from each signal of neuron and gamma-ray induced nucleations and the
distribution is presented in Figure 4.19. The distribution reflects that the power
of F.F. of the gamma-ray induced signals are larger than the power of F.F. of the
neutron induced signals. The acoustical signal from the localised energy disposition
of the recoil nucleus from neutrons would excite only high frequency components with
lower power. On the other hand the extended path of the electrons and the merging of
the bubbles of various sizes produce bubbles of different lower frequency with higher
power values. The duration of the signals and growth rate of the bubbles are low
and it produces several low frequencies in the FFT spectrum of gamma-ray induced

signals.

4.7 Conclusion

In this chapter studies have been done on the voltage and frequency spectrum of
the bubble nucleated signals from neutrons and gamma-rays using R-134a SED with
1400 rpm and 900 rpm rotational speed. R-134a is a environmentally friendly liquid
and suitable for neutron and dark matter detection. Experiments using the detector
with R-12 liquid and 1400 rpm rotation have been done in presence of neutron and
gamma-rays source as a reference. The V,,,, and Pvar parameters of neutron induced
signals are smaller than those of the gamma-ray induced signals for the SED with

R-134a liquid and 1400 rpm rotation. The V,,,, and Pvar parameters of neutron
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and gamma-ray induced signals are similar for the SED with R-134a and R-12 liquid
with 900 rpm and 1400 rpm rotational speed respectively. The time of occurrence of
maxima is almost same for neutron and gamma-ray induced signals which reflect that
the dynamics of the bubble growth and oscillation of the bubble is independent of the
types particle that nucleate the bubble. The FFT spectrum shows that the gamma-ray
induced signals contain several low frequencies which are absent in neutron induced
signals. The duration and number of peaks of the neutron induced signals are smaller
than those of the gamma-ray induced signals for SED with R-134a liquid and 1400
rpm rotation. The F.F. parameter significantly discriminates the neutrons induced
signals from the gamma-rays induced signals using the SED with R-134a and R-12
liquid with 900 rpm and 1400 rpm rotational speed respectively. The power of F.F.
of the gamma-ray induced signals are larger than the power of F.F. of the neutron
induced signals. The localised energy disposition of the recoil nucleus and extended
path of the electron from gamma-rays are the origin of these differences between the

neutron and gamma-ray induced signals.

93



Chapter 4. Discrimination techniques

Part - B: Advanced discrimination techniques of
bubble nucleated signals by nonlinear analysis
A research paper based on the work presented in this chapter has been communicated

in journal.

4.8 Introduction

SED is efficient in neutron detection both in dosimetry and in spectrometry [20]. The
detector becomes sensitive to gamma-rays at low threshold energy of the detector.
The discrimination of the neutron and gamma-ray induced events is necessary for SED
in the detection of neutrons over a wide range of temperatures and pressure ranges.
In part - A of the present chapter, the high frequency acoustic signals from the bubble
nucleation of R-134a superheated liquid droplets while irradiated with neutrons and
gamma-rays have been investigated. The high frequency acoustic signals have been
measured from the bubble nucleation of R-134a superheated liquid droplets while ir-
radiated with neutrons and gamma-rays and these signals have been analysed [198].
The spectral analysis using Fast Fourier Transformation (FFT) revealed the presence
of frequency components during gamma-ray irradiation that were absent in the neu-
tron induced signals. The parameters like Pvar, duration and number of peaks of
the neutron induced signals are smaller than those of the gamma-ray induced signals
as observed in the previous studies. The nonlinear analysis of the bubble nucleated
acoustical signals from neutron and gamma-rays show that the homogeneous nucle-

ation exhibits chaotic behaviour and it has been verified by the positive value of the
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Lyapunov exponent [199]. The R/S analysis of the signals shows a difference in per-
sistency between the neutron and gamma-ray induced signals. The nonlinear analysis
reflects differences in the 3D attractor reconstruction, FFT, and R/S plots between
the neutron and gamma-ray induced signals and also shows the chaotic nature of the
signals. Any chaotic signals are characterized by high fluctuations, non-stationary,
intermittency with a broadband nature and may consist of a superposition of localized
structures in time. The Empirical Mode Decomposition (EMD) is commonly used
for processing nonlinear signals [200-203] as introduced by Huang et al. [203]. The
EMD does not require predefined basis functions, unlike wavelet analysis [204]. The
EMD is a data-driven expansion, similar to wavelet analysis that helps to extract the
natural oscillation frequencies present in a signal. The coherent structures one of the
important features of the signal are typically identified as the modes with the highest
energy concentration, although more than one coherent structure can exist [204,205].
Given that EMD has proven to be an effective data-driven, wavelet-like tool, it is
suitable for detecting coherent structures. The present work is done by the EMD
on the nonlinear and chaotic signals of bubble nucleation in R-134a SED. The new
parameters using EMD from the nucleation of superheated liquid droplets in a higher
frequency range have been defined to observe the discrimination between neutron and
gamma-ray induced signals. The aim of this work is to detect the coherent modes
in bubble nucleated chaotic signals using EMD and to explore the coherent mode in

differentiating the neutron and gamma-ray induced signals.
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4.9 Analysis

The bubble nucleated signal has been resolved into its inherent modes called intrinsic
mode functions (IMFs) using the EMD approach in Matlab. The approach is based on
detecting local maxima and minima of the signals. Local maxima and minima have
been collected and connected to form an envelope. Average of maxima and minima
have been computed and the residue has been calculated by subtracting the average
from original signals. The steps are repeated until the stopping condition is satisfied
for the calculation of the IMF. The correlation coefficient (CC) of an IMF gives an
idea about its contribution to the original signal and is estimated using the relation
(Equation 4.1) [202] where X(n) is a signal and IMF(n) is one of the resolved intrinsic

modes of the signal.

Snoy IMF(n) X (n )
VEN IMF(n)IMF(n)\/YN, (n)

CC = (4.1)

The value of correlation coefficient is normalized with the maximum value of corre-
lation coefficient and it lies between 0 and 1. The energy based empirical variance of
an IMF is expressed by the relation as given in Eq. 4.2, where k represents the mode

index or IMF number and N denotes the data length of the IMF.

T fj IMF2(n (4.2)

The log variance plot represents a peak for a specific mode and it indicates the max-

imum energy concentration at that IMF. The IMF with maximum variance signifies
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the coherent mode of the signal. In this study, the effort has been made to detect the
coherent mode of the neuron and gamma-ray induced bubble nucleated signals. The
bubble after nucleation can be treated as an oscillatory body and various parameters
are necessary to determine the model equation. Details of nonlinear nature of bubble
oscillation, different non-linear models and resonance frequency of bubble oscillation

are discussed in chapter 2.

4.10 Result and discussions

The intrinsic mode functions (IMFs) of the acoustical signals from neutron and
gamma-ray induced bubble nucleation have been constructed. A total of eight IMFs
have been constructed from the signals. The Figure 4.20 and Figure 4.21 represents
the different IMFs of a typical neutron and gamma-ray induced signal respectively.
The correlation coefficient and variance of each IMF of the signal have been esti-
mated. The values of correlation coefficient of all the IMFs from the neutron and
gamma-ray induced nucleated signals are presented in Figure 4.22. The figure shows
that the correlation coefficient of the second IMF is maximum for both neutron and
gamma-ray induced signals. The maximum correlation coefficient indicates that the
second IMF contributes most to the original signal for both neutron and gamma-ray
induced signals. The variance of all the IMFs from the neutron and gamma-ray in-
duced nucleated signals are presented in Figure 4.23. The variance of the neutron
induced signal is maximum for the second IMF and indicates that the energy concen-

tration of the second IMF is maximum. Therefore the second IMF can be considered

97



Chapter 4. Discrimination techniques

as the coherent mode of the neutron induced nucleated signal. Two different types
of gamma-ray induced signals are obtained, one which is similar to neutron induced
signal with maximum variance at the second IMF'. In other types of signals, two peaks
with variances have been observed, one at the second IMF and another at the fourth
IMF as shown in Figure 4.23. The magnitudes of the variances are high compared to
neutron induced signals. Between the two peaks in the gamma-ray induced signals,
the fourth IMF has the maximum value as shown in Figure 4.23. Large numbers
of gamma-ray induced signals have been observed and it shows that the maximum
variance altered between the second and the fourth IMF. The IMF with maximum
variance is the coherent mode of the signal which also alters between the second and
the fourth IMF for the gamma-ray induced signals. The earlier result [198] shows the
differences in the power spectrum the whole neutron and gamma-ray induced signals.
In the present work, an effort has been made to study the frequency spectrum of each
IMF extracted from the original signal. The frequency with maximum power in the
frequency spectrum is known as the fundamental frequency (F.F.) of the signals. The
F.F. distributions of the neutron and gamma-ray induced nucleation are presented
in Figure 4.24. The distribution shows that the F.F. of the maximum numbers of
neutron induced signals lies between 70 kHz to 100 kHz. The F.F. distribution of the
gamma-ray induced signals shows that FF distribution lies in two frequency bands.
The F.F. of about 50 % of gamma-ray induced signals lies between 70 kHz to 90
kHz band and for the remaining signals, the F.F. lies between 15 kHz to 35 kHz
band. The presence of low frequency band in the frequency spectrum for gamma-ray
induced nucleation makes it different from the neutron induced nucleation [198]. To

get more information about the frequencies of the signals, the power spectrum has
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been constructed from each IMF of the neutron and gamma-ray induced nucleated
signals. The power spectrum of the first four IMFs of a typical neutron induced nucle-
ated signal is shown in Figure 4.25. The figure shows that the F.F. and the frequency
range between 70 kHz to 100 kHz are present in the power spectrum of the second
IMF. The variance of the second IMF is the maximum for these signals. The F.F.
and frequency band in the range between 15 kHz to 35 kHz is observed in the power
spectrum of the fourth IMF. The variance of this fourth IMF becomes maximum for
these gamma-ray induced signals. This result indicates that the variance is maximum
for those IMFs that contain the F.F. of the whole signal. The first possible reason for
the shifting of the coherent mode and frequency of the gamma-ray induced signals
may be the effect of the operating temperature of the detector. The experiment in
the presence of gamma-rays has been done at 50 °C. The theoretical resonance fre-
quency of the bubble after nucleation has been determined by the Equation 2.12 and
compared to the present experimental results. The Figure 4.26 shows the calculated
resonance frequency of the bubble for a given radius and the operating temperature
of the detector. Figure 4.26 shows that the frequency shifts towards higher value with
increasing temperature. In the present experiment, the low frequency band appears
at a higher operating temperature at 50 °C' when exposed to gamma-ray source. The-
oretically the effect of temperature shows the opposite behaviour as observed in the
experiment. Therefore the high operating temperature of the detector is not the origin
of this low frequency band in gamma-ray induced signals. The second possible reason
is the nucleation mechanism and energy deposition of the electrons and recoil nuclei
from the gamma-ray and neutron respectively. The stopping power of the electrons

and the linear energy transfer of the recoil nuclei are different. Using Equation 2.12,
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the diameter of the bubbles oscillating with a frequency of 80 kHz at a temperature of
32 °C has been calculated and the value is 170 gm. The diameter of the bubble at 50
°C' temperature, which oscillates with a frequency of 80 kHz or 20 kHz is 230 um or
900 pm respectively. Figure 4.26 also shows that a bubble of larger size can oscillate
with a low resonance frequency and produce low frequency signals. The gamma-ray
induced bubbles should be larger which produces these low frequencies in the range
between 15 kHz to 35 kHz. The range of the electrons from gamma-rays is substan-
tially greater than the range of recoil nuclei from the neutrons. The range of the
electron is 2.5 mm and the number of droplets along the track is found to be about
eight. The calculated range of the recoil nuclei, *2C and °F are 3.81 ym and 2.62 um
respectively in R-134a and ' H is not sensitive at this experimental temperature. The
electron nucleates multiple bubbles along the track, these bubbles start growing and
may merge to produce the bubbles of larger sizes. The number of droplets and their
merging was also discussed by Sahoo et. al. [194] in order to explain the power value
in R-134a SED. The merged bubble generates low frequency signals and as a result
the variance is shifted to the fourth IMF for the gamma-ray induced signals. The
features like low frequency band in the frequency spectrum, low F.F. and maximum
variance at the fourth IMF of the gamma-ray induced signals make it different from

the neutron induced signals.
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Figure 4.20: Different Empirical Mode Function (IMF) of a typical neutron induced signal.
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Figure 4.21: Different Empirical Mode Function (IMF) of a typical gamma-ray induced
signal.
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Figure 4.22: Correlation coefficient of different IMF of a neutron and gamma-ray induced
signal.
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Figure 4.23: Variance of different IMF of a neutron and gamma-ray induced signal.
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Figure 4.24: Fundamental frequency (F.F.) distribution of neutron and gamma-ray in-
duced signals.

4.11 Conclusion

In the present work, the extraction of the IMFs by the empirical mode decompo-
sition (EMD) of the bubble nucleated signals from SED have been discussed. The
correlation coefficient and variance of each IMF from the neutron and gamma-ray
induced nucleated signals have been estimated. The importance of correlation coef-
ficient and variance has been observed in the detection of coherent mode. The IMF
that contributes to the coherent structures is fixed for neutron induced signals but
it varies for the gamma-ray induced signals which helps in identifying the neutron
and gamma-ray induced signals. The low frequency band, low F.F. and maximum

variance at the fourth IMF present in the gamma-ray induced nucleation is the effect
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Figure 4.25: Power spectrum of first four IMFs of neutron induced signal.
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Figure 4.26: Variation of frequency of bubble with temperature for bubble of different
radius.

of the extended path of the electron and temperature has no role in it. The droplets
along the track of electrons from gamma-ray may produce the bubbles of larger size.
This large bubble emits a low frequency signal relative to neutron induced signal and
shifts the maximum variance at the fourth IMF. This study improves the identifica-
tion process of the neutron and gamma-ray induced nucleated signal while operating

SED in a region of neutron and gamma-rays.
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Chapter 5

Spectroscopic characterization of the gel matrix
for the fabrication of a stable SED

5.1 Introduction

Any molecules in an external electromagnetic radiation can absorb quanta of energy.
This energy is equal to the gap between the discrete energy levels. The molecules
can be excited in this process as it goes to the higher energy single states from the
ground state. These molecules in the higher energy state are not stable. It can return
into the ground state through various radiative and non-radiative processes [206].
The common types of radiative processes are fluorescence and phosphorescence [206].
There are many other non-radiative processes like resonance energy transfer by short
range dipole-dipole coupling, collision loss, vibration loss. The electrically excited
molecules can also take such a process. The fluorescence process is associated with
the release of a photon due to an electron transition between the same states of spin
multiplicity [207,208]. On the other hand, the phosphorescence is the process in which
the photon is emitted. In this process the photon is emitted from the transition of the
electron between different spin multiplicity states. The wavelength of the light from
the phosphorescence is more than the fluorescence and generally take higher decay
time. The fluorescence is associated with the intrinsic lifetime of the excited singlet
states. The absorption property of the sample is also important information. This

is one of the important pieces of information to understand the various ground state
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molecular mechanisms. These states are sensitive to the electronic distribution of the
molecules in the compound. The atom or molecule absorbs the photon of suitable
wavelength that falls on it. Then the atom goes to a higher energy state. After
absorbing energy from the photon the electron goes to the anti bonding molecules
from the bonding or non bonding orbital. The energy of the transition lies in the
ultraviolet to visible region of light. The vibrational and the rotational transition
lie in the energy range of infra-red and microwave radiation. The electron in the
higher energy state may retain in that state. The state should be a singlet or any
other state with higher multiplicity. The transition probability is more in the lower
multiplicity than in the states with higher multiplicity. The whole process of excita-
tion and de-excitation of the electron is instantaneous. The electron returns to the
ground state through various radiative and non-radiative pathways. The molecule in
a solution frequently leads to the formation of molecular aggregates. Through the
strong intermolecular Vander Waals like force or enhanced intermolecular vibrational
coupling. These molecules under Vander Walls like force are responsible for the for-
mation of the aggregates. The shifting of the electronic absorption and emission peak
reflect the formation of aggregates. The formation of new bands in the absorption
and emission spectra can also reflect the formation of aggregates. Kasha proposes the
molecular excitation theory. Which successfully explained the aggregates formation
in different organic molecules [209]. The aggregates formation associated with the
ground and excited states of the molecule also explained by Kasha and co-worker.
The theory explains that the shift in the UV-Vis absorption band is due to the strong
electronic transition in some composite molecular systems [210]. This strong elec-

tronic excitation interacts with the transition dipole moment of the molecule. As a
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result it affects the geometrical arrangement of the molecule. In the present study the
Ultraviolet-Visible (UV-Vis) absorption spectroscopy and Fluorescence spectroscopy
of the gel matrix of the SED has been done. The SED detector is fabricated us-
ing a superheated liquid droplet dispersed in a gel matrix. The SEDs comprise two
essential components one of them is a metastable liquid as the active component.
The liquid is maintained at specific temperature and pressure conditions. The other
component is a three-dimensional gel matrix serving as the support matrix. The
detectors have been made using R — 134a and R — 12 refrigerant liquid. To ensure
minimal contamination, fabrication of the detector components take place in a clean-
room environment. The purification of all the components of the detector are also
necessary. The first stage involves purifying all chemical ingredients, including water,
used gel in preparation. The proprieties of the gel matrix should match to the few
properties of the droplets and ensure stable detector and uniform dispersion of the
droplets. This gel matrix is prepared by the mixture of glycerine and aquasonic gel
and it is degassed under vacuum. After that the superheated liquid has been poured
into the autoclave container at high pressure and cooled. This high pressure and
cooling step ensures that the active component which is superheated liquid remains
in its liquid state. The stability of the SED detector depends on the quality of the
gel matrix. The present studies have been done to check the quality of the gel matrix

and quantify the proper physical condition of the gel matrix for a stable detector.
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5.2 Characterization technique

Ultraviolet-Visible absorption spectroscopy

Light of an appropriate wavelength interacts with matter, such as solutions or bulk
crystalline forms. If the energy matches the gap between discrete electronic energy
levels of the molecules, the matter absorbs some of the energy of the light. This
absorption induces changes in the vibrational and rotational energy levels of the elec-
trons of atoms. The incident light also initiates electronic transitions between different
vibrational and rotational energy levels. These levels are associated with the ground
and excited states of the molecules. Ultraviolet and visible light excite molecules by
the electronic transitions between different molecular orbitals. The most probable
transitions occur between two states; they are the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). Experimental UV-
Vis absorption spectra of most molecular species display broadened absorption bands
rather than sharp peaks. This broadening results from the simultaneous transitions
between various vibrational and rotational levels. Also these transitions happen as
well as between ground and excited singlet states. UV-Vis spectroscopy typically
employs light in the wavelength from 190 nm to 900 nm. The absorption intensity
band depends on the population of molecules. The populations lie in lower energy
states within a specific environment. A higher number of absorbing molecules leads
to more intense absorption peaks. The intensity of the absorption band generally
increases with the concentration of the sample in the medium. The solutions and

suspensions are analysed in quartz cuvettes with a specific path length. In this study,
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Figure 5.1: Schematic representation of the working principle of a double beam UV-vis
absorption spectrophotometer.

the UV-Vis absorption spectra of the gel were measured using a UV-Vis absorp-
tion spectrophotometer (Model: UV-1800, Shimadzu Corp., Japan). The operational
schematic diagram of the spectrophotometer is illustrated in Figure 5.1. The image

of the actual experimental setup is provided in Figure 5.2.

Fluorescence spectroscopy

Fluorescence is a radiative process in which electronically excited molecules take a
transition from excited singlet states to the ground state. The radiative pathways
involved in fluorescence emission are discussed in the introduction. The fluorescence
emission involves electronic transitions between states of the same multiplicity. The
analysis of fluorescence emission is a powerful approach in molecular spectroscopy for

studying molecular properties. Such properties are associations, dynamics, energy
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Figure 5.2: UV-Vis absorption spectrophotometer (UV 1800, Shimadzu Corporation,
Japan).

transfer, or complex photochemical reactions. Fluorescence emission results from
electronic transitions involving various vibrational states between the ground and ex-
cited electronic states. Many non-radiative losses can be caused by vibrational relax-
ation [207]. This fluorescence spectrum is transferred to higher wavelengths relative to
the absorption spectrum. This phenomenon is known as the Stokes shift. This shift
provides critical insights into the behaviour of molecules. The commercially avail-
able fluorescence spectrophotometer (Model: Fluoromax-4, Horiba Scientific, USA)
has been used in the experiment. Fluorescence measurements were conducted using
fluorescence-grade quartz cells having 1 cm path length. The excitation monochro-
mator wavelength was set based on the absorption profile of the sample and the
fluorescence spectrum has been recorded. A schematic diagram of the steady-state
fluorescence spectrophotometer operation is provided in Figure 5.3. The image of the

experimental setup in the laboratory is shown in Figure 5.4.
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Figure 5.3: Schematic diagram of a steady sate fluorescence spectrophotometer.

Figure 5.4: Fluorescence spectrophotometer (Model: Fluoromax 4C, Horiba Scientific

incorporated, USA.
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5.3 Experiment

The preparation of the gel matrix is the first step of the experiment and small droplets
of superheated liquid are suspended inside this gel matrix. The gel matrix has been
prepared by the combination of glycerol and ultrasound gel. 40 ml of glycerol and
10 g of ultrasound gel were mixed in a clean conical flask and the conical flask was
placed on a magnetic stirrer for 30 minutes to mix well the glycerol and ultrasound
gel. Many air pockets were trapped in the gel matrix during the mixing and made
it very unsuitable for detectors. These air pockets have been removed from the gel
matrix using vacuum pumps which extract the trapped air pockets. This process
is known as degassing of the gel matrix, this process was continued for three days
to a smooth and air pockets free gel matrix. Similar processes have been done to
prepare the gel matrix with 5 g, 7.5 g, and 12.5 g of ultrasound gel with 40 ml of
glycerol. To understand the detailed photo physical behaviour of the gel matrix with
different concentration in the glycerine UV-Vis absorption spectroscopy has been
done. Also steady state fluorescence emission spectrophotometer has been used in

ambient conditions to understand the emission properties of the gel matrix.

5.4 Result and discussions

UV-Vis absorption spectroscopic study gives the information about the molecular
organization as well as molecular mechanism. All this information is related to the

ground electronic states of the sample. In this work we have used ultrasound gel
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Figure 5.5: Ultraviolet-Visible (UV-Vis) absorption spectroscopy of gel matrix of different
concentration.

which is the organic mix compound which mainly composed of water, propylene
glycol, carbopol 980 NF polymer, etc. The UV-Vis absorption spectrum of pure
ultrasound gel exhibits a absorption band with peak centred at around 629.5 nm
with maximum absorption intensity shown in Figure 5.5. This intense peak indicates
a high concentration of molecular species capable of absorbing of light at the ground
electronic state. In the mixture with glycerine and the ultrasound gel the spectrum
shifts to a peak at 634 nm and the intensity of absorption also decreases in these
mixtures. The decrease in intensity as well as peak shift may attributed to the change
in the molecular environment and closer association of ultrasound gel molecule in the

glycerine medium.

To get more knowledge of the molecular arrangement and electronic states, steady
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Figure 5.6: Fluorescence emission spectrum of gel matrix of different amount of gel in
glycerine medium.

state fluorescence emission spectroscopic study has been performed on the ultrasound
gel with different amount in glycerine medium. The excitation wavelength for all
these samples were considered at 575 nm and the slit width remained fixed during
the experiment. Figure 5.6 shows the steady state fluorescence emission spectra
of the samples. The various amount (5 g, 7.5 g, 10 g and 12.5 g) of ultrasound
gel in glycerine show almost similar band patterns but only with slide change in
fluorescence intensity distribution. It is known that pure gel does not show any
significant and appreciable fluorescence. however their mixture with glycerine with
different amount of ultrasound gel show fluorescence emission band centred at around
652 nm when excited at 575 nm. Interestingly a mixture of 10 g ultrasound gel with
40 ml glycerine shows maximum fluorescence emission intensity compared to that for
other mixtures. In this work we have also removed trapped air from the mixture

(10 g ultrasound gel with 40 ml glycerine) for three days and subsequently recorded
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the emission spectrum. It is observed that, the fluorescence intensity significantly
become high as shown in Figure 5.6. The mechanism responsible for this observation
is not yet readily understood. It must be noted in this context that pure glycerine
does not show any fluorescence emission [211]. It may be assumed that the non-
radiative decay channels of the excited molecules might be less for the mixture with
10 g ultrasound gel due to restriction imposed in molecular vibration. On the other
hand for higher concentrations of gel, the relative distance between the molecules
should be less causing greater intermolecular interactions in the glycerine medium.
As a result, the fluorescence intensity is quenched. Also at higher concentration the
collisions between the molecules and the radiation increases, which may increase the
number of non-radiative pathways in the mixture after photo-excitation. At the time
of detector fabrication the superheated droplets are most stable at a mixture of 10 g
ultrasound gel with 40 ml glycerine. This means that the stability of the superheated
droplets may be correlated with the inter-molecular distances of the molecule of the

ultrasound gel in the glycerine.

5.5 Conclusion

The UV-Vis absorption spectrum of pure ultrasound gel exhibits a absorption band
with peak centred at around 629.5 nm and in the mixture of glycerine with the
ultrasound gel the spectrum shifts to a peak at 634 nm. This intense peak indicates
a high concentration of molecular species capable of absorbing light at the electronic

ground state. The peak shifted to 634 nm because the molecules in the mixture may
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alter their electronic excitation energy levels. The fluorescence emission intensity is
maximum for a mixture of 10 g ultrasound gel with 40 ml glycerine compared to other
amount of ultrasound gel in the mixtures. Non-radioactive channels in the mixture
after photo-excitation may be minimum in the mixture of 10 g gel and 40 ml glycerine.

So this ratio of the gel and glycerine is possibly suitable for achieving stable SED.
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6.1 Introduction

SEDs are well known for its ability to detect energetic radiation or particle. The
physics of nucleation caused by the energetic particle like neutron interactions in su-
perheated emulsions and its potential applications in various fields was discussed in
the chapter 1. The use of superheated emulsions as neutron dosimeters is already
well established. In the studies the different superheated liquid with different boil-
ing point were used. In an experiment neutrons produced with a 45 MeV electron
linear accelerator (linac) at Hokkaido University was used to study the response of
a self-fabricated superheated emulsion. This study provides an approach to applying
superheated emulsions in neutron detection within a mix radiation environments, as
both neutron and gamma-ray radiation simultaneously exists in accelerators sites. In
previous chapter 4, well established parameters and new parameters have been stud-
ied to identify the neutron and gamma-ray events using SED. In the present chapter
few applications of these parameters have been discussed. First an experiment was
done on 26 December 2019 which was an annular solar eclipse day, to understand
the variation of radiation during solar eclipse. Previously, it was observed that the
gamma-ray flux decreases about 4% during the solar eclipse [212]. Antonova et. al.
were investigated the neutron flux variations during the solar eclipse and reported

that the dynamics of the neutron intensity variation is due to geophysical sources of
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disturbances [213]. Volodichev et. al. has estimated the share of the neutrons from
the terrestrial crust into the general background flux of neutrons as about 10% dur-
ing the complete solar eclipse [213,214]. In the present measurement, the variation
of background neutron induced events on a normal day and on a solar eclipse day
has been studied using R-134a superheated emulsion detector which is described in
section 6.2. A pressurization system has been modified to reuse the detector after the
experiment and this pressurization system converts the bubble into liquid state. All
initial experiments were conducted using a 100 ml SED fabricated at the laboratory of
SINP. The primary requirement for the detection of DM is larger and sensitive SED.
A large 1 litre Bell-Jar type SED has been fabricated to meet the requirements of DM
detection. The test experiment has done using the 1 litre Bell-Jar type SED. The
construction and the results of the experiments have been discussed in the following

sections.

6.2 Measurement of neutron during solar eclipse

An experiment has been carried out at the laboratory of SINP (Kolkata, India) on 26
December 2019 which was an annular solar eclipse day that starts at 8:06 am. The
eclipse ends at 11:10 am. The measurement has also been done at normal day on
31 January 2020 at the same place for the same period of time. R-134a superheated
emulsion was used with the high frequency sensor using the experimental setup as
described before in chapter 4. The operating temperature of the SED is 40 °C'. The

measurements on the solar eclipse day and the normal day were carried out for 3 hours
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5 minutes. The experimentally observed variation of the number of bubble nucleated
by backgrounds has been shown in Figure 6.1 for the solar eclipse day and for the
normal day. This Figure 6.1 shows that the initial count rate of bubble nucleation
is large on the day of solar eclipse compared to the normal day. The expected count
rate by background neutrons has been calculated as described in this section. The
neutron passes through the emulsion and it produces hydrogen, carbon and fluorine
recoil nuclei which is produced by the collision of neutrons with the active liquid.
The maximum energy transfer to the nucleus by the elastic head on collision by
the incident particle. The count rate of bubble nucleation due to a mono-energetic

neutron with energy F, is given by the Equation 6.1.

R(E,,T) = ¢(E,)V;%€ (E,, T)N'o' (E,) (6.1)

In the above expression R(E,,T), ¢(E,), Vi, €(E,,T) , N* and o' (E,) are rate of
nucleation, flux of neutrons, volume of the active liquid, efficiency of the detector,
atomic number density and elastic scattering cross section of neutron with atomic
nucleus. Substituting all the values [22,78,215] in Equation 6.1, the expected count
rate of bubble nucleation have been estimated as 3.39x107%, 4.03x107°, 1.67x107% and
1.38x107° per second for 1 keV, 10 keV, 1 MeV and 10 MeV neutrons respectively. It
is to be noted that the energy of the background neutrons has a distribution but for
simplicity the expected rate has been calculated for the interaction cross section of
some specific energies of neutrons [215]. The experimental count rate on the day of
solar eclipse is 7.75x1073 £ 0.84x10~2 per second and on the normal day is 2.16x10~3

+ 0.44x1073 per second. The experimentally observed variation of Pvar and F.F. of
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the signals obtained in solar eclipse day, normal day with neutron and gamma-ray
sources are displayed in Figure 6.2. The Figure 6.2 is divided into five regions, like A,
B, C, D and E. It shows that most of the neutron induced signals fall in the regions A
and D. The gamma-rays induced signals are mostly in B and C regions. Most of the
background signals both on solar eclipse day and normal day are in A and D regions.
The above results show that the higher counts of bubble nucleation on solar eclipse
day is mainly due to neutrons that signifies the enhancement of neutron flux during
the solar eclipse. The effect of the small variation of gamma-ray flux during the solar
eclipse as reported earlier [212] is not visible in this measurement. The reason of
increasing the neutron flux during solar eclipse is expected to be due to the increase
of radon emission from the crust of earth due to the disturbances from the geophysical
sources [213,214]. The radon decays via alpha emission and thereby producing the

neutrons by («, n) reactions that causes the increase of the neutron flux [214].

6.2.1 Conclusion

The Pvar and F.F. of these events it lies in the regions A and D in the Figure 6.2 which
is dominated by the neutron induced signals. This analysis from the experiments show
that most of the bubble nucleation counts from the background both on solar eclipse
day and normal day are from neutrons. The experimentally observed count shows
that the initial count rate is higher on the day of the solar eclipse compared to the
normal day. The experimental and the expected count rate of bubble nucleation
have been evaluated. The measurement with the present setup and calculated count

rate shows an enhancement of the neutron induced counts on a solar eclipse day as
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Figure 6.1: Number of nucleated signals from backgrounds on solar eclipse day and a
normal day.

compared to the normal day.

6.3 Pressurization of SED

The droplets of the detector is converted into vapour bubble after completing the ex-
periment with the SED. The SED can go through a pressurization process to converts
the nucleated bubbles into liquid droplets. The process of pressurization the detectors
can be helpful to reuse the SED in the subsequent experiments. Previously a pres-
surization system has been designed and few experiments were done. The picture of

this pressurization system is shown in Figure 6.3. The important part of the pressur-
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Figure 6.2: The distribution of Pvar and F.F. variables of the bubble nucleated signals.

ization system is a hydraulic manifold, a mineral oil tank and a nitrogen gas cylinder.
The nitrogen gas cylinder is connected to the hydraulic manifold. The nitrogen gas
was used to fill the mineral oil into the SED using a hydraulic diaphragm. The hy-
draulic diaphragm is connected between the container of the cylinder of mineral oil
and nitrogen gas. The hydraulic diaphragm separates the mineral oil and nitrogen
gas. The previous experiments concluded that there was some technical limitations
to the pressure regulator. The maximum limit of the pressure regulator was 6.0 bar.
The pressure can not be increased beyond 6.0 bar during testing. High pressure is
necessary to convert the bubbles into droplets because the vapour pressure of Cy Hy Fy
liquid at 30.0 °C' is 7.70 bar. In the present modification the maximum limit of the

pressure regulator is 25.0 bar. The experiments with this modified system shown in
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Figure 6.3, the experiment with modified setup shows that the bubbles were converted
into the liquid droplets but after the pressurization the detector become completely
filled with the mineral oil. It is difficult to separate the mineral oil from the SED.
The pressurization system has been further modified by introducing a stainless steel
collecting chamber between the mineral oil tank and the SED shown in Figure 6.4.
This collecting chamber works well and the mineral oil remain stored in the chamber.
After the pressurization, the SED will remain free from the contamination of the min-
eral oil. During the pressurization the SED was placed inside a low temperature box
(Figure 6.5) for the safety reasons. It also provide the low temperature environments,
helps the process of pressurization because the vapour pressure of the liquid decreases
at low temperature. The experiments has been done with the modified arrangements

and the result has been discussed in the next section.

6.3.1 Experiments and observations

The temperature of SED has been maintained at -31.6 °C' during pressurization inside
a low temperature chamber. The pressure of the nitrogen gas and mineral oil during
the process was 6.0 bar. The pressurization was done over a period of 5 hours.
Vapour bubbles inside the SED disappeared after the pressurization. Count rate
were measured using *"Cs (5 mCi) gamma-rays source with the same SED before
and after the pressurization. The count rate of the SED before pressurization is 3.09
counts/sec but after the pressurization the number of counts is zero. Visually we
can expect that the pressurization system effectively compresses the vapour bubble

of SED into liquid droplets. The visual inspection shows the effectiveness of the
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modified pressurisation system.

6.4 Construction of Bell-Jar type SED (BJ-SED)

The WIMPs, one of the candidates DM is present throughout the Universe. The den-
sity of the WIMPs is very low so the possibility of detecting the particle by scattering
with normal matter is also very low. The occurrence of the scattering are extremely
rare so a highly sensitive detectors is necessary for the detection. The backgrounds
particle of environment of the detector should be low. The background rejection ca-
pabilities of the detector should be high. To increase the sensitivity of the detector,
the size of the detector should be increased. In the case of SED, the sensitivity can
be increased by increasing the detector mass and reducing the threshold. At low
threshold the discrimination capability of the detector should be high and many pa-
rameters have been discussed in previous chapter 4 for the discrimination. In this
section the fabrication of a large size detector to change the sensitivity of the SED
for the detection of WIMPs is described. At first the size of the SED is increased to
1 litre and a Bell-Jar (BJ) has been chosen for the fabrication. All the mechanical
arrangements of the Bell-Jar type SED (BJ-SED) have been carried out by the help
of mechanical workshop of SINP. The test experiment has been done and the bubble
nucleated signals are collected by using the acoustic sensors. For this large size detec-
tor the number of sensors have been increased. Total four acoustic sensors planned
are to be used surroundings the detector. Three sensor is placed symmetrical at the

outer side of the detector at an angle of 120 ° and one sensor is placed at the bottom
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Figure 6.3: The modified pressurization system.
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Figure 6.4: The detector and the collecting chamber used in the experiment.

Figure 6.5: The detector and the collecting chamber inside the cold temperature bath.
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Figure 6.6: Diagram of Bell-Jar type SED.

of the detector. The setup of the detector is shown in Figure 6.6. In the present setup

all the sensors are connected externally in contact with the outer wall of the detector.

6.4.1 Testing the BJ-SED

All the previous experiments have been done by using a detector of size 100 ml and
only one acoustic sensor was mounted on upper part of the detector. This acoustic
sensor in 100 ml SED was placed in contact with the detector material. The present
experiments have been done using a 1 litre BJ-SED and the detector of has been
fabricated in the laboratory of SINP. During the experiments only one acoustic sensor
has been placed below the detector because of the lack of the number of sensors. A

background run experiment was done at 32 °C' at the laboratory of SINP for 2 hours.
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Figure 6.7: SED after the experiment.

The experimental arrangement is similar to the arrangement as discussed in chapter
3 and the numbers of events have been stored in the LabView files. The picture of the
detector after the experiment is presented in Figure 6.7. The collected signals have
been analysed but none of the signals looking like actual bubble nucleated signals and
hence actual bubble nucleated events was zero. The BJ-SED in Figure 6.7 shows large
number of vapour bubble appears after the experiment. One of the reason for this zero
recorded events may lies in the arrangement of the acoustic sensor with the BJ-SED.
All the previous experiments with 100 ml SED, the sensor is in internally contact
with the detector. The present experiment, the sensor is externally connected with
the detector and there is few mm thick glass between the sensor and the detector. The
present results shows that the sensors are only able to detect the bubble nucleated

acoustical signals when it is placed in contact with the gel matrix.
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Conclusion and future plan

“Robert Apfel” 1979 developed a Superheated Droplet Detector (SDD) by modify-
ing the concept of bubble chamber [1] and SDD is useful in different research fields
like radiation physics [36, 37], high energy physics [38], health physics [39], space
physics [40], nuclear astrophysics [41], etc. The details about the Superheated Lig-
uid, Superheated Liquid Detector, the nucleation mechanism of superheated liquid
drops, different efficiency and the present use of SEDs are presented in the Chapter 1.
The growth of homogeneous nucleation of superheated liquid droplets, its oscillation
and dynamics of the bubble are described in chapter 2. The homogeneous nucleation
is nonlinear in nature and it shows chaos. The experimental studies and models on

nonlinear bubble oscillation are also discussed in chapter 2.

The process of bubble nucleations can be studied by the bubble nucleated signals. In
the chapter 3, the detailed experimental investigation of the nonlinearly of acousti-
cal signals from neutron and gamma-ray induced bubble nucleation were analysed.
The analysis shows the chaotic behaviour in homogeneous bubble nucleation. The
behaviour of the gamma-ray induced signals are different from neutron induced sig-
nals. The parameters which shows the differences between neutron and gamma-ray
induced signals were identified through the nonlinear analysis. These parameters are
the complex 3D attractor reconstruction, broadband FFT spectrum and R/S plot.

This study contributes to the understanding of chaos in homogeneous nucleation and
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it also identifies the neutron and gamma-ray induced signals.

The discrimination of the bubble nucleated signals is important in detection and iden-
tification of individual particles in a mix radiation fields. The voltage and frequency
spectrum of the bubble nucleated signals from neutrons and gamma-rays using R-134a
SED with 1400 rpm and 900 rpm rotational speed have been studied in chapter 4.A
for the identification of neutron and gamma-ray induced events. The experiments
using the detector with R-12 liquid, fabricated with 1400 rpm rotation, have been
done in presence of neutrons and gamma-rays source as a reference. The V., and
Pvar parameters of neutron induced signals are smaller than those of the gamma-ray
induced signals for the SED with R-134a liquid and 1400 rpm rotation. The V..
and Pvar parameters of neutron and gamma-ray induced signals are similar for the
SED with R-134a and R-12 liquid with 900 rpm and 1400 rpm rotational speed re-
spectively. The FFT spectrum shows that the gamma-ray induced signals contain
several low frequencies which are absent in the neutron induced signals. The dura-
tion and number of peaks of the neutron induced signals are smaller than those of
the gamma-ray induced signals for SED with R-134a liquid and 1400 rpm rotation.
The F.F. parameter significantly discriminates the neutron induced signals from the
gamma-rays induced signals using the SED with R-134a and R-12 liquid with 900 rpm
and 1400 rpm rotational speed respectively. These differences between the neutron

and gamma-ray induced signals are useful in future experiments with SED.

The discrimination of the signals further extended in the chapter 4.B by the ex-
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traction of the IMFs using the empirical mode decomposition (EMD) of the bubble
nucleated signals from SED in presence of neutrons and gamma-ray sources. The
correlation coefficient and variance of each IMF from the neutron and gamma-ray
induced nucleated signals have been estimated. The IMF that contributes to the co-
herent structures is fixed for neutron induced signals but it varies for the gamma-ray
induced signals can identify the neutron and gamma-ray induced signals. The low
frequency band, low F.F. and maximum variance at the fourth IMF are present in the
gamma-ray induced nucleation. This study improves the identification process of the
neutron and gamma-ray induced nucleated signal while operating SED in a region of

mix field of neutrons and gamma-rays.

The fabrication of a stable SED is the primary requirement before all the measure-
ments using these SED. The stability of the SED depends on the few properties of the
gel matrix. These properties are related to the density of the droplets of the liquid.
Here efforts have been made to understand the detailed photo physical behaviour
of the gel matrix with different concentration of the glycerine. UV-Vis absorption
spectroscopy and fluorescence emission spectrophotometer has been used in ambient
conditions to understand the emission properties of the gel matrix. The UV-Vis ab-
sorption spectrum and Fluorescence of pure ultrasound gel studies have been done
and described in chapter 5. The studied shows that it exhibit a absorption band with
a peak centred at around 629.5 nm. The peak of the spectrum shifts to a peak at
634 nm in the mixture of glycerine and the ultrasound gel. The Fluorescence emis-

sion intensity is maximum for a mixture of 10 g ultrasound gel with 40 ml glycerine
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compared to other ratios of the mixtures as studied in the work. Non-radioactive
channels in the mixture after photo-excitation is minimum in the 10 g gel and 40 ml
glycerine mixture. These studies show that this combination is highly suitable for

achieving the stable SED.

The developed discrimination techniques have been used in many experiments done
at SINP laboratory. The first experiment was carried out at the laboratory of SINP
(Kolkata,India) on 26 December 2019 which was an annular solar eclipse day and
discussed in chapter 6. The same measurement has also been done on a normal day
on 31 January 2020 at the same place for the same period of time. The analysis
from the experiments shows that the most the of the bubble nucleation counts due
to the background, both on solar eclipse day and normal day are from neutrons. The
present measurement and calculated count rate from the experimental data shows an
enhancement of the neutron induced counts on a solar eclipse day as compared to
the normal day. After the experiments the droplets of the detector are converted into
vapour bubbles by nucleation. A pressurization system has been modified and the
testing have been done with the modified arrangements. The visual inspection of the
measurement by the pressurization system signifies the effectiveness of the modified
pressurization system. To increase the sensitivity of the detector, the size of the de-
tector should be increased. A large size SED of volume one litre using a Bell-Jar (BJ)
has been fabricated with a modified sensor arrangement. These sensors are placed
outside the Bell-Jar without any contact with the gel matrix of the detector. The test

results using the BJ-SED shows that the sensors are only able to detect the bubble
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nucleated acoustical signals when it is placed in contact with the gel matrix. These
results from the present studies will be useful in the detection of neutrons in mix

radiation field and in the detection of WIMPs.

The nonlinear analysis is the potential tool to understand the each steps of bubble
nucleation and model the bubble nucleation. In future more nonlinear analysis will
be done on the bubble nucleated signals to develop a model of the homogeneous
bubble nucleation. The new variables presented in the thesis are effective in the
discrimination of the neutrons and gamma-rays induced signals, I will extend my
research to improve the discrimination by identifying more new variable from the
bubble nucleated signals. Emphasis will also be given to develop a more sensitive

SED and improve the pressurization technique to reuse the detector.
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The homogeneous bubble nucleation in superheated liquid droplets can be initiated by energetic particles or
radiation. The nonlinearity in the heat transfer introduces chaos in the temperature time series of a boiling
system. In the present study, the acoustical pulses from the homogeneous nucleation of superheated liquid
droplets by neutrons and gamma-rays have been collected. Nonlinear time series analysis methods like 3D
attractor reconstruction and Fast Fourier transformation (FFT) have been performed on the collected pulses.
The analysis predicts the possibility of the existence of chaos, and the positive value of the largest Lyapunov

exponent confirms it. The nonlinearity in the energy deposition by both the recoil nuclei and electrons from
the neutrons and gamma-rays respectively, introduce chaos. A qualitative difference has been observed in the
3D attractor and Rescaled Range (R/S) plots between the neutron and gamma-ray-induced pulses, and the
present differences are useful for the identification of these pulses.

1. Introduction

The boiling of liquid is a common phenomenon that was studied
a few thousand years ago, but the underlying mechanism of boiling
is still not fully understood because of the complexity of the process.
The boiling process consists of many sub-processes and their mutual
interaction, where the most important sub-process is the nucleation
site problem [1]. In this case, mutual interaction between bubbles
and the heating surface and interaction with neighbouring nuclear
sites play important roles. The complexity level is high because the
interacting bubble creates a complex dynamical system that includes
many processes like heat transfer, phase change, coalescence, and
their combined effects. Nonlinear dynamical systems under selected
conditions are able to show chaos. A system is said to be chaotic
where the output is not proportional to the input, and under some
conditions, such systems exhibit unpredictable long-term behaviour.
Irregularity of motion and sensitivity to the initial conditions are the
key signatures of the chaotic system. A computer simulation with
appropriate mathematical tools can confirm the experimentally ob-
served chaotic behaviour of a system. However, the chaotic behaviour
of an experiment can be directly identified from experimental data
using nonlinear time series analysis. The effect of the conjugate sub-
process of boiling was explained by analysing the wall temperature
fluctuation [2]. Shoji et al. described the nonlinear behaviour of the
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heterogeneous nucleation of water using the power spectrum (Fourier
spectrum) and the attractor reconstructed from the temperature time
series using the embedding method [3]. Ellepola et al. carried out a
nonlinear analysis of the temporal temperature distribution of a boiling
system on a thin stainless steel plate and concluded that the boiling sys-
tem is a chaotic system [4]. Macdonald et al. numerically observed that
the radial oscillation of gas bubbles and encapsulated microbubbles can
be periodic as well as chaotic [5]. In this paper, nonlinear time series
analysis methods have been used to identify the chaotic behaviour of
the homogeneous nucleation of superheated liquid droplets from the
produced acoustical pulse during nucleation. The normal boiling that
we experience every day is referred to as heterogeneous nucleation.
This type of nucleation occurs in the presence of a discontinuity like
any impurity, air bubbles, gas pockets, or at the interface of two
mediums such as solid-liquid, liquid-liquid, and liquid-vapour. The
term nucleation means the formation of the nuclei of a new phase. In
homogeneous nucleation, the phase transition occurs inside the bulk
liquid. This type of nucleation also occurs in liquid, maintained in a
superheated state. A liquid kept at temperature and pressure values
within vapour region is called a superheated liquid. This is a meta-
stable state of a liquid that is fragile and short-lived. The liquid can be
maintained in the superheated state by fractionating it into droplets and
dispersing them into a visco-elastic gel [6] or soft polymer [7] matrix
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by the emulsification process. The host liquid or emulsifier material
must be clean and de-gassed to avoid heterogeneous nucleation. This
emulsification procedure is used to fabricate a superheated emulsion
detector (SED), consisting of droplets of superheated halocarbon and
hydrocarbon inside an aqueous-based gel matrix. SED is used as a
neutron [8], gamma-ray [9,10], and charged particle [11,12] detector.
This detector is suitable for detecting neutrons in the background of
gamma-rays because the threshold energy of nucleation of this detector
depends on the operating temperature, pressure, and type of active
liquid used in the detector. SED is also used in search of WIMPs (Weakly
Interacting Massive Particles) a cold dark matter candidate [13,14].
The superheated droplets inside SED, are homogeneously nucleated
by the recoil nucleus. The complete process of bubble growth after
nucleation is a complex phenomenon similar to normal boiling or
heterogeneous nucleation of liquid, involving many nonlinear thermo-
dynamic processes [15]. The nucleation process is associated with a
high internal pressure of around 10 MPa and a high temperature of the
order of kilokelvin, which leads to an observable phenomenon like an
acoustic pulse formation. This pulse can be recorded in real-time by
an acoustic sensor [16]. Conventionally, different parameters (e.g. Am-
plitude, Fundamental Frequency, Time constant, Decay time, Number
of peaks, and Duration of signal) [17-19] were studied by analysing
the time and frequency domains of the acoustical pulses. It has been
shown that the nucleated bubble by an alpha particle in R—3110 (C,F,,)
and R — 115 (C,CIFs) releases more energy than the neutron-induced
bubble [20,21]. The gamma-ray-induced pulses for R —218 (C;F,) SED
in the frequency range of 10 kHz to 1 MHz were found to have a higher
power than the neutron-induced pulses [22]. The nucleated bubble
with R — 114 and R — 12 SED in a low-frequency range (0-10 kHz)
was observed to produce lower amplitude pulses from gamma-rays
than neutrons [18,23]. Sahoo et al. (2020) observed adequacy over
the thermodynamic behaviour in the energy released during the bubble
growth from neutron and gamma-ray-induced pulses in the audible
frequency range (20 Hz to 20 kHz) with the SED containing R — 134a
(C,H,F,) liquid [24]. Mostly the amplitude, energy, or power [18,20-
24] of the nucleated pulse from SED are considered as important
variables and these variables were studied with different active liquids.
Aubin et al. [20], Felizardo et al. [25], Behnke et al. [13], Archambault
et al. [26] have observed the acoustic signature of the bubble nucleated
pulses in the dark matter search experiment using SED. There is not
enough literature available on the nonlinear dynamical behaviour in
the acoustic signature of the bubble-nucleated pulse and the nucleation
process. In the present work, the nonlinear analysis has been carried out
on acoustical pulses from the homogeneous nucleation of superheated
droplets by neutrons and gamma-rays. The analysis shows the existence
of chaos, and characteristic differences have been observed in the
neutron and gamma-ray-induced pulses. An attempt has been made to
explain these observations by the nonlinearity of the deposited energy
by recoil nuclei and electrons.

2. Condition of homogeneous bubble nucleation

The superheated state is a metastable state of the liquid, and the
liquid droplets in the superheated state nucleate and become an ob-
servable vapour bubble if the energy deposited by the particle or recoil
nucleus is equal to or greater than the critical energy (E,) over the path
length of L, = bR,. Where b is the nucleation parameter and R, [27]
is the critical radius. The values of the critical energy and radius are
different at different operating temperatures and pressures of the liquid.
According to Seitz’s model [27], due to the energy deposition by the
energetic particles inside the superheated liquid, embryonic vapour
bubbles are formed along its path. If the radius of the micro-bubble
is greater than the critical radius (R,) the micro-bubble grows and
becomes an observable vapour bubble by vaporizing the surrounding
liquid. The bubbles whose radius is smaller than the critical radius (R,)
collapse and return to the liquid state. The expressions of the critical
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radius (R,) [27] and critical energy (E,) [27,28] are given in Eq. (1)
and (2) respectively,

20(T)
= 1
T (€))

E :4nR2(G—T(a—6))+ 4—”R3p (h, —hy) — 4—”1!23(13 -P) 2)
c c oT 3 cPo\v 1 3 e\l 1

where ¢(T) is the liquid—vapour interfacial tension at temperature T, P,
and P, are the vapour and liquid pressure, p,, is the vapour density, and
h, and h; are the specific enthalpies of the vapour bubble and liquid
respectively.

The mechanism of nucleation by neutrons and gamma-rays are
different. The neutron collides elastically with the target nucleus of the
atom of the superheated liquid. After receiving energy by the elastic
collision, the recoil nucleus loses energy along its track. The amount
of energy received by the nucleus depends on the atomic weight of
the nucleus and it deposits the whole energy until it comes to rest.
The amount of deposited energy is determined by the linear energy
transfer (LET) of the recoil nucleus. The bubble will nucleate when the
deposited energy exceeds the minimum energy needed for nucleation
over the path length of L., represented by the Eq. (3),

[t dE
Ed,-p(T)—/O <E>dx2Ec ®3)

where dE/dx is the linear energy transfer (LET) of the incident par-
ticle. In the case of gamma-rays, while passing through the SED, it
produces electrons and these electrons lose energy by electromagnetic
interaction. Such deposited energy inside the SED nucleates bubble
after satisfying the nucleation conditions.

3. Dynamics of bubble and acoustical pulse formation

The complete growth of the vapour bubble and its dynamics can
be divided into three stages, which are (i) surface tension controlled
stage (ii) inertia controlled stage and (iii) heat diffusion controlled
stage [29,30]. After satisfying the nucleation conditions the bubble
starts growing, and at the first stage of nucleation (surface tension
controlled stage), the expansion of the bubble is driven by the energy
stored in the bubble itself and its surroundings. In this stage, the radial
velocity of the bubble experiences opposition by the surface tension
of the liquid and it becomes less important at the larger radius of the
bubble. The inertia-controlled stage is described by Rayleigh—Plesset
equation [29] and the solution shows that the radius increases linearly
with time. The last (heat diffusion controlled) stage the bubble growth
is due to the continuous evaporation of the liquid layer located just
behind its surface, as described by Plesset and Zwick equation [30]
and the radius is proportional to the square root of time. The complete
time evolution of the bubble through the three stages as described by
Robinson and Judd [15] is represented by Eq. (4),

2 2 2 2
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The expression of the constants C,, C and J, are
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where «;, p;, p,, L, C;, T, and T, are the thermal diffusivity, liquid,
vapour phase density, latent heat of vaporization, specific heat of the
superheated liquid at constant pressure, temperature and boiling point
of the liquid respectively. The droplets become a freely oscillating
vapour bubble after a complete phase transition and oscillate about
their equilibrium radius. Minnaert [31] has calculated the resonance
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frequency of the harmonic bubble oscillator. The acoustical pulses emit-
ted from the oscillating vapour bubble of radius R(t) are proportional
to the acceleration of the volume of the bubble and these pulses can
be detected by a piezoelectric transducer. In the present experiment
acoustics sensor has been used to detect these pulses, the complete
experimental detail is described in the next section.

4. Experimental details

In the present experiment, superheated liquid in the form of droplets,
suspended in a visco-elastic gel matrix was fabricated. First, the sup-
porting gel matrix was prepared by mixing the aquasonic gel with
glycerol and the mixture was degassed for four days to remove the air
pockets to avoid heterogeneous nucleation. The degassed gel and active
liquid, C,H,F, (R — 1344) were transferred inside an autoclave system.
The pressure inside the autoclave is maintained at the vapour pressure
of R —134a liquid. The liquid and the gel were stirred to form micron-
sized droplets of the superheated liquid. After that, the pressure of the
autoclave was released very slowly to maintain the superheated state
of the droplets. The superheated emulsion from the autoclave system
was transferred into the glass vials when the pressure inside the system
was reduced to atmospheric pressure. In the present experiment, these
glass vials containing the dispersed droplets of superheated liquid in a
gel matrix have been used as detectors (SEDs).

During the experiment, an acoustic sensor (AE — W Sa by Physical
Acoustics Corporation) in the frequency range of few kHz to 1 MHz
was placed on top of the glass vial and in contact with the emulsion.
The sensor converts the nucleated acoustical pulse into an electrical
signal. The schematic diagram of the present experiment is shown
in Fig. 1. The detector was placed inside a water bath wounded by
the heating coil to maintain the temperature of the detector. The
temperature was controlled by a temperature sensor and controller
(METRAVI, DTC 200) with precision +1 °C. The electrical signals from
bubble nucleation were collected and stored in files using LabVIEW
software and hardware. The bubble-nucleated acoustical pulses by
neutrons were recorded in the presence of a *' Am — Be (activity - 10
mCi) source and the temperature of the detector was maintained at
32 °C. 32 °C temperature was chosen as the SED is not sensitive to
gamma-rays at this low temperature. The pulses from the gamma-ray-
induced nucleation were collected using '*’Cs (activity — 5mCi) at a
temperature of 50 °C as C,H,F, SED becomes sensitive to gamma-ray
at a temperature of 38.5 + 1.4 °C [32].

5. Nonlinear analysis of the acoustical pulses

The classical nucleation theory estimates the energy barrier, crit-
ical bubble radius, and rate of nucleation. The general and exact
solution is unattainable because of the complicated thermal and hy-
drodynamic interactions of the vapour and liquid at the bubble wall,
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Fig. 1. Schematic diagram of the present experimental setup.
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Fig. 2. Filtered bubble nucleated pulse by neutron-induced nucleation.

pressure-temperature dependence, and the coupling between the lig-
uid momentum and energy equations through nonlinear convection
term [15]. Martynyuk and Smirnova first described the particle-induced
bubble nucleation [33], while later Rayleigh [29] and Plesset and
Zwick [30] theoretically studied the nucleation based on the Navier—
Stokes equation. In order to experimentally understand the nucleation
phenomenon, nonlinear analysis was carried out on the acoustical
pulses (see Figs. 2, and 3).

5.1. Attractor reconstruction

The reconstruction of the state space (known as the attractor) is an
important part of nonlinear analysis, it represents the trajectory of the
measured time series. Any prior information about the system is not
required for the estimation of the attractor. The 3D attractor reconstruc-
tion of an experimental time series gives important information about
the chaotic nature of the time series. The embedding theorem [34]
is applied to construct the attractor, theorem by Hegger et al. [35]
states that if X, is the sequence of measurements of a state of a system,
then x;, ., x;,»;, X;;3, are the embedding vectors. Where 7 is the time
delay of the reconstructed attractor. Present case, the 3D attractor
reconstruction has been done by selecting the embedding space method
and the variable sets are x(¢), x(t + 7), and x( + 27r). = has been
chosen as the time of the first local minimum of mutual information of
the time series [36]. Mutual information is a commonly used method
for experimental time series to find the value of 7. First, the bubble-
nucleated pulses were filtered using a 15 kHz to 100 kHz band-pass
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Fig. 4. The 3D attractor reconstruction of the bubble nucleated pulse by
neutron-induced nucleation.

filter to reject very low and high-frequency noises. The values of = for
neutron and gamma-ray-induced pulses are 3 ps and 4 ps respectively.
The attractor reconstruction of this filtrate acoustical pulses from the
neutron and gamma-ray-induced events is shown in Figs. 4 and 5.
The structure of the attractor suggests the bubble-nucleated pulses
contain chaotic oscillation, which implies the existence of chaos in the
homogeneous nucleation of superheated liquid droplets. Comparing the
3D attractor of both pulses, it is observed that there is a difference
in the line density of the trajectories and the convergence nature of
the curve. The trajectory by gamma-ray-induced pulse shows a rather
complicated pattern than the neutron-induced pulse. The 3D attractor
of the neutron-induced pulse systematically converges to the centre of
the curve but the 3D attractor of the gamma-ray-induced pulse does
not show such a converging trend. The converging nature of the 3D
attractor concludes that the neutron-induced bubble is more stable than
the gamma-ray-induced bubble.

5.2. Fast fourier transformation

The frequency spectrum of the bubble-nucleated pulses has been
constructed by Fast Fourier Transformation (FFT), and the spectrum
is presented in Figs. 6, and 7. The periodic oscillation can be indi-
cated by a frequency spectrum containing sharp peaks at some specific
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Fig. 6. Power spectrum of the bubble nucleated pulse by neutron-induced nucleation.

frequency, whereas a continuous frequency spectrum indicates chaotic
or quasi-periodic oscillation. Here the frequency spectrum of both the
neuron and gamma-ray-induced pulses contain peaks with irregular
frequency intervals, but the spectrum of the gamma-ray-induced pulse
is distributed over a wide frequency band. Both the FFT spectrums
suggest the existence of chaos in the system according to the analysis by
Baker and Gollub [37], and further nonlinear analysis has been carried
out to confirm the existence of chaos.

5.3. Lyapunov exponent

The Lyapunov exponent is a well-known parameter representing
the nonlinear characteristics of attractors and is a useful diagnostic for
chaotic systems. It quantitatively measures the sensitivity to change in
the initial condition and also represents how the system diverges or
converges from its infinitesimally close trajectories in phase space [38].
Any two points in phase space x and x + Ax are functions of time,
and the separation between them (4x) will also be a function of time.
The Lyapunov exponent is defined as the mean exponential rate of
divergence of two initially close orbits characterized by Eq. (8). The
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exponential divergence means the system behaves differently, whose
initial differences are not able to resolve. There is a straight-forward
technique for the estimation of the Lyapunov exponent for those sys-
tems having explicitly known equations of motion but this method
is not valid for experimental data. The one-dimensional Lyapunov
exponent can be calculated using Eq. (8), where A is the order from
largest to smallest. The sign of the Lyapunov exponent quantitatively
indicates the dynamics of the system, a system with chaos should have
one positive Lyapunov exponent. The largest Lyapunov exponent of the
pulses are 13.60 (neutron-induced pulse) and 8.34 (gamma-ray-induced
pulse) respectively, and the positive value of the largest Lyapunov
exponent confirms the existence of chaos. It implies that periodicity
is lost in the process of bubble nucleation or pulse generation, and the
loss of periodicity leads to a chaotic appearance in the acoustical pulse.

1A
A= lim(D)In 0 ®

5.4. Rescaled range analysis

The Rescaled range known as R/.S, is one of the cornerstones of
fractal analysis and has been applied in many disciplines to analyse
the signals, originating from different types of probes. For the signals
having self-similar scaling properties, the ratio of R/.S is a power law
of window size (n) [39]. The persistent and anti-persistent behaviour
of a time series can be quantified by Hurst exponent and it determines
the random or long-term memory of a time series. The R/S (shown
in Eq. (9)) algorithm estimates the value of the Hurst exponent, which
scales like cnf’ as n — oo, where c is constant, and H is the Hurst
exponent of the time series [40,41].

R(n) _ max(0, W, W), ..., W,) = min(0, W, W), ..., W)

= 9
S(n) \/52(n) ©
Wi = X1 + x5 + %3 + = + x, — kX (), 10

where X(n), S2(n), and n are the mean, variance, and time lag of the
signal respectively. The slope of the R/.S plot of a completely random
point is constant, and for a periodic system, it gets saturated and starts
oscillating. The value where it starts oscillating gives the period of the
oscillation, which gives information about the frequency of the signal.
The Hurst exponent of a completely random and a purely periodic
time series are 0.5 and 1 respectively. The Hurst exponent of a chaotic
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Fig. 9. The R/S analysis of the bubble nucleated pulse by gamma-ray-induced
nucleation.

system should be different from 0.5 and 1 because it is temporally
aperiodic in nature. The exponent of the bubble-nucleated signals from
neutrons and gamma-rays has been calculated, which shows different
features and the values of the slopes differ from 0.5 and 1. The R/S
plot of the bubble nucleated pulse by neutrons (see Fig. 8) clearly
shows two distinct regimes with slopes of 0.95 and 0.11. The first Hurst
exponent (slope) reflects that the neutron-induced pulse is composed
of oscillations that are strongly correlated with each other and have
persistence (conservation of current trends). As time goes on, the slope
becomes 0.11, which is interpreted as anti-persistence (fluctuation or
frequency reversal of trends). The slopes of the R/S plot of the gamma-
ray-induced pulse are different at every point, and the slope approaches
zero as the time lag increases. The persistency or anti-persistency in
the signal cannot be determined for a gamma-ray-induced pulse (see
Fig. 9).

The nuclear boiling of a single vapour bubble depends on the surface
temperature of the heating surface. Local fluctuations of heat flux from
nuclear boiling of R — 114 liquid and local temperature changes trans-
form into chaotic behaviour with increasing the temperature [42]. R.
Mosdorf [43] explained that the nonlinearity of heat transfer originates
chaos in pool boiling. Here, in the case of homogeneous nucleation, the



S. Ali et al.

1400 T T T T

12001

1000

800 |

Stopping Power (dE/dx)(keV/;:m)

0
104

Energy (keV)

Fig. 10. Stopping power (dE/dx) of recoil nuclei in R-134a liquid.

102 : . ' .
- — — — Electron
' ~
— 1 ~
§ N
= ! N
E \
= 10'f \\ E
s M
w \
E N
E ~
z i)
a »
o 10°F N 3
= N\
z ‘
5 N
8
7] \
\
N
~
10_1 L .0 . i s
102 10! 10 10! 102 10
Energy (keV)

Fig. 11. Stopping power (dE/dx) of electron in R-134a liquid.

analysis confirms the presence of chaos in both the neutron and gamma-
ray-induced pulses. The droplets of R — 134a liquid nucleate because of
the energy deposited by the recoiling nuclei or electrons. The LET or
stopping power (dE/dx), of the recoiling nucleus and of the electrons
from the neutrons and gamma-rays in R—134a liquid droplets are shown
in Figs. 10, and 11. The LET of the recoil nucleus in R — 134a liquid has
been calculated using SRIM 2008 code [44]. The stopping power of the
electron has been calculated using Bethes equation [45,46]. The LET or
dE/dx of the recoil nuclei and electrons shown in Figs. 10, and 11 are
nonlinear. The nonlinear nature of the LET or dE/dx of recoil nuclei and
electrons at the end of the track introduces chaos in the neutron and
gamma-ray-induced nucleation. The present results confirm that chaos
is present in homogeneous nucleation, like other types of boiling, and
verify the model of R. Mosdorf [43] about the origin of chaos, which
is the nonlinear nature of heat or energy transfer.

Difference has been observed in the neutron and gamma-ray-induced
bubble nucleated pulses in the above three plots (3D attractor re-
construction, FFT, and R/S plot). It is due to the difference in the
nucleation mechanisms of neutrons and gamma-rays. The recoiling
nuclei from neutrons and electrons from gamma-rays deposit energy
along their paths and, this deposited energy after satisfying nucleation
conditions generates vapour bubbles along its track. The number of
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droplets along the path of the recoil nuclei (H, C, and F) and electrons
are about 1 and 11 respectively [24]. The number is large for electrons
because the range of the electron is larger than the recoil nuclei. The
recoil nucleus mostly produces a bubble from a single droplet along
its total track when it satisfies the bubble nucleation conditions. In the
case of an electron from gamma-rays, the bubble will form if one of
the bubbles along its track satisfies the bubble nucleation conditions
and the growing bubbles merge with other bubbles along the track.
The bubble-nucleated pulse from neutrons carries the information of
the growing bubble that originated from a single droplet. The gamma-
ray-induced nucleated pulse carries the information of the growing
bubble, which merged with other bubbles. The merging is the origin
of the crowded attractor, broadband frequency spectrum, and R/S plot
without any persistency for the gamma-ray-induced pulse.

6. Conclusions

The nonlinear analysis of the acoustical pulses from neutron and
gamma-ray-induced bubble nucleation shows that the homogeneous
nucleation exhibits chaotic behaviour, and the positive Lyapunov ex-
ponent confirms it. The R/S analysis of the pulses shows that initially,
the neutron-induced nucleated pulse has a long-range persistency that
vanishes as time goes on. In the case of a gamma-ray-induced pulse, this
type of behaviour is not observed. The present nonlinear analysis shows
significant differences between the neutron and gamma-ray-induced
pulses. Merging of the droplets along the track of the electrons is
the reason for the complicated 3D attractor reconstruction, broadband
FFT spectrum, and R/S plot without any persistency for the gamma-
ray-nucleated pulses. This study will be useful in understanding the
chaos in homogeneous nucleation and the identification of neutrons
and gamma-ray-induced pulses.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

The authors sincerely acknowledge the help and support of Mr.
Nilanjan Biswas, India, and Mr. Sudipta Barman, SINP, India, during
the experiment. The authors are thankful to the Health Physics Unit,
VECC, Kolkata for the 2*! Am — Be source.

References

[1] R. Judd, On nucleation site interaction, J. Heat Transfer 110 (1988) 475.

[2] M. Shoji, Chaos in boiling on a small-size heater, in: Proc. Fourth ASME-JSME
Thermal Joint Conference, Maui, Vol. 2, 1995, pp. 225-232.

[3] M. Shoji, N. Negishi, H. Hatae, Y. Haramura, Nonlinear chaotic characteristics
of saturated pool boiling of water on a horizontal copper surface, in: National
Heat Transfer Symposium of Japan, Vol. 33, 1996, pp. 253-254.

[4] J. Ellepola, Nucleation site interactions in pool boiling, in: Proceedings of the
2nd European Thermal Sciences & 14th UIT National Heat Transfer Conference,
Rome, 29-31 May, 1996.

[5] C. Macdonald, J. Gomatam, Chaotic dynamics of microbubbles in ultrasonic
fields, Proc. Inst. Mech. Eng. C 220 (3) (2006) 333-343.

[6] R.E. Apfel, The superheated drop detector, Nucl. Instrum. Methods 162 (1979)
603.

[7]1 H. Ing, H. Birnboim, A bubble-damage polymer detector for neutrons, Nucl.
Tracks Radiat. Meas. 8 (1984) 285.

[8] B. Mukherjee, D. Rybka, D. Makowski, T. Lipka, S. Simrock, Radiation measure-
ment in the environment of FLASH using passive dosimeters, Meas. Sci. Technol.
18 (8) (2007) 2387.


http://refhub.elsevier.com/S0168-9002(23)00768-4/sb1
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb2
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb2
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb2
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb3
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb3
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb3
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb3
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb3
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb4
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb4
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb4
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb4
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb4
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb5
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb5
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb5
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb6
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb6
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb6
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb7
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb7
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb7
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb8
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb8
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb8
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb8
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb8

S. Ali et al.

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

F. d’Errico, R. Nath, R. Nolte, A model for photon detection and dosimetry with
superheated emulsions, Med. Phys. 27 (2) (2000) 401-409.

B. Roy, M. Das, S. Roy, B. Chatterjee, Threshold temperature for y-ray detection
in superheated drop detector, Radiat. Phys. Chem. 61 (3-6) (2001) 509-510.
S.-L. Guo, L. Li, H.-Y. Guo, C.-Q. Tu, Y.-L. Wang, T. Doke, T. Kato, K. Ozaki, A.
Kyan, Y. Piao, et al., High energy heavy ion tracks in bubble detectors, Radiat.
Meas. 31 (1-6) (1999) 167-172.

S. Tsuda, T. Sawamura, A. Homma, M. Narita, Pressure dependence of neutron
detection sensitivity in a superheated drop detector, Radiat. Prot. Dosim. 87 (2)
(2000) 87-92.

E. Behnke, J. Behnke, S. Brice, D. Broemmelsiek, J. Collar, P. Cooper, M. Crisler,
C. Dahl, D. Fustin, J. Hall, et al., Improved limits on spin-dependent WIMP-
proton interactions from a two liter CF 3 I bubble chamber, Phys. Rev. Lett. 106
(2) (2011) 021303.

M. Felizardo, T. Morlat, A. Fernandes, T. Girard, J. Marques, A. Ramos, M.
Auguste, D. Boyer, A. Cavaillou, C. Sudre, et al., First results of the phase II
SIMPLE dark matter search, Phys. Rev. Lett. 105 (21) (2010) 211301.

A. Robinson, R. Judd, The dynamics of spherical bubble growth, Int. J. Heat
Mass Transfer 47 (23) (2004) 5101-5113.

R.E. Apfel, Sonic effervescence: A tutorial on acoustic cavitation, J. Acoust. Soc.
Am. 101 (3) (1997) 1227-1237.

S. Seth, M. Das, Radiation linear energy transfer and drop size dependence of
the low frequency signal from tiny superheated droplets, Nucl. Instrum. Methods
Phys. Res. A 837 (2016) 92-98.

P.K. Mondal, S. Seth, M. Das, P. Bhattacharjee, Study of low frequency acoustic
signals from superheated droplet detector, Nucl. Instrum. Methods Phys. Res. A
729 (2013) 182-187.

S. Ali, M. Das, Discrimination of neutron and gamma ray induced nucleation
events at high frequency in R134a superheated emulsion, Nucl. Instrum. Methods
Phys. Res. A 1025 (2022) 166186.

F. Aubin, M. Auger, M. Genest, G. Giroux, R. Gornea, R. Faust, C. Leroy, L.
Lessard, J. Martin, T. Morlat, et al., Discrimination of nuclear recoils from alpha
particles with superheated liquids, New J. Phys. 10 (10) (2008) 103017.

M. Felizardo, T. Morlat, T. Girard, A. Kling, A. Fernandes, J. Marques, F.
Carvalho, A. Ramos, S. Collaboration, et al., Neutron-Alpha irradiation response
of superheated emulsion detectors, Nucl. Instrum. Methods Phys. Res. A 863
(2017) 62-73.

A. Di Fulvio, J. Huang, L. Staib, F. d’Errico, LET dependence of bubbles
evaporation pulses in superheated emulsion detectors, Nucl. Instrum. Methods
Phys. Res. A 784 (2015) 156-161.

M. Das, S. Seth, S. Saha, S. Bhattacharya, P. Bhattacharjee, Neutron-gamma
discrimination by pulse analysis with superheated drop detector, Nucl. Instrum.
Methods Phys. Res. A 622 (1) (2010) 196-199.

S. Sahoo, M. Das, The adequacy of energy deposition over thermodynamic
behaviour in explaining the acoustic energy in bubble nucleation of superheated
droplets, Radiat. Phys. Chem. 187 (2021) 109578.

M. Felizardo, R. Martins, A. Ramos, T. Morlat, T. Girard, F. Giuliani, J. Marques,
New acoustic instrumentation for the SIMPLE superheated droplet detector, Nucl.
Instrum. Methods Phys. Res. A 589 (1) (2008) 72-84.

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Nuclear Inst. and Methods in Physics Research, A 1057 (2023) 168777

S. Archambault, F. Aubin, M. Auger, M. Beleshi, E. Behnke, J. Behnke, B.
Beltran, K. Clark, X. Dai, M. Das, et al., New insights into particle detection
with superheated liquids, New J. Phys. 13 (4) (2011) 043006.

F. Seitz, On the theory of the bubble chamber, Phys. Fluids 1 (1) (1958) 2-13.
C. Amole, M. Ardid, D.M. Asner, D. Baxter, E. Behnke, P. Bhattacharjee, H.
Borsodi, M. Bou-Cabo, S. Brice, D. Broemmelsiek, et al., Dark matter search
results from the PICO-60 CF 3 I bubble chamber, Phys. Rev. D 93 (5) (2016)
052014.

L. Rayleigh, VIIL. On the pressure developed in a liquid during the collapse of a
spherical cavity, Lond. Edinb. Dublin Philos. Mag. J. Sci. 34 (200) (1917) 94-98.
M.S. Plesset, S.A. Zwick, The growth of vapor bubbles in superheated liquids, J.
Appl. Phys. 25 (4) (1954) 493-500.

M. Minnaert, XVI. On musical air-bubbles and the sounds of running water, Lond.
Edinb. Dublin Philos. Mag. J. Sci. 16 (104) (1933) 235-248.

S. Sahoo, S. Seth, M. Das, The threshold of gamma-ray induced bubble nucleation
in superheated emulsion, Nucl. Instrum. Methods Phys. Res. A 931 (2019) 44-51.
V. Rysakov, Acoustoelectronic instability in piezosemiconductors, Sov. Phys.
Uspekhi 34 (12) (1991) 1027.

F. Takens, Detecting strange attractors in turbulence, in: Dynamical Systems and
Turbulence, Warwick 1980: Proceedings of a Symposium Held At the University
of Warwick 1979/80, Springer, 2006, pp. 366-381.

R. Hegger, H. Kantz, T. Schreiber, Practical implementation of nonlinear time
series methods: The TISEAN package, Chaos 9 (2) (1999) 413-435.

A.M. Fraser, H.L. Swinney, Independent coordinates for strange attractors from
mutual information, Phys. Rev. A 33 (2) (1986) 1134.

G.L. Baker, J.P. Gollub, Chaotic Dynamics: An Introduction, Cambridge
University Press, 1996.

J. Froyland, Fractals, in: Introduction to Chaos and Coherence, Institute of
Physics Publishing, 1992, pp. 3-8.

Y. Chen, M. Ding, J.S. Kelso, Long memory processes (1/f a type) in human
coordination, Phys. Rev. Lett. 79 (22) (1997) 4501.

B. Carreras, B.P. Van Milligen, M. Pedrosa, R. Balbin, C. Hidalgo, D. Newman,
E. Sanchez, M. Frances, I. Garcia-Cortés, J. Bleuel, et al., Self-similarity of the
plasma edge fluctuations, Phys. Plasmas 5 (10) (1998) 3632-3643.

N.C. Adhikary, A.R. Pal, H. Bailung, J. Chutia, Self-similarity of electrostatic
fluctuations in a linear magnetised plasma system, Phys. Lett. A 350 (5-6) (2006)
380-385.

H. Auracher, Transition boiling, in: Proceedings of the Ninth Irrtelnational Heat
Transfer Conference, Jerusalem, Istael, Vol. 1, 1990, pp. 69-89.

R. Mosdorf, M. Shoji, Chaos in nucleate boiling—nonlinear analysis and
modelling, Int. J. Heat Mass Transfer 47 (6-7) (2004) 1515-1524.

J.F. Ziegler, J.P. Biersack, U. Littmark, The stopping and range of ions in matter,
1995, SRIM: http://www.srim.org.

F. d’Errico, Radiation dosimetry and spectrometry with superheated emulsions,
Nucl. Instrum. Methods Phys. Res. B 184 (1-2) (2001) 229-254.

J.E. Turner, Atoms, Radiation, and Radiation Protection, John Wiley & Sons,
2008.


http://refhub.elsevier.com/S0168-9002(23)00768-4/sb9
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb9
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb9
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb10
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb10
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb10
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb11
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb11
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb11
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb11
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb11
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb12
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb12
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb12
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb12
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb12
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb13
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb14
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb14
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb14
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb14
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb14
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb15
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb15
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb15
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb16
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb16
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb16
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb17
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb17
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb17
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb17
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb17
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb18
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb18
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb18
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb18
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb18
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb19
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb19
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb19
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb19
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb19
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb20
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb20
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb20
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb20
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb20
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb21
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb22
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb22
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb22
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb22
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb22
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb23
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb23
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb23
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb23
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb23
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb24
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb24
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb24
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb24
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb24
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb25
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb25
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb25
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb25
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb25
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb26
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb26
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb26
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb26
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb26
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb27
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb28
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb29
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb29
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb29
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb30
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb30
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb30
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb31
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb31
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb31
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb32
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb32
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb32
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb33
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb33
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb33
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb34
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb34
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb34
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb34
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb34
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb35
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb35
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb35
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb36
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb36
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb36
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb37
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb37
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb37
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb38
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb38
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb38
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb39
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb39
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb39
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb40
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb40
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb40
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb40
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb40
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb41
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb41
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb41
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb41
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb41
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb42
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb42
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb42
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb43
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb43
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb43
http://www.srim.org
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb45
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb45
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb45
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb46
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb46
http://refhub.elsevier.com/S0168-9002(23)00768-4/sb46




Nuclear Inst. and Methods in Physics Research, A 1025 (2022) 166186

journal homepage: www.elsevier.com/locate/nima

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

NUCLEAR
INSTRUMENTS
&METHODS
IN

PHYSICS
RESEARCH

Discrimination of neutron and gamma ray induced nucleation events at high n

frequency in R134a superheated emulsion

Suraj Ali >, Mala Das *-"*

Check for
updates

a Astroparticle Physics & Cosmology Division, Saha Institute of Nuclear Physics, 1/AF Bidhan nagar, Kolkata 700064, India

b Department of Physics, Jadavpur University, 188 Raja S.C. Mallick Rd, Kolkata 700032, India

ARTICLE INFO ABSTRACT

Keywords:
Superheated emulsion
Discrimination
Neutron

Gamma rays

FFT

Nucleation of superheated droplet and subsequent vapour oscillation produces an acoustic pulse that contains
important information about the bubble nucleation process. The high frequency acoustic pulses during the
bubble nucleation of R-134a liquid droplets have been observed in the frequency range of few kHz to
MHz by irradiating with neutrons and gamma rays. The spectral analysis of the gamma ray induced signals
indicates the existence of several frequency components, which are not present for the neutron induced signals.

Acoustic power, duration and number of peaks of the signals have also been studied which show a significant
discrimination between the neutron and gamma ray induced events.

1. Introduction

Superheated emulsion contains the microscopic droplets of refrig-
erant liquid in superheated state distributed in a gel or polymer
medium [1,2]. Superheated state is a metastable state where the liquid
maintains its liquid state above its boiling point. Superheated droplets
can be converted into vapour bubbles when particles or radiation
pass through the droplets and the Seitz theory of bubble nucleation
explains the phenomena of nucleation according to the ‘thermal spike’
model [3]. Sun et al. proposed the dynamical model of bubble nucle-
ation by studying the cavitation phenomenon of superheated liquid by
neutrons from microscopic point of view [4]. Superheated emulsion
is a threshold detector and the threshold energy of bubble nucleation
depends on the operating temperature and pressure of the detector. It
is used in neutron spectrometry [5], neutron dosimetry [6] at certain
operating pressure and temperature regions where it is insensitive
to gamma rays. Recoil nucleus from neutrons due to its high linear
energy transfer (LET) nucleate bubble at moderate superheat of the
detector. There is an empirical formula which shows that the liquid
becomes sensitive to gamma rays at a temperature above the midpoint
of the boiling point and critical temperature of the liquid [7,8]. Several
refrigerant liquids (e.g. R-12, R-21, R-22, R-114, R-115, R-134a, R-404
etc.) have been studied for the neutron detection [5,9]. In the present
work, R-134a (C,H,F,, b.p. = —26.3 °C, T, = 101.2 °C) superheated
droplets are investigated. It was reported that R-134a becomes sensitive
to 662 keV gamma rays at 38.5° + 1.4 °C that corresponds to 1.29
keV threshold [10]. Therefore to detect neutrons at lower threshold (or

* Correspondence to: Saha Institute of Nuclear Physics, Kolkata 700064, India.

higher operating temperature), the study of the discrimination between
the neutron and the gamma ray induced events is important. One of
the useful applications of the superheated emulsion is for the search of
WIMPs (Weakly Interacting Massive Particles), a favoured candidate of
dark matter. The WIMPs can undergo elastic collision with the nuclei of
detector material similar to neutron interaction and the recoil nucleus
can initiate a bubble nucleation if it satisfies the bubble nucleation
condition [11-14]. Low mass WIMPs (below 10 GeV) which is an
interesting topic of current and future investigation can be explored
by lowering the threshold energy of the detector. As mentioned above,
at low threshold energy the detector becomes sensitive to gamma
rays therefore the discrimination between nuclear recoils and gamma
rays is important in identifying the WIMPs induced signals from the
huge background of gamma rays. The bubble nucleation process is
associated with the high internal pressure which leads to the production
of shock waves. The acoustic detection of shock wave accompanying
bubble expansion is a direct method for real-time counting of nucleated
bubbles [15]. The discrimination between the neutron and gamma
ray induced signals at low frequency (below 30 kHz) with condenser
microphone was studied with R-114 and R-12 liquid and the gamma
ray induced pulses were observed to be of smaller amplitude than the
neutron induced pulses [16,17]. The spectral density distribution was
also studied and reported that the frequency of the primary harmonic of
gamma ray induced signals is smaller than the neutron induced signals
in the audio frequency range [16].

It is reported in the frequency range of 10 kHz to 1 MHz that the
gamma ray induced pulses have higher acoustic power than the neutron
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induced pulses with R-218 superheated liquid and the neutron induced
pulses have a peculiar pattern in 200-400 kHz frequency range which
is absent in the FFT spectrum of the gamma ray induced pulses [15].
A comparative study was made for R-12 and R-134a superheated
emulsion in the audio frequency range using condenser microphone
and the gamma ray induced events are observed to be of higher acoustic
power in R-134a than that of the neutron induced events whereas the
reverse effect is observed for the R-12 liquid which is explained by
the thermodynamic consideration and by the energy deposition inside
the liquids [17,18]. In the present work, the studies were carried out
with R-134a superheated liquid in the higher frequency range above the
audio frequency to observe the discrimination of neutron and gamma
ray induced signals. The R-134a is an environment friendly liquid and
is suitable for neutron detection [19,20]. It is also reported that R-134a
is a potential target searching for the low mass dark matter at higher
superheat values [21]. The following sections describe the frequency of
emission and the radius of growing bubble during the bubble nucleation
process, present experiment, results, discussion and conclusions of the
present study.

2. The frequency emission and radius of growing bubble

The physics of bubble nucleation based on the ‘thermal spike‘ model
of Seitz [3] is described by various authors [22-25]. A bubble will
nucleate if a minimum amount of energy (E,) known as critical energy
of bubble nucleation is deposited within a length of L.;; = b R, where
the nucleation parameter b varies from 2 to 12.96 [26]. The value
of b depends on the type of the liquid, particle and its energy. For a
specific liquid, it depends on to the degree of superheat and LET of the
particle [26]. The mathematical expression of critical energy (E_) [3]
is shown by the Eq. (1),

E, = 4zR2 (G—Tg—;)+4TﬂRipv (hv—hl)—%”Rz(Pv—P,) a

where R, is the critical radius of the bubble, ¢ (T) is the liquid-vapour
interfacial tension at temperature T, P, and P, are the vapour and liquid
pressure, h, and h; are the specific enthalpies of the vapour bubble
and liquid respectively and p, is the vapour density. The radius of the
bubble should be greater than R, to overcome the surface tension of the
liquid. If the radius is greater than R, the bubble becomes unstable and
the entire liquid drop vaporizes otherwise it collapses back to its liquid
state. At any temperature and pressure the expression of the critical
radius (R,) is represented by Eq. (2).

R, =26(T)/(P, - P) ()]

The proto-bubble forms, if Eq, > E. where Ey;, is the deposited energy
by the radiation as given by the Eq. (3).

_ [k dE
Eg;,(T) = /0 dx2 E(T) 3

where dE/dx is the LET of the incident particle and it should be
sufficient to satisfy the bubble nucleation condition.

When the size of the droplet exceeds its critical value the droplet
vaporizes suddenly and its expansion generates a shock wave. The
time scale of the formation of the proto-bubble is of the order of sub-
nanoseconds and completes droplet evaporation occurs in milliseconds,
leaving aside the proto-bubble formation stage [27]. The evolution
of the vapour bubble can be identified into three subsequent growth
regimes known as surface tension controlled, inertia controlled and
the heat diffusion controlled regime [28,29]. In the surface tension
controlled regime the evolution is retarded by the surface tension of the
liquid and hence the radius of the bubble increases by a small value. In
inertia controlled regime the liquid drop pushes the surrounding liquid
using the heat energy stored inside the liquid and the radius of the bub-
ble is proportional to the time [28]. Rayleigh—Plesset solution shows
that the rate is proportional to the square root of the superheat [28].
The bubble is continuously increasing its radius in the heat diffusion
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Fig. 1. The emitted frequency of the oscillating bubble with bubble growth time.
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Fig. 2. Variation of the Acoustic Power of the oscillating bubble with the frequency
of the oscillation.

controlled regime by the evaporation of the surrounding liquid and the
necessary heat is supplied from the outer layer of the liquid. In this
regime the radius is proportional to the square root of time [29]. After
complete evaporation of the liquid it becomes an oscillating vapour
bubble of frequency v(R) [30] which is represented by the Eq. (4).

o(R) = [ 2Fe @
2zR P

where R is the equilibrium radius of the vapour bubble, p, is the density
of the surrounding liquid, & is the polytropic coefficient of the gas and
P, is the ambient equilibrium pressure. The Eq. (4) reflects that the
frequency of the oscillating bubble at any instant of time is inversely
proportional to its instantaneous radius. Robinson and Judd derived the
relation of the radius R(¢) at any instant of time which includes all the
three evolution states of the bubble [31] as

2 3 3 3
R()= R +3C ((t+4C)2 —2 —(40)2) )

with,

C, = L3 AP
27a; \ p1J,
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from the bubble at different instant of time is shown in Fig. 1. The Fig. 1 % 0.02 l ' ‘ ‘
shows that initially the bubble oscillates with high frequencies but with E’ w WMWWW
time the bubble size increases and the bubble starts oscillating with s 0Or l - ' 1
low frequency and at the end of the process it emits audio frequency = !
components. Fig. 1 shows that the frequency of R-134a liquid is larger 002+ -
at higher temperature as the critical radius of the bubble is smaller.
The emitted acoustic power of the nucleated bubble as calculated o0st | ]
from thermodynamic consideration varies with the frequency of the '
oscillating bubble, as shown in Fig. 2.
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3. The experiment Time(ms)
The superheated emulsion was fabricated by suspending the su-
perheated droplets of R-134a in aquasonic gel matrix and the detail
of the detector fabrication process is given elsewhere [18,32]. The
Fig. 3 is the schematic diagram of the experimental setup. The detector 0.9 ) ' ' ! . ’ i ’
and a temperature sensor were kept inside a water bath which was Signal ("¥'Cs ) (50°C)
surrounded by a heating coil. The temperature of the water bath was 0.04 1

controlled by a temperature controller (METRAVI, DTC 200) with preci-
sion +1 °C connected with the temperature sensor and the heating coil.
The sensor (AE — WSa by Physical Acoustics Corporation) (frequency
range ~ few kHz to 1 MHz) was placed on the top of the detector
and the signals were stored in files using LabVIEW. The superheated
emulsion was irradiated separately with 2! Am-Be (10 mCi) and 137Cs
(5 mCi) sources. It was already reported that R-134a becomes sensitive
to gamma rays from 137Cs at 38.5° + 1.4 °C [10]. Therefore R-134a was
irradiated to 24! Am-Be at 32 °C to measure the response for neutrons.
To observe the response from gamma rays, R-134a was irradiated to
137Cs at 50 °C which is above the gamma-ray sensitive temperature.

4. Results

The critical radius of the vapour bubble and the critical energy re-
quired for bubble nucleation has been calculated using NIST data [33]
at the experimental temperatures. The critical radii are 20.09 nm
and 8.07 nm and the critical energies are 2.87 keV and 0.34 keV at
32 °C and 50 °C temperatures respectively. The recorded acoustical
signals were analysed by removing the signals due to the noise by eye
selection [34]. The typical signals induced by neutrons and gamma rays
in R-134a are displayed in Fig. 4 and a typical noise is shown in Fig. 5.
A frequency analysis of the signals by using Fast Fourier Transformation
(FFT) indicates the existence of several frequencies in the spectrum.
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Fig. 4. Neutron and gamma ray induced typical signals and noise in R-134a SED.

The variable Pvar [35] which is proportional to the energy released
during the bubble nucleation has been estimated. Other parameters like
duration and number of peaks of the signal have also been studied. The
duration of the signal is defined by considering the threshold voltage
that eliminates the noise level as the reference. Number of peaks of the
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Fig. 5. Typical noise in R-134a SED.

signal is defined as the numbers of local maxima above the threshold
voltage of the signal.

4.1. Frequency spectrum analysis of the signals

The FFT has been done on each collected signal to get information
about the frequency content of the signal. The FFT spectrum of the
typical neutron and gamma ray induced signals for R-134a are shown
in Fig. 6. As observed in Fig. 6 the power spectrum is mostly limited
within 150 kHz and the FFT spectrum for the neutron and gamma rays
induced signals look different. The FFT spectrum of neutron induced
signals shows that most of the peak frequencies are around 80 kHz. In
the case of gamma ray induced signals, there are several frequencies in
the FFT spectrum with a broad distribution between 50 and 100 kHz
and a narrow distribution under 20 kHz. As discussed earlier, the
frequency is inversely proportional to the size of the bubble and the
low frequency appears at the larger size of the bubble. The radius of
the growing bubble is found to be 31.91 pm at 80 kHz and 131.80 pm
at 20 kHz as calculated using Eq. (4).

4.2. Pvar, duration and number of peaks of the signal

The observed distribution of the Pvar for the neutron and gamma
ray induced signals are shown in Fig. 7. The distribution shows that
the Pvar of the neutron induced signals lies within 1 V2, but the Pvar
of gamma rays with R-134a liquid is shifted towards higher values. The
duration and number of peaks of the signals have been calculated from
each collected signal and the distribution is displayed in Figs. 8 and
9. It is observed that the number of peaks and duration of gamma ray
induced signals are higher than those from neutrons.

5. Discussion

The smaller droplet produces higher frequency and the frequency
of emission decreases with the increase of bubble size. The localized
high energy deposition plays an important role in the case of neutron
induced or recoil nucleus induced bubble nucleation. The recoil nuclei
from the neutrons with high LET deposit the whole energy within a
shorter range and bubbles resulting from such high energy deposition
may attain higher growth rate. The electron with lower stopping power
deposits maximum energy mainly at the end of its track over a larger
range [19] and the bubble may grow with lower rate. It is also possible
to have several droplets along the path of the electron inside the emul-
sion [18]. Due to the possibility of merging of the nucleating bubbles
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along the extended path of the electrons which produce bubbles of
various sizes and the lower growth rate of the bubbles from electrons,
several frequencies in the FFT spectrum of gamma ray induced events
are observed. On the other hand, the fast shock wave from the recoil
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nucleus would excite only high frequency components. The experiment
has been done at a few other temperatures between 32 °C and 55 °C.
There is no other low frequency peak in the FFT spectrum of the signals
at high temperatures except near 20 kHz. Similarly, Figs. 7-9 show
that the signals due to gamma ray induced events are predominantly
of higher Pvar, duration and numbers of peaks compared to those of
neutron induced events. The localized energy of the recoil nucleus
produces a single nucleation but as explained before the electrons in
the liquid may contribute multiple vapour embryos in the extended
track, which merge into a larger single bubble and produce high Pvar,
duration and number of peaks.

6. Conclusion

The FFT spectrum and distributions of Pvar, duration, number of
peaks are studied using R-134a superheated emulsion irradiated with
neutrons and gamma rays. Initially the tiny bubble oscillates with high
frequencies but with time the bubble size increases and the bubble
starts oscillating with low frequencies. The FFT spectrum shows that
the gamma ray induced signals contain several frequencies which are
absent in neutron induced signals. The Pvar, duration and number of
peaks of the neutron induced signals are smaller than those of the
gamma ray induced signals. The FFT spectrum, Pvar, duration and

Nuclear Inst. and Methods in Physics Research, A 1025 (2022) 166186

number of peaks are observed to be the efficient tools in the higher
frequency region for the discrimination between the neutrons and
gamma ray induced events in R134a superheated emulsion.
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Oscillation in R-12 Superheated Oneck o
Emulsion for Neutron -Gamma
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Suraj Ali, Mala Das, and Pabitra Kumar Paul

1 Introduction

The superheated liquid maintains its liquid state at a temperature above its boiling
point and it is a metastable state of the liquid. It moves to the stable (vapour) state
after the formation of a critical size bubble by the energy deposition of energetic
radiation or particle. The vapour bubble expands very rapidly and emits an acoustic
pulse which can be detected by an active device like a microphone, piezoelectric
transducer, etc. A superheated emulsion detector (SED) consists of a large number
of superheated liquid drops of micron radius in a viscoelastic gel [1] or soft polymer
[2]. This type of detector is useful in the detection of neutrons [3—6], gamma-rays [7,
8], and other charged particles [9, 10]. The customized SED is extensively used in the
detection of the WIMP (Weakly Interacting Massive Particle), a favoured candidate
of cold dark matter [11, 12]. The WIMP and neutron both initiate nucleation by the
elastic collision with the nuclei of the detector material after satisfying the bubble
nucleation conditions [13]. The threshold energy of such a detector depends on
the operating temperature and pressure of the detector and the type of liquid used
in the detector. Neutrons may initiate nucleation at high threshold energy or low
operating temperature of the detector while the detector is insensitive to gamma-
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rays. It becomes sensitive to gamma-rays above some specific operating temperature
and it was found that the sensitivity starts at 41.9 °C [14], 45°C [15], and 38.5°C
[16] for R-12 (CCL F»; b.p. = —29.8°C), R-114 (C,Cly F4; b.p. = 3.7°C) and R-
134a (CoHy Fy; b.p. = —26.3°C) liquid SEDs respectively. The gamma-rays are
the dominant background in the WIMPs detection experiments at the low threshold
energy of the detector. It is therefore important to discriminate the gamma-ray to
use this low threshold detector in the detection of neutron or WIMP in presence of
gamma-ray background. Das et al. [17] have studied the neutrons and gamma-rays-
induced pulses from the nucleation of R-114 SED and discriminated them using
the maximum amplitude and power of the pulses. Mondal et al. [18] observed a
significant difference between amplitude, power, and frequencies of the neutrons
and gamma-rays-induced pulses using R-12 liquid in the audio frequency region
(20 Hz to 20 kHz). Felizardo et al. [19] and Barnabe-Heider et al. [20] found the
fundamental harmonic of neutron-induced events at a frequency between 0.45-0.75
kHz and 20-40 kHz using R-115 and R-610 liquid detectors. In the present work, we
have tried to discriminate neutrons and gamma-rays-induced events from R-12 SED
using Pvar and EF. distributions in the high-frequency region. This high-frequency
pulse is produced at the very early stage of the nucleation and carries the information
about the value of Linear Energy Transfer (LET) of the nucleating particle [21].

2 Condition of Nucleation

The bubble nucleates after forming a bubble of critical radius (R,) [22] represented
by Eq. (1) and the embryo larger than or equal to R, grows to visible vapour bubbles
whereas the embryo smaller than R, collapses back to the liquid state.

20 (T)

e 1
(PU_PI) ()

c

To form a bubble of critical radius the energetic particle should deposit energy along
the effective path length (L.s¢) and the energy must be greater than or equal to the
critical energy (E.(T)). E.(T) can be expressed by Eq. (2) [23] and its variation at
different temperatures is shown in Fig. 1,

) do 4 4 4 5
E.=4nR! (o0 = To ) + SRpu(hy —h) = S-RXP, = P) ()

where o (T) is the liquid-vapour interfacial tension at temperature T, P, and P; are
the vapour and liquid pressure, &, and h; are the specific enthalpies of the vapour
bubble and liquid respectively and p, is the vapour density. The effective path length
can be written as bR, where b is the nucleation parameter.
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Fig. 1 The variation of critical energy for bubble formation as a function of temperature

3 Present Experiment and Analysis

The SED was fabricated using superheated R-12 liquid and aquasonic gel matrix.
The experiments have been performed with the fabricated SED, one in the presence
of a neutron source (>**' Am — Be) of activity 10 mCi with average and maximum
neutron energy of 4.2 MeV and 11 MeV respectively. Another in the presence of a
gamma-ray source (137 Cs) of activity 5 mCi with gamma-ray energy of 0.662 MeV.
The experiment with a neutron and gamma-ray source was performed at 35 °C and
55 °C respectively. The temperature of the experiment was controlled and measured
using a temperature sensor and a controller (METRAVI, DTC 200) with precision
41 °C. The nucleated acoustical pulses were collected using an AE sensor (AE -
WS« by Physical Acoustics Corporation) placed on the top of the detector. The
LabView hardware and software were used to store the pulses into data files. At the
beginning of the analysis, the noises were rejected by visual selection [24] and only
the traces decaying in nature were considered as actual bubble nucleated pulses. First,
the pulses were analysed in the time domain and the Pvar variable was collected from
each pulse. The Pvar variable is the summation of the square of the amplitude of the
signal which is proportional to the energy deposited by the energetic particle. The fast
Fourier transformation (FFT) was done for the collected pulses. In the FFT spectrum,
the frequency with maximum power is defined as the fundamental frequency (F.F.).
Discrimination can be quantified by the percentage of discrimination and it has been
calculated by subtracting the overlapping area of F.F. distribution of neutron and
gamma-rays-induced pulses, from the total area of each F.F. distribution.
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4 Result and Discussions

The Pvar distributions in Fig.2 show that the neutrons and gamma-rays-induced
pulses are merged. The distribution of F.F. variable corresponding to neutrons and
gamma-rays-induced signals is presented in Fig.3. The distribution shows that the
FF. of the pulses from gamma-rays is lower than those of the neutrons and allows
discrimination of 83.47% of neutrons from gamma-rays. A possible explanation is
that Pvar has been calculated by summing the square of the voltages over the total
time span of the signal so here both the amplitude and time information is present but
the F.F. only contains the frequency or time information of the pulses. The neutron-
induced pulses have low time span and high amplitude and gamma-rays-induced
pulses have high time span and low amplitude as a result both the pulses have the
same Pvar value. The F.F. value discriminates between the neutrons and gamma-
rays-induced pulses as the recoil nucleus from neutrons deposits the whole energy
within the critical radius due to its higher LET and lower ranges and hence produces
the high-frequency pulses. On the other hand, the gamma-rays-induced pulses are
predicted to grow at a slower rate due to the energy deposition over an extended track
of the electrons and produce low-frequency pulses.
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Fig. 2 The distribution of Pvar of the neutrons and gamma-rays-induced acoustical pulses
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Fig. 3 The distribution of E.F. of the neutrons and gamma-rays-induced acoustical pulses

5 Conclusion

In this work, we have studied the frequency spectrum of the bubble nucleated pulses
from neutrons and gamma-rays in R-12 SED. Although Pvar parameters of both
types of signals are almost the same, the F.F. parameter significantly discriminates
the neutrons-induced pluses from the gamma-rays-induced pulses.
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